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Observation of coherent folded acoustic phonons propagating
in a GaAs/AlAs superlattice by two-color pump-probe spectroscopy
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The coherent folded longitudinal acoustiELA) phonons in a GaAs/AlAs superlattice have been studied
using a two-color pump-probe technique and a designed sample in which the superlattice layer is sandwiched
by Al,Ga _,As cladding layers. The two-color pump-probe technique makes it possible to separate regions of
generation and detection of coherent phonons, which provides a powerful tool to examine the spatial dynamics
of coherent phonons. We have found two types of coherent FLA phonons: the first-order FLA phonons with
finite wave vectors+0) and the zone-center mode of the first-order FLA phonaps@). When ballistic
acoustic phonons are generated near the surface region of {B& AlAs cladding layer and propagate
through the superlattice layer, the first-order FLA phonons gittD are observed in the superlattice layer. On
the other hand, when the FLA phonons are generated within the superlattice layer, the zone-center FLA phonon
extending from the superlattice layer is detected near the surface region of,tBe AlAs cladding layer.
[S0163-182609)15135-X

[. INTRODUCTION can be selected by the wavelength of the pump pulse in the

2C pump-probe experiment. For example, when using the

A pump-probe technique with an ultrashort pulse laser igviolet pump and the near-IR probe, the coherent phonons are

a useful tool to study the dynamics of carriers andgenerated near the surface and are detected in the whole SL
phonons:™ The propagation of the longitudinal acoustic layer by the near-IR probe light. We have found two differ-
(LA) phonons generated in materials has been studied t%”t types of the FLA modes for different generation regions.

using a one-colok1C) pump-probe techniqu& The co- he phonon related to the zone-center mode appears for the
herent folded LA(FLA) phonons with a finite wave vector N€ar-IR pump and violet probe configuration, while the mode
(q+0) in superlattice¢SLs) have also been observed by the With 470 appears for the violet pump and near-IR probe

1C pump-probe techniqie ! Recently, acoustic phonons configuration. In addition, we have observed phonons in the

emitted from a single quantum well which propagate to thegrgr?cs:; Lf'grtggt?]cz% tvr\mlzigsjégr:aexsc?; rt]i((j)i t:ng;gieusnfolded LA
| ’ '

sample surface have been measured by using a two-co
(2C) pump-probe technique with the near-IR pump and vio-
let probe pulse$? however, the propagation of coherent Il EXPERIMENTAL PROCEDURE

FLA phonons has not been studied by the 2C pump-probe The sample used was a (GaAgAlAs) g SL sandwiched
measurement. In order to untljerstan.d .the space evolution gknveen A GaygAs cladding layers grown on &001)
the coherent FLA phonons with#0, it is necessary to ex- GaAs substrate, where the subscript denotes the number of
amine the propagation of the coherent phonons by separatitle GaAs or AlAs monolayeré&hickness of one monolayer
the generation and detection regions of the coherent equal to 0.283 nim The total thickness of the SL layer
phonons. This separation is realized by using the 2C pumpwhich consists of 40 periods of GaAs/AlAs layers is about
probe technique and a SL sample with a designed structur@62 nm and the thickness of the,&a, _,As cladding layers
In the 1C pump-probe technique, the regions of the detectiois 500 nm. The sample structure is schematically depicted in
and generation of the phonons are the same because ttie inset of Fig. 1. The two interfaces between the SL and
wavelengths of the pump and probe light are identical. Al,Ga _,As cladding layers exist ail=500 and 862 nm,

In the present work, we have focused on the propagatiomwhered is the depth from the surface of the &a _,As
of coherent FLA phonons in a GaAs/AlAs SL sandwiched bycladding layer. Hereafter, we will call the (GaAg)AIAS) g
Al,Ga _,As cladding layers. The near-IR light of a Ti:sap- SL “(24, 8 SL.”
phire pulse laser and the second-harmonic ligfdlet light) The reflection-type pump-probe experiments were per-
of the fundamental laser pulse are used for 2C measurdermed at liquid N temperature by using a mode-locked
ments. The sample consists of a GaAs/AlAs SL andTi:sapphire laser delivering about 70-fs pulses. In the 2C
Al,Ga _,As cladding layers. The SL layer used is opaquepump-probe measurement, one of two beams was the funda-
for the 2C beams, while the Aba _,As cladding layer is mental laser light with the wavelength of 777 nm tuned to
transparent for the near-IR light and opaque for the violethe first interband transition of the SL, which was determined
light. Thus, the generation region of the coherent phononby a photoreflectance experiment. The other was the second-
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SR s R 170 ps. The time of 9%170) ps corresponds to the passing
(GaAs),(AlAs), SLY LR PR IR time of the LA phonons propagating in the region of
Lig. N, AIGHASE‘M;‘“‘LHMGMS "G d=0-500 (0-862 nm, because under the above pump-

