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Time-resolved x-ray scattering from laser-molten indium antimonide
R. Nuske, C. v. Korff Schmising, A. Jurgilaitis, H. Enquist, H. Navirian,

P. Sondhauss, and J. Larsson

Department of Physics, Atomic Physics Division, Lund University, P.O. Box 118, Lund SE-221 00, Sweden
(Received 13 November 2009; accepted 16 December 2009; published online 22 January 2010)

We demonstrate a concept to study transient liquids with picosecond time-resolved x-ray scattering
in a high-repetition-rate configuration. Femtosecond laser excitation of crystalline indium
antimonide (InSb) induces ultrafast melting, which leads to a loss of the long-range order. The
remaining local correlations of the liquid result in broad x-ray diffraction rings, which are measured
as a function of delay time. After 2 ns the liquid structure factor shows close agreement with that
of equilibrated liquid InSb. The measured decay of the liquid scattering intensity corresponds to the
resolidification rate of 1 m/s in InSb. © 2010 American Institute of Physics.

[doi:10.1063/1.3290418]

I. INTRODUCTION

Significant advances have been made in picosecond and
subpicosecond time-resolved x-ray scattering techniques dur-
ing the past decade. Experimental efforts have mainly been
focused on the observation of nonthermal meltingl*3 and op-
tical and acoustic phonon motion*~® in crystalline solids,
while x-ray studies of transient states of disordered materi-
als, e.g., liquids, have remained a greater experimental chal-
lenge. In contrast to strong Bragg reflections from crystalline
material, the liquid state exhibits only weak x-ray scattering
amplitudes due to the short correlation length of the disor-
dered structure. The broad features of the liquid structure
factor give insight into nearest-neighbor distances and occu-
pation numbers, i.e., directly encode the local structure.
Time-resolved liquid x-ray scattering experiments have al-
lowed precise measurements of the reaction pathway of mol-
ecules in solution,”'? and have shed light on the dynamic
structural changes of liquid water."> The emergence of the
liquid phase of InSb after laser-driven nonthermal melting
was recently captured directly with femtosecond resolution
at the SPPS at the SLAC National Accelerator Laboratory.14
This study focused on potential voids and ablated material
which occur in the scattering pattern at low momentum
transfer vectors. It was found that the liquid is formed within
1 ps. Simultaneously, Bragg peaks, indicative of an ordered
lattice, disappeared.

In this letter we demonstrate the possibility of carrying
out laser-pump/x-ray probe experiments using a two-
dimensional (2D) detector at a synchrotron radiation facility
with 10 ns bunch spacing and a uniform filling pattern, and
report on laser-molten InSb and its subsequent regrowth with
a temporal resolution of 400 ps.

Il. SETUP FOR TIME-RESOLVED X-RAY SCATTERING

The time-resolved, liquid scattering experiment was car-
ried out at beam line D611 at the MAX-laboratory synchro-
tron radiation facility in Lund, Sweden. X rays from a bend-
ing magnet of the 1.5 GeV MAX-II storage ring are focused
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by a toroidal gold-coated mirror and reduced in aperture by a
set of slits. The small x-ray incident angle (6=0.9 *0.05°)
leads to an elongated x-ray footprint of 0.1 X 3.0 mm?. The
x-ray divergence is 3 X 0.7 m rad® (horizontal-vertical), and
a multilayer monochromator allows the energy to be set to
E, y=7.5 keV with a bandwidth of AE, .,/E, ,, =107 A
single x-ray probe pulse at the sample contains about 700
photons, and has a duration of approximately 300 ps.

A Ti: Al,05-based femtosecond laser system, operating
at a repetition rate of 4.25 kHz, with a 790 nm center wave-
length, 4.5 W average power and 45 fs pulse duration, was
used for excitation. The optical pump beam was focused by
two cylindrical lenses to a spot size of 0.3 X 4.0 mm? [(full
width at half maximum (FWHM)] which, assuming a Gauss-
ian beam shape, yielded a fluence of 45 mJ/cm? incident on
the sample. The laser pulses are synchronized to a particular
electron bunch in the storage ring with a jitter below 10 ps.

