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ABSTRACT Time-resolved X-ray diffraction and optical reflectivity are used to directly measure three different acoustic oscillations
of InAs nanowires. The oscillations are excited by a femtosecond laser pulse and evolve at three different time scales. We measure
the absolute scale of the initial radial expansion of the fundamental breathing eigenmode and determine the frequency by transient
optical reflectivity. For the extensional eigenmode we measure the oscillations of the average radial and axial lattice constants and
determine the amplitude of oscillations and the average extension. Finally we observe a bending motion of the nanowires. The
frequencies of the eigenmodes are in good agreements with predictions made by continuum elasticity theory and we find no difference
in the speed of sound between the wurtzite nanowires and cubic bulk crystals, but the measured strain is influenced by the interaction
between different modes. The wurtzite crystal structure of the nanowires however has an anisotropic thermal expansion.
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Acoustic oscillations, also known as coherent acoustic
phonons, in nanowires are of interest in practical
applications as well as in fundamental research.

Metal nanowires are considered for sensing, photonics, and
catalysis, while semiconductor nanowires are proposed as
tools for sensitive force and mass detection.1–4 In general
acoustic oscillations could prove an easy way to determine
the geometry of nanostructures5 and measure their me-
chanical properties.6–9 Nanostructures also provide a pos-
sibility to study acoustic phonons by using the dimension
of the nanostructure to control the length scale of the phonon
wavevector. A variety of techniques has been applied to
study acoustic vibrations in nanowires. Relatively slow
bending modes in cantilevers have been filmed by scanning
electron microscopy (SEM)8,10 and transmission electron
microscopy7 and in real space by 4D electron microscopy,11

and atomic force microscopes have been used to bend
wires.9 Most investigations were done using optical methods
such as Raman spectroscopy,5 transient absorption, and
scattering7,12–15 or optical interferometry.16,17 Optical meth-
ods are superior for ease of application and availability, but
assignment of the measured frequency or period to a specific
mode relies on an interpretation based on continuum elas-
ticity theory applied to the anisotropic crystal systems.
Though the displacement of a mode is not determined, the
agreement with theory is good and has been validated by
comparison to finite element calculations.5,6 Studies on

nanowires however find both decreasing (GaN,7 Cr18), in-
creasing (ZnO10) and constant (Ge,8 Au,12 Bi14) elastic
modulus with decreasing wire diameter. While these results
need not be contradicting, techniques which can investigate
and confirm the assumptions made in continuum elasticity
theory, by directly measuring the atomic motion of nano-
structures, are pivotal in the fundamental research underly-
ing practical applications. One method which directly mea-
sures changes in the crystal lattice is time-resolved X-ray
diffraction, a technique which has previously been used to
study coherent phonons in superlattices.19 In this Letter we
briefly review the various classes of eigenmodes of a thin
elastic rod and then present the results of time-resolved
X-ray experiments performed on InAs nanowires. Finally we
discuss the evolution of the nanowire motion when excited
by ultrafast laser pulses through three different acoustic
oscillations and the eventual breaking of the wires.

A thin rod (length L . radius R) considered in continuum
elastic theory possesses several classes of acoustic eigenmodes.
The three modes of relevance for this study are (i) the breathing
mode corresponding to oscillations in the radial direction, (ii)
the extensional mode corresponding to an axial extension
accompanied by a small radial contraction, and (iii) the bending
mode corresponding to a bending of the wire. For an isotropic
rod the frequencies are expressed in terms of Young’s modulus,
the mass density, and Poisson’s ratio ν, but for an anisotropic
crystal we substitute by the relevant speeds of sound. The
periods of oscillation of the fundamental breathing, extensional,
and bending modes for a crystal nanowire with one fixed and
one free end are given as6,20
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vR is the speed of sound for a longitudinal wave along the radial
axis and τbr,n is a constant given by an eigenvalue equation
dependent upon Poisson’s ratio.6 v| is the speed of sound for a
longitudinal wave traveling along the axial direction of the wire
assuming that the axial direction corresponds to a symmetry
axis of the crystal. For the fundamental bending mode τben,1 )
3.517 is given by the boundary conditions, S is the cross-
sectional area, and I is the moment of inertia for a rotation of
the cross section. The InAs wires introduced below (Figure 1)
all have a hexagonal cross section which results in (S/I)1/2 )
(24/5)1/2/R independent of the rotational axis. The basic time
scales for the fundamental eigenmodes are thus given by the
ratios of the radius and the length of the wire to the speed of
sound with typical time scale for nanowires from tens of
picoseconds in the breathing mode to hundreds of nanosec-
onds in the bending mode.