Dot

1 Color Pump777nm 500nm 3620l 500nm

3 Probe:777nm | probe condition the coherent phonons are generated in the

A SL layers and are detected near the surface of the
g Al,Ga, _,As cladding layer. The passing times calculated us-
> r V/\ 7 ing sound velocities of=5.03< 10° cm/s for the SL layer
wo \

and 4.9 10° cm/s for the AlGa,_,As cladding layer are

- 99 and 173 ps fod=0-500 and 0—862 nm, respectively. In

this calculation, the SL layer is regarded as apABa, 75AS

mixed-crystal layer and the sound velocities of the mixed

2 Color Pump3%9mm crystals are estimated by linear interpolation from those of
O Pobedrzam TN L GaAs and AlAs? The passing time of the LA phonons is

0 50 100 150 200 consistent with that reported by Baumbergal, who have

Delay Time (ps) measured the propagation of the LA phonon pulse emitted
from a quantum welt?

FIG. 1. The oscillatory parts of the time-resolved reflectivity =~ On the other hand, in the 2889,777 signal, the weak
changes of th&€24,8 SL observed by the 1C and 2C pump-probe oscillations with a period of about 25 ps are observed in the
measurements. Inset is the sample structure prepared in a GaA#he regions before about 90 ps and after about 18(Fjus
AlAs superlattice. 1). A strong oscillation with a period of about 25 ps, which

accompanies the weak oscillations with the higher frequen-
harmonic light of the fundamental laser ligt889 nm pro-  cies, is observed only in the time range from about 90 to 180
duced by a frequency doubling cryst@BO) with a thick-  ps. The amplitude of the weak oscillations with a 25 ps pe-
ness of 0.5 mm. In addition, the 1C pump-proberiod seems to be enhanced in the time range from 90 to 180
measurement was performed with the fundamental laser lighgs. The week oscillations in the time region before 90 ps and
in order to obtain the standard information of the coherentafter 180 ps are due to the interference between light beams
phonon. The pumgprobe powers were adjusted to 70 mW reflected by the moving phonon pulésrain pulse at differ-
(5 mW) in both cases of the 777-nm-pump/389-nm-probeent depths, the sample surface, and the GaAs subéftate.
and 389-nm-pump/777-nm-probe experiments. Hereafter, wghe enhanced oscillations in the time range from 90 to 180
will call the 777-nm-pump/389-nm-probe and 389-nm-ps arises from the LA phonons propagating in the SL layer,
pump/777-nm-probe “2(777, 389" and “2C(389, 773,  which are generated near the surface of theGA]_,As
respectively. The probe beam was delayed by a variable ogladding layer. Such enhancement of the reflectivity change
tical delay line in a range of 0—-240 ps. The oscillation com-observed is similar to the resonance of the oscillation ampli-
ponents were numerically extracted by subtracting a slowltude of the coherent FLA phonons excited at the energy gap
varying background resulting from the relaxation of photo-of the SL layef!

