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ABSTRACT
The melting dynamics of laser excited InSb have been studied with femtosecond x-ray diffraction. These measurements
demonstrate that the initial stage of crystal disordering results from inertial motion on a laser softened potential energy
surface. These inertial dynamics dominate for the first half picosecond 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.
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1. INTRODUCTION

Ultrafast, high brightness x-ray free electron lasers (XFEL) have the potential to revolutionize the study of ultrafast
transient phenomena in matter. These linear accelerator (linac) based sources will generate femtosecond (fs) x-ray
pulses with peak flux comparable to conventional lasers, and far exceeding all other x-ray sources. The Stanford Linear
Accelerator Center (SLAC) has pioneered the development of linac science and technology for decades, and since 2000
SLAC and the Stanford Synchrotron Radiation Laboratory (SSRL) have focused on the development of linac based
ultrafast electron and x-ray sources. This development effort has led to the creation of a new x-ray source, called the
Sub-Picosecond Pulse Source (SPPS), which became operational in 2003." The SPPS represents the first step toward the
world’s first hard x-ray free electron laser (XFEL), the Linac Coherent Light Source (LCLS), due to begin operation at
SLAC in 2009.

The SPPS relies on the same linac-based acceleration and electron bunch compression schemes that will be used at the
LCLS to generate ultrashort, ultrahigh peak brightness electron bunches.” This involves creating an energy chirp on the
electron bunch during acceleration and subsequent compression of the bunch in a series of energy-dispersive magnetic
chicanes to create 80 fs electron pulses. The SPPS has provided an excellent opportunity to demonstrate the viability of
these electron bunch compression schemes and to pursue goals relevant to the utilization and validation of XFEL light
sources.

The fundamental events of chemistry, molecular biology, and materials science occur on distance and time scales
governed by chemical bond lengths and vibrational periods. These chemical bond properties make x-ray science, with
Angstrom spatial resolution, and ultrafast laser science, with femtosecond temporal resolution, the optimal experimental
tools for atomic scale investigations of structural dynamics. While standard x-ray diffraction, scattering, and
spectroscopy determine the atomic structure of matter and femtosecond optical spectroscopy observes the temporal
evolution of matter, their successful union has been limited by the inherently long pulse durations of synchrotrons and
the low x-ray flux of ultrafast laser plasma sources. This has proven to be a critical limitation to describing important
chemical, biological, and physical processes, because the inability to merge ultrafast time resolution with Angstrom
spatial resolution greatly limits our ability to definitively describe the structural evolution of materials. Linear electron
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nor the structural pathway followed during the phase transformation. The interesting range of structural phenomena
inferred from these optical measurements > has lead to a series of ultrafast x-ray diffraction experiments that have used
an ultrafast laser to generate a plasma and produce x-ray pulses for probing structural dynamics in optical laser excited
crystals.*!'? These pioneering experiments have shown crystal disordering to occur on the ultrafast time scale, including
disordering faster than the time scale for energy transfer from the excited carriers to the lattice, but they have neither
identified the atomic motions that lead to disordering nor determined the time needed to generate liquid-like structure
and dynamics.

Experimental investigations of electronically driven melting in a semiconducting InSb crystal at the SPPS highlight the
power of ultrafast x-ray sources for studying structural dynamics with atomic detail and help validate the coming
investment in XFEL facilities. 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.”"* 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. 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.

2. METHODOLOGY

These measurements relied on three critical characteristics of the experimental set-up: the 80-fs full-width at half-
maximum (FWHM) x-ray pulse duration,” the crossed beam x-ray-laser geometry that allows a series of relative time
delays to be measured with a single pulse pair,'* '° and the low divergence of the x-ray beam that allows for a grazing
incidence x-ray geometry.'® The SPPS produces fs pulses at 8.9 keV with 2x10° x-ray photons/pulse in a 200 x 400 pm
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.