The spatial dependence of the strain in the fundamental
extensional mode in the limit L . R is given as21

where zb and rb are unit vectors in the direction along and
perpendicular to the wire assuming cylindrical symmetry.
From this equation it follows that the ratio of the average
axial and radial expansion is given by Poisson’s ratio as
-1/ν.

The InAs nanowires were grown along the surface normal
of an InAs (111) substrate by molecular beam epitaxy. They
consist mainly of the hexagonal wurtzite structure and have
a hexagonal cross section with radius r ) 49 ( 7 nm and
length L ) 4.4 ( 0.7 µm (Figure 1).22 The time-resolved
X-ray diffraction experiments were conducted at ID09B at
the European Synchrotron Radiation Facility (ESRF), with
preliminary experiments performed at sector 7 at the Ad-
vanced Photon Source (APS). A time resolution of ap-
proximately 100 ps is achieved by mechanically selecting
the radiation from a single bunch in the storage ring at a
repetition rate of 986.3 Hz in phase with a Ti:sapphire pump
laser delivering 800 nm 100 fs pump pulses (spot size 0.39
× 0.66 mm2).23 The diffraction signal from an entire forest
of nanowires was obtained as a series of laser-on/laser-off
images and consisted of 2D images of Bragg peaks, from
which the peak shifts, and subsequently the change in
average lattice constants can be extracted as a function of
time delay between the pump and probe pulses. For the
same sample we also measured the optical reflectivity
transients in a two-color femtosecond pump-probe setup

based on a Ti:sapphire laser. White light continuum gener-
ated in a 2 mm thick sapphire was used as the probe and
the fundamental radiation (800 nm) as pump with a pump
fluence of 6 mJ/cm2.

In this experiment the laser pulse excites electron-hole
pairs in the wires which subsequently decay via coupling to
acoustic phonons resulting in a heating of the nanowire. The
change in lattice temperature can excite acoustic oscillations
through two processes: (i) A nonuniform temperature dis-
tribution gives rise to thermal stress launching strain
waves.24 (ii) The rise in temperature increases the equilib-
rium lattice constants and as the electron-hole relaxation
is much faster than the acoustic eigenmodes, the lattice is
suddenly out of equilibrium and acoustic oscillations are
initiated. This constitutes a displacive excitation.25

Figure 2 shows the optical transient reflectivity measured
for the first 150 ps after excitation. The fast initial (<1 ps)
rise can be assigned to the creation of excited electron-hole
pairs, while the signal later shows an oscillation with a period
of 38.3( 0.1 ps, in good agreement with the predicted value
of 35 ps for the breathing mode, found by using a calculated
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FIGURE 1. SEM images of InAs nanowires seen at an angle of 20°
(A) and showing the hexagonal facets from a top view (B). The lower
image (C) shows a region of wires broken at high laser power.

