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Ultrafast laser excitation of an InGaAs/InAlAs superlattice (SL) creates coherent folded acoustic
phonons that subsequently leak into the bulk (InP) substrate. Upon transmission, the phonons become
“unfolded” into bulk modes and acquire a wave vector much larger than that of the light. We show that
time-resolved x-ray diffraction is sensitive to this large-wave vector excitation in the substrate.
Comparison with dynamical diffraction simulations of propagating strain supports our interpretation.
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High-frequency acoustic phonons with large wave vec-
tors and short mean free paths play a fundamental role in
heat transport and energy relaxation in solids [1]. In par-
ticular, in insulators these modes are the dominant carriers
of heat. The combination of their short wavelengths and
relatively low energies make them a unique probe of
interfaces and nanoscale structures [2]. Thus, there is great
interest in the generation and detection of coherent acous-
tic modes with such characteristics. Ultrafast laser pulses,
together with the branch folding that occurs in a superlat-
tice (SL), provide a convenient method to coherently excite
these phonons [3]. However, direct detection of high-wave-
vector modes cannot be attained by standard light scatter-
ing techniques that only probe wave vectors near the
Brillouin zone center. In this Letter, we report the first
direct observation of the unfolded modes via wave vector
resolved time-domain x-ray diffraction.

Time-resolved x-ray diffraction (TRXD) is a sensitive
probe of the ultrafast atomic motion associated with co-
herent phonons [4]. Recently, TRXD has been utilized to
study coherent zone-center folded modes within a super-
lattice using femtosecond resolution from a laser-plasma
source [5] and a picosecond resolution from a third gen-
eration synchrotron [6]. In the latter case, a streak camera
was used to achieve few picosecond resolution from the
~100 ps pulse duration typical of a synchrotron. In this
experiment, we use synchrotron-based TRXD to detect
propagating bulk modes with high-wave-vector that origi-
nated as zone-folded modes in a SL. While 100 ps resolu-
tion is not fine enough to measure the real-time atomic
displacements associated with THz phonons, the presence
of large-wave vector modes (such as the zone-unfolded
modes) nonetheless manifests itself as high-momentum
sidebands of an x-ray diffraction peak. Here the time-
resolution serves as a gate to sample the modes as they
propagate deep into the bulk.

Experiments were performed at room temperature on a
60-period SL with layers composed of Gag4;1ng53As and
Al 43Ing 50 As of thicknesses 12.3 and 4.7 nm, respectively,
grown by molecular beam epitaxy on an (001) InP sub-
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strate. Coherent longitudinal folded phonons were gener-
ated using ~50 fs pulses from an amplified Ti:sapphire
laser (central wavelength of 800 nm) at the rate of 5 kHz.
The 200 wJ laser pulses were focused near collinearly with
monochromatic, collimated x-ray pulses to a ~2 X 6 mm?
spot on the sample yielding an incident fluence of
~2 mJ/cm?. Because the laser spot-size is much larger
than the ~250 nm absorption length, only coherent longi-
tudinal modes are excited along the [001] direction. The
hard x-ray probe pulses from the sector-7 undulator at the
Advanced Photon Source were monochromatized with a
double diamond (111) monochromator to an energy of
10.3 keV, below the absorption edge of the gallium.
Active feedback control of the laser cavity length was
used to synchronize the laser and x-ray repetition rates
[7]. A phase shifter was used to achieve time delays with
a resolution of 19 ps, finer than the x-ray pulse duration of
~100 ps. Using a grazing-incidence rhodium-coated
curved mirror to focus the x-ray beam in the horizontal
direction suppresses the x-ray harmonics and increases the
x-ray flux with only a minor reduction in the angular
resolution. The scattering takes place in the vertical plane,
perpendicular to the x-ray polarization. The sample was
mounted on a six-circle Huber diffractometer that allows
precise control of the sample orientation and the detector
position. The diffracted signal was recorded with a fast
avalanche photodiode able to resolve individual x-ray
pulses from the synchrotron. Two subsequent x-ray pulses
from the same electron bunch in the storage ring were
isolated by electronically gating the diffracted signal,
such that the intensity after, /,,, and 3.6 wm before the
laser, I, could be recorded [8]. The folded phonon period
of 3.85 ps was obtained by transient reflectivity measure-
ments with pulses from a 250 kHz Ti:sapphire laser in a
standard pump-probe setup.

