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Abstract
The melting dynamics of laser excited InSh have been studied with femtosecond x-
ray diffraction. These measurements observe the delayed onset of diffusive atomic
motion, signaling the appearance of liquid-like dynamics. They also demonstrate that the
root mean-squared displacement in the [111] direction increases faster than in the [110]
direction after the first 500 fs. This structural anisotropy indicates that the initially

generated fluid differs significantly from the equilibrium liquid.
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Intense femtosecond (fs) laser excitation of semiconductor crystals provides a
pathway to crystal melting where the time dependent evolution of the atomic structure
can be monitored directly with fs x-ray diffraction [1-7]. Improvements in ultrafast x-ray
and electron sources have generated the most recent advances in our understanding of the
dynamics of light driven phase transitions [4,5,7,8]. While pioneering ultrafast x-ray
diffraction experiments utilizing ultrafast laser plasma sources have shown that crystals
disorder faster than the rate of electron-phonon coupling, the time needed to generate
liquid-like structure and dynamics remains unclear [4,5]. Linear electron accelerators
provide an alternative approach to ultrafast hard x-ray generation that circumvents the
fluence limitations of laser plasma sources and the long pulse durations of synchrotrons.
This approach has been used for the Sub-Picosecond Pulse Source (SPPS) at the Stanford
Linear Accelerator Center to generate fs hard x-ray pulses [9].

Initial studies of ultrafast laser melting using the SPPS x-ray source demonstrated that
the initial stage of crystal disordering results from inertial motion on a laser softened
potential energy surface [7]. The atoms initially sample the modified potential with
velocities determined by the lattice temperature prior to laser excitation. These inertial
dynamics dominate for the first half picosecond (ps) following laser excitation, indicating
that inter-atomic forces minimally influence atomic excursions from the equilibrium
lattice positions, even for motions in excess of an A. This also indicates that the atoms
disorder initially without losing memory of their lattice reference.

In an attempt to identify the time needed to form a liquid-like structure and to better
understand the mechanism for electronically-driven melting in InSb, we extended our
studies to longer delay times and a wider range of laser fluences. Following the Gaussian
profile decay in the diffraction intensity, we observe an exponential decay. These
biphasic dynamics occur for both Bragg peaks we measured and for laser fluences
ranging from 50 to 130 mJcm. Atomic diffusion represents the most reasonable
explanation for this exponential decay and provides a clear experimental signature for

liquid-like motion. After the first 500 fs, the root mean square displacement (rmsd) in the

[111] direction increases with a rate larger than the rate in the [110] direction. The



observation of anisotropy during the phase transition indicates that the initially formed
liquid structure differs significantly from the equilibrium liquid and provides a direct test
of the theoretical model potentials used to describe electronically driven melting [1].

The success of these experiments relied on three critical attributes of the experimental
set-up: the 80-fs full-width at half-maximum (FWHM) x-ray pulse duration [9], a crossed
beam x-ray-laser geometry that allows a series of relative time delays to be measured
with a single pulse pair [10,11], and the low divergence of the x-ray beam that allows for
a grazing incidence x-ray geometry [7]. The SPPS produces fs pulses at 8.9 keV with

2x10° x-ray photons/pulse in a X m spot in a 1.5% bandwidth. The energy

spread of the x-ray source allows the measurement to be sensitive to changes in lattice
order, but insensitive to changes in the lattice constant. The pump laser is an amplified
Ti:Sapphire laser running at 800 nm with a pulse duration of 50 fs FWHM. The
convolution of the laser pulse and x-ray pulse durations gives an instrument resolution of
100 fs FWHM. The laser runs at a repetition rate actively stabilized to the x-ray pulses,
resulting in a short-term timing jitter of ~300 fs rms between the x-ray and laser pulses
[12].

In order to overcome this intrinsic jitter, the relevant time evolution must be measured
with a single x-ray-laser pulse pair. We achieved this objective with a non-collinear x-ray
and laser beam geometry [10,11]. The 25° difference in the incidence angles for the x-ray
and laser pulses cause them to sweep across the surface of the crystal with different rates,
imprinting a range of pump-probe delays on the surface of the crystal. Imaging the spatial
profile of the diffracted x-ray intensity with a CCD array detector provides the time

history around t=0 in a single shot [7].