FIGURE 2. Breathing mode. Transient laser reflectivity measured on
the InAs nanowires. The white line is a fit to the data. The inserts
show the oscillatory part of the signal, and a schematic drawing of
the bending mode.
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Poisson’s ratio of 0.22 giving τbr,1 ) 2.046 and v[101],c )
4.28km/s from cubic InAs data.26,27 Hence, we assign the
transient reflectivity data for times larger than about 5 ps to
the breathing mode in the radial direction. At slightly longer
time scales, we see the extensional mode. In Figure 3A we
show the relative change, as measured by time-resolved
X-ray diffraction, in the average hexagonal lattice constants
a (radial) and c (longitudinal) during the first 5 ns after
excitation. The lower temporal resolution does not allow us
to resolve the breathing mode, but the first data points (<100
ps) reveal a purely radial motion with a relative increase in
radius of the wire of 2.4 × 10-4 or 12 pm and no change in
the length of the wire. If we make the assumption that the
change in optical reflectivity is linear with strain, this can
be used to calibrate the values from Figure 2, where the
amplitude of the oscillations in the breathing mode is then
∼8 pm corresponding to a strain in the radial lattice constant
of ∆a/a ) 1.6 × 10-4. On a time scale of 2 ns axial
oscillations set in corresponding to the fundamental exten-
sional mode, with the radial distortion ∆a and the longitu-
dinal distortion ∆c oscillating out of phase as shown in Figure
3A. The fact that the oscillations start out at an extremum is
the signature of a displacive excitation. In Figure 3B we show
the evolution in ∆c up to 10 ns for different laser powers.
Assuming the oscillating signal corresponds to the single
damped fundamental eigenmode, the data in parts A and B
of Figure 3 have been fitted with a function of the type
A exp(-t/b) + C exp(-(t/τ)2) cos(ωt + φ). The fit parameters
from Figure 3B reveal that the period, damping, and phase
are independent of the laser power, while the amplitude

(parameter C) and background (parameter A) scale linearly
with laser power below the damage threshold. The fit shown
in parts A and B of Figure 3 gives a period of 3.86 ( 0.14 ns
(95% confidence bounds), corresponding to a speed of
sound of 4.50 ( 0.18km/s, which is in good agreement with
the corresponding value from cubic bulk InAs of v[111],c )
4.41 km/s.26 In Figure 3A the radial signal has been amplified
10-fold for easier comparison with the axial part. It is evident
and highlighted by vertical lines serving as guides to the eye
that the first minimum of the oscillations in a is slightly
delayed compared to the first maximum in c. This is not
predicted in the description of the extensional mode by
continuum elasticity theory but can be attributed to the
interaction between the breathing and extensional modes.
The fitted functions indicate a general delay of the radial
oscillation of 85 ps, but careful measurements of more
periods than the two visible in Figure 3C are needed to
confirm this. Such a phase lag would be reasonable if the
axial extension induces the radial contraction and the time
scale is consistent with the period of the breathing mode.
The amplitude of the oscillation in lattice constant c corre-
sponds to a change in wire length of only 4.8 Å, and the ratio
of the oscillation amplitudes of a and c gives a Poisson’s
ratio of 0.10 ( 0.05, in poor agreement with the nominal
value of 0.22. This could also be due to the simplified
derivation of the eigenmode, in which the initial assumption
is that no radial motion occurs, in stark contrast to our
dynamic system in which the wires are expanded by the
breathing mode during the onset of the extensional mode.
It is clear that a theoretical approach which also considers
the interaction between the various acoustic eigenmodes is
needed to accommodate the detailed features of the strain
observed here. The fit parameter A gives the average change
in lattice constants a and c and is plotted as a function of
power in Figure 3C. The ratio of the gradients gives the ratio
of the lattice thermal expansion coefficients as Ra/Rc ) 1.21.
While bulk InAs as a cubic structure shows no such anisot-
ropy for different crystallographic directions other wurtzite
semiconductors as InN and GaN show similar ratios for the
thermal expansions along [100] and [001] hexagonal direc-
tions.28 For an order of magnitude estimate we anyway use
the thermal expansion coefficient of bulk InAs of 4.52 ×
10-6 K-1 and find a temperature rise of ∼30 K at the lowest
laser power. This temperature rise is consistent with the laser
power of 30 mW confirming the magnitude of the calculated
strains. Figure 3B shows how the oscillations decay after
two periods. This decay is best described by a function
exp(-(t/τ)2), which is expected for the decay due to nanow-
ires of different lengths having different fundamental fre-
quencies.29 In the second period the fit of the decay is not
adequately described by the simple model. Factors as the
Au particle on top of the wires and coupling to the substrate,
both of which are ignored, serve to explain this.