These experiments use a laser to excite the InSb crystal and the linac generated x-rays to monitor the evolution of the
InSb structure. For these experiments to work the laser pump time of arrival at the sample must be synchronized to the
arrival time of the x-ray pulse. The electron bunches that generate the x-rays are accelerated by a radio frequency (RF)
field. We synchronize the laser pulses to the x-ray
pulses by actively stabilizing the repetition rate of
the pump laser to a 102 MHz sub-harmonic of the
linac RF. These oscillator pulses seed a
Ti:Sapphire regenerative amplifier, which then
pumps a multipass amplier, operating at the 10 Hz
repetition rate of the x-ray source. This
synchronization generates a short-term timing
jitter of ~300 fs rms between the x-ray and laser
pulses."’
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Fig. 3: (A) Two dimensional image of the x-ray diffraction for the InSb (111) Bragg peak. The sharp drop in diffracted
intensity in the center of the image results from laser excitation of the crystal. The sharp edge in the signal corresponds to the
spatial location on the crystal surface where the x-ray and laser had coincident arrival times. (B) the fit to the image in (A). (C)
The signal extracted from the image shown in (A). Each pixel corresponds to 38 fs. (D) The difference between the fit in (B)
and the signal in (A).

device (CCD) area detector provides the time history around t=0 in a single shot. We calibrate the image by
scanning the laser pump timing and measuring the spatial shift in the laser induced diffraction drop, as shown in Fig.

2.

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.

3. RESULTS

Figure 3 shows an image for the x-ray diffraction from the InSb (111) Bragg peak, as well as the two-dimensional fit of
the image. We fit each row of CCD pixels transverse to the timing axis dimension to a sum of two Gaussians, one
representing the x-ray diffraction intensity that would be measured without the laser and the other the laser induced drop
in diffraction signal. We use the amplitudes from these two Gaussians, Ay..(f) and A (f), to construct the time

dependent signal, 7(0,r)=(4 Ayr) /A, - The signal, [(Q,1), extracted from a single image for the (111) Bragg

xX—ray -
peak with a Laser fluence of 130 mJem™ appears in Fig. 3(C). Fig 3(D) shows the difference between the signal and fit.
For most pixels, the error in the fit corresponds to the error expected from photon counting statistics, since the
maximum number of x-rays detected on a pixel was about 100 with each x-ray generating 330 counts. For Poissonian
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Fig. 4: Time and depth dependent electron-hole pair density. The shaded line
marks a depth of 140 nm, the depth from which 95% of the x-ray diffraction . . .
occurs. The parameters of Rousse ef al. have been used to calculation the initial am?lg%al;ldlfﬁ:lsmp Copstants > 100
carrier density for a 130 mJem™ laser fluence. Ambipolar carrier diffusion witha ~ €™'S - ’ . Thls diffusion smoothes
150 cm’s™ diffusion constant flattens the electron-hole pair density, and by a 200 the distribution of electron-hole
fs delay all of the x-ray probed volume has exceeded the non-thermal melting  Ppairs on a time scale faster than the
threshold of 7x10?' measured by Rousse et al. These calculated densities do not ~ rate of inertial structural dynamics.
account for impact ionization and Auger decay. As discussed in the text, the This insures that the excitation
absorbed energy density will support electron-hole densities above the non-  density created with the 130 mJem™
thermal melting threshold even after electron-hole equilibration for the time scales

CS fluence exceeds the non-thermal
addressed in this letter.

melting  threshold of  7x10*
determined by Rousse et al. within the sample volume probed by the x-ray pulse.” The time and depth dependent carrier
density for a 120 mJem™ pulse and an ambipolar diffusion constant of 150 cm?s™ appears in Fig. 4.