2 y Pump:777nm
COlO Probe:389nm

excited carriers. We have precisely determined the frequencies of the co-
herent phonons observed in the SL from the Fourier trans-
IIl. EXPERIMENTAL RESULTS AND DISCUSSION form (FT) of the time-domain data as depicted in Fig. 2. The

1C-FT spectrum shows that a strong sharp p@%3 TH2

Figure 1 shows the time-resolved oscillatory reflectivity accompanies two weak peaks at the lower- and higher-
changes for th€24,8 SL obtained by using the 1C and 2C frequency sideg0.50 and 0.60 THz The strong peak is
pump-probe techniques. The band-gap energy of théocated at a frequency slightly lower than the central position
Al Ga, As cladding layer is about 2.01 eV at 77'Kbeing  of the weak satellite peaks. In the @27,389-FT spectrum,
larger than the energy of the fundamental laser light. Thehe sharp peak at 0.53 THz appears dominantly but the sat-
penetration depth of the 389-nm light estimated from theellite peaks do not. The calculation of the propagation times
absorption coefficient {5x10° cm™ 1) of Aly,Gay¢As is  described above indicates that the 0.14 THz peak results
about 20 nnt* For the 2G389,777 experiment, the phonons from the propagating LA phonons generated around the head
are generated near the surface of theGd, _,As cladding and tail of the interfaces between the SL and@d, ,As
layer, and the signals are probed in the SL layer, and viceladding layers §=500 and 862 nm Moreover, the fine
versa for the 2(777,389 experiment. For the 1C time- peaks which are located at 0.013-THz intervals are observed
domain spectrum, the oscillatory structure with a weak beaaround 0.14 THz. This fine structure arises from the FT of
is observed. The period of the main oscillation is about 1.&he time intervals of two phonon pulses at 95 and 170 ps. In
ps and the relaxation time exceeds 15C fisis noted that the 2G389,777-FT spectrum, the sharp peak at 0.53 THz is
the strong reflectivity change due to the large refractivenot observed and only two satellite peaks appear. The fre-
index discontinuity at the surface was observed at the delaguencies of the satellite peak8.50 and 0.60 THgzare the
time around O ps. In Fig. 1, the signals were excluded besame as those in the 1C-FT spectrum. The strong peak at
cause it is not related to the coherent phonons. 0.04 THz arises from the LA phonon oscillation during the

For the 2@777,389 time-domain spectrum, the oscilla- propagation through the SL layé0-180 ps
tions with the short period of about 1.9 ps are observed in the The dispersion curves of the zone-folded LA modes were
time range after about 95 ps. Moreover, the oscillating tranealculated on the basis of an elastic continuum mddElg-
sients with the period of about 7 ps appear around 95 andre 3 shows the phonon-dispersion curves of (&8 SL,
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JPAALAAY LA R MAAALALAY SR RERREERA the wavelength\ of the laser puls€389 and 777 nm We
‘(G3A5)24(A1AS)8| Lig. N, assume that the refractive index of the SL corresponds to that
of Alg,Ga 75As, which is estimated by linear interpolation
for those of A} 10dGa goAS and Al 31:Ga gefis: N=3.5

and 4.4 for 777 and 389 nm, respectively. From a compari-
son between the peak frequencies and the calculated disper-

1 Color sion curves of the FLA modes, the peaks with the frequen-
pump:777nm cies of 0.53, 0.50, and 0.60 THz observed in the 1C and 2C
3 experiments are attributed to the first-order FLA modes with
= x0.5 7 g=0 andq# 0. The peaks with 0.04 and 0.14 THz originate
= from the unfolded LA mode withg+#0. Moreover, it is

E found that the wave vector of the FLA and unfolded LA
: 2 Cglor modes withq# 0 depends on that of the probe pulses in the
L, P 2C pump-probe experimernd= 2Kype. Similar results have

been observed in a (GaAsjAlAs),, SL having no
Al,Ga,_,As cladding layers®

x5

A

2 Color The group theory analysis of the FLA phonon indicates
Pump:389nm that the lower and upper branches of the first-order FLA
Probe:777nm

mode at the zone centeq€ 0) haveA; andB, symmetries,
0(-)-"'-'--(-)"2""'-'6""'-"--'616--1Lu16 a— respectively: The order of these symmetries is reversed for
) ' : : : ‘ the second-order FLA modes. Near the zone center the lower
Frequency (THz) and upper branches have the symmetry of mikedndB..
In the 1C- and 2C-FT spectra, the coherent FLA phonons
FIG. 2. Fourier transform spectra of temporal traces in thewith B, symmetry at the zone center are not observed, but