Figure 1 shows static results as well as TRXD data that
will be discussed later. The static diffraction pattern for
10.3 keV x-rays near the (004) symmetric Bragg reflection
of the InP substrate (solid line in Fig. 1, top panel) shows
three SL sidebands, labeled (£1) and (—2), as well as the
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Bragg peak from the average lattice planes of the constit-
uents of the SL, labeled (0). In terms of the larger unit cell
of the SL, these peaks correspond to x-ray diffraction from
(00L) planes of the SL, with L = 114-117. The depth of
the x-ray probe is limited by absorption to ~6 um, which
is substantially longer than the SL thickness. Conse-
quently, the (004) peak of the substrate is also observed
(labeled InP). This peak appears at an angle lower than that
of (0), indicating that the lattice parameter of InP is larger
than that of the SL. The InP x-ray diffraction peak from the
back surface of the 0.35 mm-thick substrate is limited by
the experimental resolution of ~3 mdeg, while the front
side reflection shown in Fig. 1 is broadened, with an
angular width of 21 mdeg, likely due to strain. Figure 1
also shows the calculated dispersion relation [9] of the
longitudinal acoustic waves in the SL in the extended-
zone scheme (bottom panel, solid curve). We have shifted
the origin of the SL dispersion relation to align with the (0)
peak and we have adjusted the period D slightly to match
the position of the (*1) sidebands in the experiment. The
dashed line in the lower panel is the longitudinal acoustic
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FIG. 1 (color online). (Top panel) Static x-ray diffraction from
a 60-period superlattice with layers of Gag4;Ings3As and
Al 43Ing 5o As with thicknesses 12.3 and 4.7 nm, respectively,
on an (001) InP substrate (solid line). The dashed lines are slices
of I,,/I ¢ at t = 0.2 ns for wave vectors below the (—1) and the
(+1) sidebands. (lower panel) Dispersion relation for the acous-
tic waves in the SL (solid curve). Dispersion relation for the
acoustic waves in the substrate (dashed line).

dispersion relation in the InP substrate, i.e. ® = vg, where
v is the longitudinal speed of sound in InP.

The SL phonons satisfy the bulk acoustic dispersion
relation upon transmission into the substrate. Thus, by
energy conservation, the folded phonons acquire a wave
vector g* = 27/D*, where D* = v/vg D, is the wave-
length of the phonon in the substrate and vg; is the average
speed of sound in the SL. This wave vector transfer corre-
sponds approximately to the angular separation between
the (0) and the (*1) peaks. Note that the Brillouin zone
of the substrate is centered at the (004) Bragg peak of
the InP instead of the (0) peak of the SL, so that the
wave vector transfer is referenced to the InP peak.
Hence, the folded phonons that leak into the substrate are
expected to produce features at angular positions 6 =
Omp * q* /G cotb,p, where G is the (004) reciprocal lattice
vector of InP and 6 is the Bragg angle.

Figure 2 shows time-resolved data on the lower side of
the (—1) sideband. The false-color scale represents the
I,/ 14 ratio, that is, the diffracted intensity in the laser-
on gate normalized to the intensity when the laser arrives
after the x-ray pulse. Absorption of the laser pulse pro-
duces a lattice expansion that shifts the diffraction curve
towards lower angles [8]. The prominent ¢ = 0 feature at
6 = 24.08° is due to this shift of the (—1) sideband. The
laser-induced stress in the SL generates acoustic strain that
leaks subsequently into the substrate. This acoustic pulse
comprises high-frequency longitudinal modes in the folded
branches that propagate into the substrate at the speed of
sound [10]. This high-frequency, short wavelength compo-
nent of the strain appears in Fig. 2 at an angle 6§ = 24.04°
corresponding to the wave vector of the SL phonons un-
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FIG. 2 (color online). Ratio 1,/ as a function of time delay
at the expected angular position for the folded phonons below
the (—1) sideband. The feature at 24.08° is the shift of the (—1)
peak due to thermal expansion induced by the laser pulse. At
t = 0.2 ns, the signature from unfolded phonons in the substrate
appears at 6 = 24.04°, which corresponds to a wave vector
transfer ¢* = 277/ D*.
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folded into the substrate. This feature appears delayed from
t = 0 by the transit time through the SL, ~0.2 ns.

To facilitate the interpretation of these results and
to compare with the acoustic dispersion relation, we
converted the measured angles to the corresponding
reciprocal-space wave vector, g, referenced relative to the
Bragg peak of the InP. Figure 1 presents the data in the
wave vector picture. Superimposed on the static diffraction
pattern we show data at # = 0.2 ns (dashed line) of the
time-resolved scan presented in Fig. 2, along with a similar
scan near the (+1) sideband. To correct for small system-
atic errors in the goniometer position, we shifted these
curves horizontally to align the I trace with common
features in the static data. The wave vectors of the first
zone-folded phonons in the extended Brillouin-zone are
indicated with filled circles on the dispersion relation in the
lower panel. These are corroborated by independent optical
pump-probe measurements of the phonon frequency. The
vertical arrows in the top panel indicate the wave vector at
which the unfolded phonons are expected. The arrows are
in good agreement with the features from TRXD, however,
the (+ 1) trace does not match the expected wave vector as
well as the (—1). This could be due to a small systematic
error in the goniometer positioning or a difference in the
calculated and actual phonon dispersion.