In Figure 4 we show the evolution in the position of
the [102] wurtzite Bragg point in reciprocal lattice coor-

FIGURE 3. Extensional mode. (A) Relative change in lattice constants
a (crosses) and c (circles) as a function of time. The motion in the
axial lattice constant a has also been amplified 10 times (squares,
right y axis) for easier comparison. The vertical lines serve as guides
to the eye for the phase shift in the first extrema. The solid lines
are fit to the data. (B) Relative change in the axial lattice constant c
at powers of 30 (triangles), 60 (circles), 85 (down-pointing triangles),
and 110 mW (squares) including fits to the data. (C) Average
extension as a function of power.
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dinates up to 600 ns. The data show an oscillatory motion
which is highlighted in the insert (data with the exponen-
tial background subtracted). Note that the bending mode
displayed in Figure 4 does not start with zero displace-
ment in reciprocal space as the wires are already radially
and axially expanded when the bending motions start,
and since the wires act as a dispersive medium for
bending waves, the excitation of higher modes will lead
to a nonperiodic signal. The data were fitted with the same
function as used for the extensional mode, and the two
periods of the fits are ∼440 ( 84 and ∼523 ( 61 ns for
the radial and axial motion, respectively. They are some-
what higher from the theoretically expected fundamental
bending eigenmode of 343 ns calculated from eq 1. While
we thus do not excite the fundamental eigenmode, we
confirm that the motion does correspond to a bending by
calculating the lattice sum of the off-planar [102] wurtzite
Bragg point for a bending wire. The nanowire bends in
the laser scattering plane (coinciding with the X-ray
incoming beam) and initially bends away from the laser.
We use the expression for the bending of a small part of
an elastic rod extended to the entire nanowire.20 The
result, damped to match the data, is shown with solid lines
in the insert in Figure 4. The qualitative agreement
between data and calculation is good. The phase of the
signal in the reciprocal coordinates h and l, as well as the
relative amplitudes matches well. ∆l corresponds to a
pure cosine signal, while ∆h deviates from the pure cosine
in the second half of the period, when the wire bends
toward the laser and X-ray sources. We emphasize that
no other bending motion reproduces the results, and we
conclude that a bending occurs in the laser-scattering
plane. The simulations indicate a radius of curvature of
the bending with a magnitude on the order of ∼1000L,
in agreement with the small displacements found for the
extensional mode.

On the basis of the laser and X-ray data presented, we
propose the following interpretation of the nanowires
motion. Initially heated by the fast laser pulse, the dimen-
sions of the wire only allow a radial expansion giving rise
to the breathing mode. At the same time the extensional
mode is launched with some delay between the axial and
radial motions, and finally a bending motion is initiated.
We thus see three different acoustic modes excited in the
InAs nanowires by a single laser pulse. The concept of
displacive excitations provides a simple explanation of the
breathing and extensional modes but can only launch
symmetry conserving modes. We thus speculate that the
strain waves rising from the uneven heating of the wire
launches a bending motion in the laser-scattering plane,
with the excitation resulting in a motion far from the
fundamental eigenmode. At higher laser powers30 the
X-ray signal disappears and the sample is visibly dam-
aged. Figure 1C shows a SEM image of a damaged region
which reveals that the wires have broken off the substrate.
Considering the small vibration amplitudes, the wires in
this study can only sustain a low strain before fracturing,
in contrast to previous studies on Ge wires.8 The result is
however not surprising as the InAs nanowires contain
numerous stacking faults extending across the entire cross
section of the wire.

In conclusion, we show that time-resolved X-ray diffrac-
tion experiments can reveal detailed descriptions of the
vibrational modes of nanostructures, and the data presented
here show three different acoustic vibrations excited in the
nanowires by a single laser pulse. From the X-ray data for
the extensional mode, we extract absolute values for the
amplitude of oscillations and average extension of the wires
and indicate a phase lack between radial and longitudinal
oscillations. The speeds of sound, and hence the elastic
moduli, of the wurtzite InAs nanowires agree with those of
bulk cubic InAs, but the wurtzite nanowires have anisotropic
thermal expansion coefficients. By measuring the actual
motion of the oscillations, we assign these to three eigen-
modes predicted by continuum elasticity theory, and find a
good agreement between measured and calculated periods;
supporting the use of purely optical methods to determine
frequency or period. Features of the strain, such as the delay
between radial and axial extrema in the first period of the
extensional eigenmode and the low poisson’s ratio, however
show that a precise theoretical description of the strain must
take into account the interaction of the eigenmodes which
overlap in time in order to fully understand the nanowires’
mechanical behavior.
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