A. Detection system

To study the diffuse scattering of the liquid phase of
InSb a single-photon-counting detection system was de-
signed and set up as shown in Fig. 1. The scattered x rays are
converted into visible radiation (center wavelength A
=425 nm) in a 2-mm-thick plastic scintillator (Saint Gobain,
BC-408). The scintillator features a 2.1 ns decay time (1/¢),
and a 0.9 ns rise time (10%-90%), which corresponds to a
total 2.5 ns pulse width (FWHM). The conversion efficiency
was measured and found to be 60 photons per single 7.5 keV
x-ray photon. The spatial resolution of the scintillator for
x-ray detection is limited due to the deviations from normal
incidence for x rays onto the scintillator and its thickness.
This effect sets a lower limit for the Q resolution of the
detector. In our case, the spatial resolution is 0.27 mm close
to the beamstop, and 2.8 mm at the outer edge of the scin-
tillator. This corresponds to 0.02-0.20 A~'. The Q reso-
lution in our experiment is limited to 0.4 A~ at Q=3 A~
due to the size of the x-ray spot. A thin aluminum coating
(<500 nm) on the front of the scintillator blocks any stray
light from the pump beam and reflects the generated visible

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Concept of the time-resolved liquid x-ray scatter-
ing setup. The broad scattering rings of liquid InSb are detected by a plastic
scintillator. An image intensifier is used to electronically gate single x-ray
bunches to achieve a time resolution of one x-ray bunch length plus the
timing jitter between the x rays and laser radiation, i.e., approximately 350
ps. b) A typical 2D image of the liquid structure factor at t=2 ns; the lines
indicate the equivalent scattering vectors, Q.

light toward the detection system. The generated photons
from the scintillator are collected with a lens of 7.5 cm focal
length and 15 cm diameter at 30 cm distance and imaged
onto the photocathode of an image intensifier unit
(Hamamatsu C9546). This results in a collection efficiency
of 1.4%. The overall image magnification from the scintilla-
tor onto the charge-coupled device (CCD) is 1/9. The spatial
resolution of the intensifier unit is 45 Lp/mm.

The image intensifier provides signal amplification and
has a gating mode with gate times as short as 3 ns, i.e., it
allows the selection of a single x-ray bunch synchronized to
the laser repetition rate at 4.25 kHz. The minimum available
gate time would be short enough to gate out single bunches
at synchrotrons with 1f frequencies up to 500 MHz, and 2 ns
bunch spacing respectively. A scintillator with a sufficiently
short pulse width, such as barium fluoride, would be required
in this case.

To reach single x-ray photon sensitivity, a second (iden-
tical) image intensifier was connected in series, which al-
lowed single, clearly distinguishable scattered x-ray photons
to be counted. The maximum photon gain of the intensifier
units at the emission wavelength of the scintillator (425 nm)
is 3.8 X 10°. The first intensifier was set to gating mode with
high gain (900 V), and the second image intensifier was set
to moderate gain (700 V) in continuous mode. The accessible
voltage range is 600—-1000 V.

The 2D scattered intensity is recorded using a thermo-
electrically cooled Electron Multiplying CCD camera (An-
dor iXon). The sensor was cooled to =70 °C and the electron
multiplying gain factor was set to 100. In conjunction with
the gain from the image intensifiers, single x-ray photon sen-
sitivity was reached. The CCD pixel size is 8§ um, the chip
area is 8 X 8 mm?.

The gain of the detector is sufficient to clearly detect
single x-ray photon events. A single photon counting algo-
rithm is used in the data analysis, which limits the signal-to-
noise ratio to the shot noise level.

A realistic estimate for the quantum efficiencies of the
components can be done as follows: The x-ray absorption at
7.5 keV in the scintillator is 64% and it converts on average
into 60 photons, of which 1.4% is collected with the lens.
The optical components used transmit in total 74% of the
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photons at the scintillators emission wavelength 425 nm. The
image intensifier is specified with a quantum efficiency of
10% at the emission wavelength of the scintillator. All in all,
it results in a total of 3.9%.