(24,9 SL observed by the 1C and 2C techniques. those with A; symmetry which are Raman active are
observed’
whereq,., is the zone-edge wave vectefD andD is the If the coherent phonon is generated by the pump pulses

period of the SL. The closed circles, the open triangles, an¥i@ the impulsive stimulated Raman scattering pr_OéégS,
the open squares indicate the peak frequencies observed tfi¢ wave vector of the coherent FLA phonons wefh 0

the 1C-, 2€777,389-, and 2G389,777-FT spectra, respec- generated in the SL layer should be_de_termmed by the pump
tively. The vertical lines in Fig. 3 show the wave vectors beam. The 2(389,777-FT spectrum indicates that the wave

given by q/0ma=4nD/\, wheren is the refractive index at vector of the_ cohgrent phonons observeq by the 2C pump-
probe technique is related to the detection process of the

coherent phonon and that the wave vector of the FLA

1.0 LA RARES SAAARAFAAY LARAAAARAS RAARAASARN RRAL RN
b AlAS). SL 1 phonons depends on that of the probe beam. In the
a [(GaAS)Z“( g I 3 2C(389,777 experiment, the pump pulse produces a high
! \ \ density of electrons and holes near the surface region be-

08F

1 Color cause the penetration depth of 389 nm is about 20 nm for the
® Pump=777 nm

AlLGa _,As cladding layer. We consider that the instanta-
Probe=777 nm . . K
s ] neous surface-potential bending due to the photoexcited car-
0.6 :_/ 2 Color ] riers near the surface regi$r®will generate a phonon pulse
: & Pumpeyitgm with wave vectors distributing in the space. The generated
phonon pulse propagates through the@4d, ,As cladding
layer onto the SL layer. When the phonon pulse arrives at the
SL layer, it modulates the dielectric constants of the SL via
its strain field: The elastic strain would produce the LA
modes peculiar to the SL layer. The phonon pulse which has
various wave vectors might include a component with an
energy of 0.6 THz at least for generation of the coherent
FLA phonons with 0.6 THz. The FLA phonons induced by
the phonon pulse are the propagating phonons with various
00 02 04 06 08 1.0 wave vectors. The coherent FLA phonon with a certain wave
9/9Qax vector would be detected by phase-matching with the probe
pulses. One of the possible explanations for the detection

FIG. 3. Phonon dispersions of t(24,8 SL based on the elastic Process of the FLA phonon witg# 0 is the stimulated Ra-
continuum model. The closed circles indicate the peak frequenciedan process of the probe pulse or phase-dependent Raman
of the FLA and unfolded LA phonons observed in the 1C-FT spec€mission’® This was experimentally suggested by the obser-
trum. The open triangles and open squares indicate the peak fryation that the coherent phonon spectra in heme proteins of
quencies observed in the Z77,389- and the 2@389,77F-FT  biomolecules, light-harvesting pigments, and dye molecules
spectra, respectively. depend on the energy of the probe light?
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,.Fﬁ_rrr._,_._._._,_,|(GaAs)24(A1As)8|ﬂ-.-rr.-.-rr.-.-.-ﬁ. in the ALGa,_,As cladding layer. Then, the bulk LA pho-
(@) (b) non induced by theg=0 FLA mode propagates through the

Pump:777nm

| Probe:389nm ] AlL,Ga, _,As cladding layer.
Time Tnterval | Time Interval As discussed above, the wave vector of the coherent pho-
(180, 240 ps] [180, 240 ps] non is determined by that of the probe light=2Kpope.

4 From this scenario, it is expected that in the(2%7,389

[}
'g (145, 180 ps] reflection-type experiment, thg@+0 is observed and the
-‘_1 i [130, 240 ps] | =0 mode is not detected; however, the experimental result
g of the first-order FLA mode in the 277,389 configuration
< is contrary to this expectation. The amplitudes of the FLA
E i [110, 145 pS]’ i [80’2401)5]' mode; withg#0 may be too small to be observgd in our
a, experimental setup, because the 777-nm-pump light excites
= b 1+ - entirely the SL region and the standing wave is dominantly
[70, 110 ps] (10,240 ps] generated in the SL layer. The observation ofdlse0 mode
i ' suggests that the detection mechanism ofg¢ked modes is
o oo 0a 0 05 10 00 02 04 06 08 10 different from that of theg#0 mode. For theg#0 mode,
the propagating wave packet generated by the pump light
Frequency (THz) Frequency (THz) consists of whitelike FLA phonons with various wave vec-