Matching the laser and x-ray penetration represents an important requirement for
successfully studying electronically driven melting. This goal has been achieved with a
grazing x-ray incidence angle of 0.4° with respect to the physical surface of the
asymmetrically cut InSb crystal. X-ray absorption-, not extinction-, limited penetration
insures that the probe depth does not increase when the crystal disorders. At 0.4° grazing
incidence, 95% of the x-ray diffraction will come from within 140 nm of the surface.

Before discussing the structural dynamics accessed with these measurements, the
time scale of electronic equilibration,[13,14] ambipolar diffusion,[15,16] and phonon
emission[17,18] must be addressed because these processes will influence the carrier
density and non-thermal melting requires excitation of roughly 10% of the valence
electrons [1,4,19]. As will be briefly discussed, theoretical and experimental
characterization of these processes support the conclusion that the x-ray pulse for time
delays up to a few ps probe a fairly uniformly excited sample with an electronic
temperature upwards of 10 000 K and a lattice temperature less than the 798 K melting
point of InSh.

Laser absorption determines the original carrier density profile. We have used the
parameters of Rousse et al.[4] to determine the laser absorption and electron-hole pair
density as a function of penetration depth. Large electron-hole densities should increase
the ambipolar diffusion constant from the low carrier value of ~30 cm?s™ [15,16,20]. For
diffusion constants ranging from 50 to 300 cm?s™, diffusion will smooth the carrier
distribution faster than the inertial structural dynamics without significantly reducing the
carrier density in the x-ray probed volume during the first few ps. Auger recombination

and impact ionization will also change the excitation density. Theory and experiment



indicate that the Auger recombination should take tens of fs [13,14]. The carrier density
after electronic equilibration should still exceed the theoretical and measured non-thermal
melting threshold[1,4,19] because the energy absorbed in the first 150 nm of InSb when
irradiated with a 130 mJcm™ laser pulse supports an average equilibrium electron-hole
pair concentration of ~1x10% cm™. This has been calculated using a simple
approximation to the InSh conduction band density of states [21]. Cooling of the
electronic system will be comparatively slow because the optical phonon emission time
for electrons occurs with an average rate of 1-3 ps for the energy range populated at low
carrier density and theory indicates that carrier screening at high densities will reduce the
emission rate [13,17,18].

We have used a time-dependent Debye-Waller-like model to describe the diffraction

intensity, 1(t), and extract a time dependent mean-square displacement (msd), <Ar(t)2>.
2 Ar t 2 _ 1/2
In this model, 1(t) = |09XP[—M] and Ar(t):(3|n|°Q$(t)] , Where | is

the diffraction intensity of the ground state crystal, Q corresponds to the reciprocal lattice

vector, and Ar(t) represents the rmsd. Assuming the msd maintains a normal distribution

during the temporal evolution, the logarithm of the signal provides a measure of the time
evolution of the msd during the phase transition.

Figure 1 shows the time dependent diffraction for the (111) and (220) reflections with
130 mJem and 50 mJcm™ laser fluences. The signal has been fit to an error function
with the instrument response resolution convolved with

T

e

S(t)=A, exp[—i—i} A exp(

g

t ] For the (111) reflection, 7, =0.34+0.08 ps and



7, =2.410.1 ps, while 7, =0.25+0.08 ps and 7z, =1.7+0.4 ps for the (220) reflection.

These values represent the average of the time constants extracted for laser fluences of
50, 90, and 130 mJcm?, since the amplitudes Aq and A. represent the dominant source of
laser fluence dependence in the signal. The time dependent rmsd appear in Fig. 2.

The time dependence of the msd can be best understood by representing the msd as a
time integral over the velocity-velocity correlation function <v(0)v(t)> in two limiting

conditions, a constant memory and a delta function memory [22]. Inertial dynamics

correspond to constant memory, creating a rmsd that increases linearly with time,

Ar(t) = (3|'(\ZT

1/2
) t. This analysis predicts the Gaussian time constant to be

1/2
T, = [QZMT] , with values of 410 fs and 250 fs for the (111) and the (220) reflections,
B

using a temperature of 300 K and a mass equal to the mean atomic mass for InSb [7].
These predictions lie within the 95% confidence limits of the measured values. The
amplitude of the inertial response indicates the magnitude of the lattice softening, since
the lattice temperature remains constant during inertial motion and the msd is inversely
proportional to the average frequency of the thermally excited phonons. At the highest
fluence studied, the inertial rmsd exceeds the ground state rmsd of 0.16 A by nearly an
order of magnitude (Fig. 3).

