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Abstract. High-intensity X-ray pulses from third-generation 1 Previous studies of crystalline structure dynamics
synchrotron sources make it possible to study the temporal

dynamics of rapidly evolving materials. We report a study ofThe structural properties of materials following irradiation
rapid and reversible disordering of the structure ofi@@b  with ultrashort light pulses has been studied for two dec-
crystal induced by an ultrashort laser pulse. A novel crossades [1-11]. One motivation for this work has been the
correlation detection technique is described, which allowedtudy of ultrafast disordering (e.g., melting) and other po-
us to observe rapid changes in X-ray diffraction that occur otential light-induced phase transitions (e.g., to novel or-
a time-scale of less thahps dered structures). Pump-probe techniques have generally
been employed. On ultrafast timescales 1(p9, studies
have involved time-resolved reflectivity and second-harmonic
generation, both using optical laser pulses. Subpicosecond
timescale is fundamental, and consistent with atomic motion

Time-resolved X-ray diffraction experiments were under-On the scale of a typical molecular bond length. On longer
taken at the Advanced Light Source synchrotron. We irradifimescales, electron [12,13] and X-ray [14-20] diffraction
ated arinSbcrystal with a100 fslaser pulse, and probed the have provided insight into phenomena including thermally-
irradiated region with &0 psX-ray pulse. A rapid reduc- Induced melting, shock propagation, strain, heat diffusion,
tion in the X-ray diffraction signal was observed, followed Crystal regrowth, and annealing. _ _
by recovery on a timescale of abal@0 ns In order to dis- As an e_xample pf ultrafast structural changes_ in materi-
tinguish between various mechanisms that could cause tifS: theoretical studies suggest that optical excitation of about
reduction in X-ray signal, ultrafast time resolution is required 10% Of the valence electrons in crystals with a diamond
We therefore developed a cross-correlation technique usirf%j' zincblende structure should result in a structural instabil-
two laser-irradiated crystals. This technique will allow stud-IlY Which gives rise to ultrafast disordering on a time-scale
ies with a temporal resolution limited only by the laser pulseShorter than the electron-phonon relaxation time [21-24].
duration. In our current work, we were limited by a low It has also t_)een speg:ulated that such structural instabilities
signal-to-noise ratio, which resuits in a temporal resolution of0uld resultin a transient, ordered phase [24].

about2 ps Additionally, and from measurements of the angu-

lar dependence of the diffraction efficiency (rocking curve), ,

we conclude that the ultrashort laser pulse induced reversibfe Studies ofinSb

disorder, or some other phase transition, in the balRb
crystal.

In our experiment, we examined the disordering of laser-
irradiatednSh. The material was electronic grade, crystalline
wafer material with(111) orientation.InSb was chosen for
several reasons. The first is that it is a well studied mate-
- rial. Phase transitions imSb under pressure in a diamond