tors, so that the wave-vector selection @f 2K, is re-

FIG. 4. Time-partitioning FT spectra of the time-domain signal quired for the detection. On the other hand, the0 mode
with the 2Q777,389 experiment for the different time intervals of generated in the SL layer is monochromatic at the surface
(@) [to—t;] and(b) [t,—240 ps. and will directly modulate the probe light. One of the pos-
sible mechanisms for the modulation is photoelastic
In the 24777,389 configuration, where the coherent effects* %1 The relative amplitudes of the FLA modes with

g=0 andg#0 observed by the 1C pump-probe technique

phonon is probed around the surface of thgG¥d,_,As : : ) e :
cladding layer, the 0.53-THz mode corresponding to thé'e consistent with the Raman intensities calculated using the

. : ) hotoelastic modét: In the 2C pump-probe experiment, the
rFeLcé) T]?zotljj?anjtohclanr:wr;?jeSLtI:agei;ItshgbsstZ:;i. It/\;:wuesuv?/lg generation and detection aregs arr)epseparatgd, so that it is
havegstudied the dynamice::)rocess of the phc?non wi.th 0.5_|f(1;|caurl]tdt§ q&d(;sz;lispsr(;tz;n?mplltude of the FLA modes wih
THz, which is observed after about 95 ps as shown in Fig. 1, '
by means of the time-partitioning FITP-FT) of the coher-
ent oscillations for different time interva?g.Figures 4a)
and 4b) show the TP-FT spectra in the time rangd @it |
and[t,—240 p3, respectively, where the time range in Fig. The use of the 2C pump-probe technique and the SL
4(a) is sequential and no peaks in the TP-FT spectrum fosample with a designed structure enables us to select the
[10—70 p$ were observed. The strong peaks at around 0.14€neration and detection regions of the FLA phonons propa-
THz observed only in the time ranges[@—11( and[145—  gating in the SL sample. We have observed the two different
180 pg are due to the phonon pulses emitted from the interfypes of the coherent FLA phonons by switching the genera-
faces between the SL and Ma_,As cladding layers d tion and_ detection regions of the coherent phonon: The
=500 and 862 nm The peak at 0.53 THz is observed in the propagat_lng Pho”?” related to the coherent FLA phonon
early time range of70—110 p} This result indicates that the Mode Wwith q=0 is observed near the surface for the

phonon with the frequency of 0.53 THz is produced atatimezc(777’389 configuration, while the FLA modes with

that is the same as the generation time of the 0.14-THz phog—&0 in the SL layer are detected for the @89,777 configu-

non pulse. and that the two bhonon modes bropacate trgtion. It follows from the observation that the strain field by
P ' phonc propag e phonon pulse which is generated near the interface be-
gether to the surface. As shown in Figb¥ after 180 ps, the

0020 peak around 0 14 Th disappears and ony the peak §5cn 1 S and A, 0 ciaddng layers produces co
O._53 THz is observgd. This result indicates that the phc_mo trate that the wave vector of the coherent phonon \gith
with 0.53 THz remains even after the phonon pulse emitte 0 is determined by that of the probe pulses=2Krod-
from the tail of the SL layer {=862 nn) arrives at the prob
surface(180 pg, and that the phonon mode corresponding to
theg=0 FLA mode in the SL layer propagates through the
Al,Ga _,As cladding layer onto the surface. The propaga-
tion of theq=0 FLA mode, which corresponds to the stand- We thank Professor O. B. Wright and Professor M.
ing wave in the SL, may be explained as follows. The sym-Yokota for useful discussions. The samples were grown by
metry of the observed=0 FLA mode isA; as described the MBE facilities of Kwansei-Gakuin University, Japan.
above. The amplitude of th&; mode does not have a node The experiments were carried out in the Venture Business
at the interface between the SL and, @& _,As cladding Laboratory, Osaka University. This work was partially sup-
layers!’ so that the vibration of thg=0 FLA mode is trans- ported by a Grant-in-Aid for Scientific Research from the
ferred to that of the bulk LA mode with the same frequencyMinistry of Education, Science, and Culture of Japan.
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