To corroborate our assignments, we calculated the time-
dependent diffraction patterns by solving the Takagi-

n[107]

g ‘|
oW H’i
-1
i t=04ns
_2 N 1 1 N
0 500 1000 1500 2000
z [nm]

FIG. 3 (color online). Calculations of the strain propagation
from the SL. The strain at = 0 is a Gaussian pulse at the center
of the SL (represented by the shaded area) modulated by a high-
frequency component with the period of the SL. At # = 0.2 ns
the right-propagating component reaches the substrate while the
left going wave reflects from the air-SL surface. Later, at ¢t =
0.4 ns, the strain propagates in the substrate as a bulk compo-
nent.

Taupin equations [11,12] from the theory of dynamical
diffraction of x rays [13], modified to incorporate acoustic
strain [14]. To simplify the calculations, we took the initial
strain to be Gaussian modulated and localized in the SL
(Fig. 3). This simplifies the boundary conditions while
preserving the key features related to the folded phonons.
The atomic displacement, u(z), evolves according to [3]

2
p(z)a u(z, t) _ 9 [C(Z)au(z, t):|’ )

a2 a7 9z

where C(z) is the elastic stiffness coefficient and p(z) is the
density of the constituents. The strain n = du/dz, associ-
ated with the longitudinal displacement, u, is along the
growth direction, z. We set the peak of the initial strain to
be ~3 X 1074, which is consistent with our laser fluence
[5]. The boundary condition 5(0,7) =0 at the SL-air
surface together with a smooth initial condition avoids
sharp edges that introduce high-frequency artifacts in the
numerical integration by finite differences [15]. Although
this boundary condition was taken for convenience, the
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FIG. 4 (color online).  Calculations of the time dependence of
the diffraction due to acoustic strain below the (—1) sideband.
The curves have been filtered to reproduce the experimental
resolution. (a) Diffraction of the strain shown in Fig. 3.
(b) Diffraction by the low frequency component of the strain.
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qualitative conclusions are independent of both the bound-
ary conditions and the specific details of the initial
conditions.

Figure 3 shows the calculated time dependence of the
strain. The strain associated with the folded phonons is
seen as the modulation of the initial gaussian envelope with
the period of the SL. The pulse is initially contained within
the SL (shaded area) and results in two counter-
propagating waves. At 0.2 ns the right-moving component
reaches the substrate located at z > 1000 nm while the
left-moving part reflects at the air-SL surface. After
0.4 ns, the propagating components have both reached
the substrate.

In Fig. 4(a) we show the calculated time-dependent
diffraction for the strain shown in Fig. 3. The results have
been artificially broadened to account for the experimental
peak widths and the temporal resolution. The wave vector
g = —3.6x 10" m~! agrees with the unfolded phonon
position relative to the InP. The signal at this wave vector
appears delayed by the transit time through the SL,
~0.2 ns, as we observe in the experiment. Calculations
over a finer range reveal that this signature oscillates with
the period of the phonon. In addition, the strain inside the
SL modulates the SL sideband with the period of the folded
phonon, as previously reported [5,6]. In contrast with (a),
the results shown in (b) correspond to what would occur if
only the low-frequency component in the lowest acoustic
branch were excited, that is, in the absence of the zone-
folding and the subsequent unfolding. In this case there is
no time-dependent signal at the SL wave vector. Therefore,
these calculations support the attribution of coherent high-
wave-vector unfolded phonon detected in the InP substrate.

In conclusion, we used time-resolved x-ray diffraction to
probe the unfolding of the coherent longitudinal acoustic
phonons from a SL into large-wave-vector bulk modes of
the InP substrate. The observed excitation appears with a
wave vector 3.6 X 108 m~!, which corresponds to ~7% of
the Brillouin zone edge of bulk InP. While our experiment
concentrated on longitudinal modes, we note that if trans-
verse modes are excited [16] the unfolding could be ob-
served as sidebands to an asymmetric Bragg reflection.
Coherent lattice excitations of such high wave vector are
inaccessible to ordinary light scattering techniques due to
the long wavelength (small wave vector) of optical radia-
tion. Our results show that such excitations can be probed
with x-ray diffraction and opens the possibility to study the
mean free path and transport across interfaces of short-
wavelength lattice excitations that are important to thermal
transport at the nanoscale. Moreover, the sensitivity to
high-wave-vector acoustic waves shows the potential of
TRXD to follow the dynamics of an optically excited solid
at any wave vector, and could be used to measure, in time
domain, the nonequilibrium phonon population throughout
the whole Brillouin zone of the crystal [17].
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