Auger decay and impact ionization will also change the excitation density in the excited volume. While the rates of
these processes have not been measured at the electron-hole pair densities generated in this study, theory and
experiment indicate that the Auger relaxation takes tens to hundreds of fs at very high carrier densities.'® ' The carrier
density after electronic equilibration should still exceed the theoretical and measured non-thermal melting threshold of
roughly 7x10%! cm™” ' % because the energy absorbed by the electrons in the first 150 nm of InSb when irradiated with
a 130 mJem™ laser pulse supports an average equilibrium electron-hole pair concentration of 9x10*' cm™. This has
been calculated using a simple approximation to the InSb conduction band density of states.”* Cooling of the electronic
system will be comparatively slow because the optical phonon emission time for electrons in the I'-conduction band
occurs with an average rate of ~3 ps for the energy range that will be populated by the laser pump pulse.”?
Consequently, the magnitudes and rates for the different processes observed in the diffraction experiment for time
delays up to 3 ps correspond to the dynamics of 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 InSb.

Figure 5(A) shows the time dependent x-ray diffraction intensity from a laser excited crystal for both the (111) and
(220) reflections. The diffracted intensity decays non-exponentially and can be well fit to a Gaussian,

1(Q0,0) = exp(—tz/fz) for 0<¢<500 fs."® As shown in Figure 5(A), the (220) Bragg peak decays faster than the (111).

The fit gives time constants, 7, of 280 and 430 fs for the (220) and (111) reflections. The ratio of these time constants,
Tt/ Tao =1.5 £ 0.2, equals the ratio of the magnitude of the reciprocal lattice vectors for the two reflections (/8/3 ).
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Fig. 5: Time dependent root-mean square displacemnt for the (111) (A) and the (220) (®) reflections. 2(A) and 2(B)
correspond to data collected with laser fluences of 130 mJem™ and 50 mJem™, respectively.

This inverse-Q-dependent scaling and Gaussian time dependence strongly implies statistical, atomic motion that can be
described using a time-dependent Debye-Waller-like model that relates the time dependent decrease in diffracted
intensity to a time-dependent root mean square (rms) displacement, /(Q,7)= exp(—Q2 <u2(t)> /3) , where Q is the
reciprocal lattice vector and <u2(t)> is the time-dependent mean-square displacement of the photo-excited atoms,
averaged spatially over the sample.'® The time dependent root mean square (rms) displacement appears in Figure 5(B)
for the (111) and the (220) reflections. For the first few hundred fs, the rms displacement in these two directions have
identical time dependence and increase linearly with time. This linear time dependence demonstrates that the initial
disordering results from inertial atomic motion on the laser modified potential. The momentum of the ions does not
change upon laser excitation, in accordance with the Franck-Condon principle. Thus the atoms will initially sample the
new potential energy surface with a velocity distribution dictated by the lattice temperature prior to laser excitation.
This predicts the rms displacement should increase linearly with time, with an average velocity determined by the
average atomic mass and the temperature. For InSb at room temperature, the predicted slope of (3k,T/M )1/ > =25 Alps
agrees reasonably well with the experimental value of 2.3+0.2 A/ps.

The amplitude of the inertial response indicates the magnitude of the lattice softening, since the lattice temperature
remains constant during inertial motion and the rms displacement is inversely proportional to the average frequency of
the thermally excited phonons. The inertially accessible rms displacement exceeds the ground state rms displacement of
0.16 A by nearly an order of magnitude, as shown in Figure 5(B). Interestingly, these large displacements that occur
during the first few hundred fs result in an increased disorder, but not a transition to a liquid like structure because these
inertial motions preserve the atomic memory of the initial lattice configuration. Only after velocity randomizing
collisions can the structure begin to lose translational symmetry.

X-ray free electron lasers possess the capacity to transform the study of dynamic phenomena in biology, chemistry, and
physics. The Sub-Picosecond Pulse Source has provided an opportunity to demonstrate how an ultrafast hard x-ray
source with high peak brightness can clarify the evolution of atomic structure during a physical or chemical
transformation with unprecedented detail '°.
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