Collisions will randomize the atomic velocities and cause (v(O)v(t)) to decay [22]. A

delta function <v(0)v(t)> results in atomic diffusion, generates a diffraction intensity that

decays exponentially, and signals the onset of liquid-like dynamics [23]. The exponential



time constants used to fit the signal can be converted to a diffusion constant, D = >

with values of 7x10°® cm?™ for the [111] direction and 4x10® cm?s™ for the [110]
direction. Using the Einstein-Stokes equation and the temperature dependent viscosity of
liquid InSb [24], we can estimate the temperature of the diffusing atoms to be in the
range of 400 to 550 K, supporting the conclusion that the thermal energy in the lattice
remains significantly below the InSb melting point of 798 K during the electronically
driven phase transition. While an intermediate time scale will exist where velocity
correlations neither persist without change, nor decay instantaneously, the data does not
support a more sophisticated analysis and the duration of this intermediate regime can be
short lived in simple liquids [22,25].

The difference in the diffusion constant for the [111] and [110] directions indicates
that the electron-hole plasma anisotropically modifies the potential, as does the relative
magnitudes of the inertial rmsd in the [111] and the [110] directions (Fig. 3). Nor can
these differences in diffusion times and inertial rmsd be explained with a hard sphere
model of atomic collisions, because the [111] direction disorders faster despite the shorter
inter-atomic distances.

Theoretical calculations indicate that the shear restoring force softens at the (111)
zone boundary for Si at the lowest electron-hole plasma density [1,19]. Atomic
disordering limited to planes transverse to the tetrahedral bonding directions would
generate a larger rmsd in the [110] direction than in the [111], in direct contrast with the
measurement. The observed anisotropy strongly suggests that the longitudinal optical
phonons in the bonding directions, such as [111], also influence the phase transition

pathway in non-thermal melting. Laser induced weakening of the bonding in InSb could



also soften the longitudinal optical phonons in the directions parallel to the chemical
bonds, creating anisotropy consistent with our experimental measurement. In the model
of Stampfli and Bennemann, the longitudinal optical phonon in the [111] direction
anharmonically couples to the transverse acoustic phonon, but does not directly soften
[1]. This anharmonic coupling generates a significant delay in the longitudinal
displacement of the atoms along the [111] direction. While this model appears unable to
explain the anisotropy in the inertial response, discerning the relative contributions of
lattice softening and atomic displacement would require measuring multiple Bragg peaks
in the [111] direction in reciprocal space.

These studies of electronically driven melting in InSb demonstrate that an anisotropic
fluid forms before the generation of the equilibrium liquid. The theory of phase
nucleation developed by Oxtoby claims the change in symmetry and density that occurs
during melting can lead to nucleating structures quite distinct from the equilibrated liquid
[26,27]. While electronically driven melting appears to proceed along a barrierless
pathway, the same discontinuities in the structure of the crystalline and liquid phases may
require the structure of the initially formed fluid to differ from the equilibrium liquid in a
fashion similar to that found in the critical nucleus.
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Figure Captions:
Fig. 1: Time dependent diffraction intensity for the (111) (A) and the (220) (o)

reflections. Data collected with laser fluences of 130 mJcm™ 2(A) and 50 mJcm™ 2(B).
Fig. 2: Time dependent root-mean square displacement for the (111) (A) and the (220)
(o) reflections. Data collected with laser fluences of 130 mJcm™ 2(A) and 50 mJcm™

2(B).

Fig. 3: Fluence dependence of the inertial root-mean square displacement for the (111)

(A) and the (220) (o) reflections.
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Fig. 1 K.J. Gaffney et al. Phys. Rev. Lett.
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Fig. 2 K.J. Gaffney et al. Phys. Rev. Lett.
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Fig. 3 K.J. Gaffney et al. Phys. Rev. Lett.

inertial rmsd (A)
o o = [ [ [ =
oo © o - () w EN

o
3

IS
o

60 80 100 120
fluence (mJ cm-?)

140

15