We determined the overall quantum efficiency of the de-
tector using a strongly attenuated Bragg reflection of InSb.
The x-ray flux before the scintillator is measured using a
calibrated Si x-ray diode (AXUV100GX, International Ra-
diation Detectors) and compared to the x-ray count rate on
the 2D detector when the diode is removed. The overall de-
tection efficiency (i.e., the ratio between scattered and de-
tected photons) is measured to be 3.2%.

This detection technique eliminates the necessity for
x-ray choppers to select a single x-ray pulse for time re-
solved x-ray scattering experiments.15 A hybrid or single
bunch filling pattern in the storage ring is not required. It
offers a unique alternative to the gateable area pixel array
detector PILATUS (gate time 150 ns), which was recently
tested in time-resolved x-ray experiments.16

lll. EXPERIMENTAL RESULTS

An InSb wafer [asymmetrically cut at —17° to the
(I 1 1) planes] is mounted on a motorized xyz stage, which
also allows 6g and the azimuthal angle ¢ to be set remotely.
The grazing incident geometry allows the x-ray penetration
depth, & .,y (=90 nm for 65=0.9° and E, ,,=7.5 keV) and
the melting depth &, to be matched."

Over 100 short exposures with an acquisition times of
5 s alternating with “laser on” and “laser off” settings were
measured. This means that the same surface area was molten
more than 10° times. In order to investigate if this repetitive
melting affects the data, we measured the total counts as a
function of measuring time. We observed a moderate sublin-
ear increase (/%) in the total counts as a function of mea-
suring time. In high-repetition-rate melting experiments with
moderate melting fluences (<45 mlJ/ cm?) the only observed
degeneration is the emergence of small ripple structures be-
low 100 nm in height.17 Such small surface structures do not
adversely affect the scattering geometry, i.e., the matching of
the x ray and laser penetration depth.

To control the spatial and temporal overlap of the x-ray
probe and the optical pump, the decrease of the intensity of a
strong Bragg reflection, e.g., (1 1 1) at 0=1.68 A~!, is
monitored. The Bragg condition for different reflections is
fulfilled by changing the azimuth angle ¢ and/or tuning the
X-ray energy.18 We tuned the x-ray energy to 5.4 keV on
resonance with the (1 1 1) Bragg reflection from the asym-
metrically cut InSb crystal. The gate of the image intensifier
is set to include a single x-ray bunch shortly after excitation.
If the overlap is good, a decrease in scattered intensity of
about 40% is easily detected during an integration time of
several seconds. This technique is also used to determine the
time-delay zero. During the measurement of the scattering
signal from liquid InSb, the Bragg reflection used for the
overlap check was attenuated beyond the point where it
could be detected, by tuning the x-ray energy off resonance
to 7.5 keV. Figure 1(b) shows an example of an image of the
difference signal of the integrated laser on and laser off mea-
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FIG. 2. (Color online) Liquid structure factor S(Q) at various time delays:
—2, +2.5, and 52 ns in respect to the laser pulse. Good agreement is seen
with an ab initio calculation of equilibrated liquid InSb (solid line)
(Ref. 19).

surements. The black lines indicate equivalent scattering vec-
tors Q, where Q=41-sin(6)/\, with the scattering angle 26
and the x-ray wavelength \. Q space is calibrated by record-
ing several low-indexed Bragg reflections of InSb. Integra-
tion yields the scattering intensity as a function of Q, which
is shown in Fig. 2 for different time delays: 2 ns prior, 2.5 ns
after, and 52 ns after the laser excitation. Here, the measured
number of photons is corrected for the atomic form factor
squared and, hence, yields a value directly proportional to
the structure factor S(Q). The first broad diffraction ring has
its maximum at Q=2.2 A~!. This is in excellent agreement
with an ab initio calculation for liquid InSb (red line) for
1<Q0<3 A-1." However, the shoulder at approximately
Q=3 A~!is more pronounced in the measurement.

Figure 3 shows the integrated scattering intensity for the
main and the second peak at Q=3 A~ (inset) as a function
of delay time. The intensity of the main peak increases more
slowly than the temporal resolution of the experiment, and
reaches a maximum after approximately 2 ns. It then falls to
zero within 100 ns. The integrated scattering intensity of the
second peak shows identical temporal behavior within the
margin of uncertainty.
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FIG. 3. (Color online) Integrated structure factor S(Q) as a function of time
delay. The squares and triangles (inset) correspond to the integrated struc-
ture factors of the peak at Q=22 A~' and Q=3 A~!, respectively. The
melting depth as a function of time (solid line) was calculated using a 1D
heat flow equation and reproduces the initial, noninstantaneous melting and
the subsequent regrowth of InSb well. Experimental melting depths ex-
tracted from a nonthermal melting experiment conducted at a laser fluence
of 36 mJ/cm? are also shown (dots) (Ref. 21).
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IV. DISCUSSION

The good agreement between the integrated, scattered
intensity and previously measured and calculated structure
factors of equilibrated liquid InSb (Ref. 19) suggests that
already after 2 ns the laser-formed liquid has a local structure
similar to that of thermalized liquid InSb. Figure 2 shows
background-corrected integrated, scattering intensities. The
curve for a x-ray bunch 2 ns prior the laser excitation repre-
sents the overall noise level for this experiment, since the
sample had sufficient time to resolidify and thermalize after
the previous laser pulse. The curve for the delay of 2.5 ns
shows the integrated scattering intensity from the liquid InSb
when it is close to its maximum. After 52 ns the signal has
dropped due to resolidification.

The shoulder of the structure factor at Q=3 A~! origi-
nates from the second nearest neighbor, at r=4.3 A, of the
crystalline zinc blende structure of InSb, and has been inter-
preted as a covalent Sb—Sb bond in liquid InSb." This pro-
nounced feature is well reproduced in our time-resolved
measurements; its decay time unambiguously shows that it
indeed arises from liquid InSb (cf. inset of Fig. 3). Because
outer coordination shells generally disappear with increasing
temperature,20 this feature strongly corroborates the rapid
thermalization of laser-molten InSb, i.e., within approxi-
mately 2 ns. More precisely, the temporal evolution of the
scattering intensity is well explained by a simple one-
dimensional (1D) heat flow model (red line in Fig. 3). Not-
ing, that up to the probe depth, & ,,=90 nm, the liquid
scattering intensity is, to a first approximation, directly pro-
portional to the melting depth, the model identifies the fol-
lowing four time regions of the transient liquid InSb. First,
the energy deposited by the laser excitation leads to ultrafast,
nonthermal melting of a surface layer with a thickness of
et =50=10 nm." In the second time region, the initial,
high temperature gradient then results in rapid redistribution
of energy and to subsequent thermal melting of deeper lying
layers. This thermally molten volume contributes signifi-
cantly to the measured scattered intensity, and leads to a
noninstantaneous increase within approximately 2 ns. The
high standard enthalpy of fusion of InSb initially causes an
approximately 130-nm-thick layer at the constant melting
temperature, 7,,.;=800 K, directly below the molten surface
layer, &, This delays the conduction of heat and causes the
plateau seen in the melting depth in the third time region
between 3 and 15 ns. The decrease in the liquid scattering
intensity during the subsequent fourth time region corre-
sponds to the resolidification of InSb at a rate of approxi-
mately 1 m/s. The model shows best agreement with the
measurements when a static sample temperature of 600 K is
assumed.”’ In previous laser-induced melting experiments
the formation of the liquid state was inferred by studying
the ultrafast decrease of intensity in Bragg reflections,"!
providing complementary information about time-dependent
melting depths. Data from Harbst et al.*" are shown in Fig. 3
as green dots. We attribute the smaller melting depth re-
ported by Harbst ef al. compared to the simulation of the
present experimental conditions to weaker laser excitation
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(36 mJ/cm? compared to 45 mJ/cm? in this study). The
temporal characteristics reported by Harbst et al. are in ex-
cellent agreement with our data.

V. SUMMARY

In conclusion, we have demonstrated that time-resolved
X-ray scattering experiments on laser-molten disordered InSb
can be carried out at a synchrotron radiation facility with a
uniform bunch fill pattern. Excellent agreement with previ-
ously determined liquid structure factors has been shown.
The measured rise and decay times of the liquid scattering
amplitude correspond to continued thermal melting and sub-
sequent resolidification, respectively.
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