* Corresponding author. anvil cell have been studied with X-ray diffraction [25—-27].
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A permanent phase transition under long-pulse laser irradat a fluence of abou80 mJcn?. Samples are mounted on
ation has been observed [28]. Ultrafast carrier dynamics havgoniometric cradles which have a resolution and repeatabil-
been studied using probes in the optical ditk spectral re- ity of 5urad Diffracted X-rays are detected by an avalanche
gions [7, 29]. Carrier relaxation through Auger recombinatiorphotodiode (APD) with a response timef ns Signals are
has also been investigated [30]. A second consideration is thegcorded using a digital oscilloscope or a gated-integrator
InSbis a high-Z material with a short X-ray absorption depth.connected to a computer.
Since the mechanism suggested for laser-induced phase tran- Using a calibrated X-ray photodiode operated in the lin-
sitions requires a relatively high electron density, the pumpear regime, we measure about 10 X-ray photons per pulse
laser penetration depth could be severely shortened by freat a diffraction spot from thénSb sample. In order to ob-
carrier absorption, independent of the optical properties of th&ain a sufficiently good signal-to-noise ratio, data must be
material prior to excitation. Consequently, phase-transitionacquired over multiple pulses. We thus rely on recovery of
would occur in a relatively thin layer near the surface. Sincghe sample between laser pulses (in less thamg. It is
X-rays typically penetrate deeply into materials, the X-raytherefore important to determine if any laser induced phase-
probe could then pass through a laser-disordered layer arihnsition is followed by regrowth and, if so, to determine the
Bragg-scatter significantly from unperturbed material. How-structure of the re-grown crystal. Regrowth of semiconductor
ever, inInSh, photoabsorption rapidly attenuates the X-rayand metal crystals following laser illumination has been well
intensity in from the surface. (An alternate way of matchingstudied [35, 36]. At the fluence used in this study we do not
the laser and X-ray penetration depths is to use thin layers afbserve any irreversible damage of th8bor any significant
material grown epitaxially on a special substrate.) drop in the diffracted X-ray signal, even after typical ex-
Additionally, we estimate that itnSb and other small- perimental runs totaling more thd®s min However, al(%
bandgap materials, interband absorption should exceed frekigher fluence, we observe irreversible damage within less
carrier absorption for the laser fluences used in our experthan a second. This damage is visible to the eye and results in
ment. Absorption innSb at the laser wavelength &0 nm  a lowering of the time-averaged X-ray diffraction efficiency
corresponds to a/& penetration depth df00 nm[31]. The by about30%. The laser energy on target was measured using
X-ray photoabsorption depth &tKeV is 2300 nm but in the  a power meter, and the spot size on target was determined
Bragg-scattering geometry at an angleléf we estimate the using a CCD camera; we estimate the uncertainty in the ab-
absorption depth to b870 nm and therefore on-scale with solute fluence to be less thats.
the depth of laser-excited material. iImSb the sound speed Temporal structure of the ALS X-ray pulses in our experi-
is 5 x 10° cm/s[32], the diffusivity is0.2 cn?/s[33], and the  ments results from an isolated, high-current electron bunch
thermal expansion coefficientisx 107° K~1 [33]. in the storage ring, which is separated by abbéihsfrom
a pulse-train of about 250 low-current pulses which are each
separated bg ns Thel6 nstime-separation allowed us to se-
3 Setup for pump/probe experiments lect the intense X-ray pulse from the isolated electron bunch
using the APD detector and gated-integrator.
Our experiments utilize synchrotron radiation from a bending
magnet beamline at the Advanced Light Source (ALS) which
is described in [34]. This X-ray source has a broad spectrum Time-resolved X-ray diffraction studies
of radiation extending to abod® KeV. The divergence of the
beam is set t®.4 mradby an aperture. X-rays are monochro- We first made use of the pulse-train in order to study (rela-
matized and sagittally focused to a line using a Iintafer  tively) slower timescale phenomena, by recording the signal
cutin the(111) plane. The wafer is bentinto a cylinder by two from the APD using a digitizing oscilloscope. Figure 1 shows
rectangular springs; a crystal length-to-width ratio of about
4: 1 limits anticlastic bending, and the width of the line fo-
cus is typicallyl00um. The diffraction plane is vertical in Ipp—T—T— T T 77— T 1
order to have the polarization of the X-rays perpendicularg
to the plane of incidence, and the focusing in the horizontak
plane yields monochromatic X-rays. The Bragg ang&2s
which gives a photon energy &fKeV for Si(111). A hori-
zontall mmslit is placed between the be®tcrystal and the
InSbsample in order to define a probed region within the laseg&
illuminated area. The angle between the laser and X-rays E
made small @.1rad in order to reduce the geometric time T
delay between pump and probe beams to less2b8ris
A Ti:Al,O3 laser system produces pulses with a wave-
length 0of800 nmand a duration 0100 fsat a repetition rate

cted int

liz

orma

of 1 KHz; it is synchronized to the electron storage ring with’z 06

jitter of less tharlO ps The delay between the laser and the ! ! L ! ! . . : ! '
X-ray pulse is varied using an optical-delay line in the laser 0 100 200 300 400
beam path. For the cross-correlation experiments, a beam-

splitter is introduced and a second delay line is used to vary Time (ns)

the relative timing of laser pulses incident on the @b  Fig 1. piffracted X-ray intensity from pulsed-laser irradiatddSb as
crystals. The laser beams are focused onlti®b samples  a function of time
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the resulting diffracted X-ray intensity as a function of time,time resolution. The response of lattice expansion is limited
with 10 nsresolution. We observe a rapi@l)% decrease in by the sound speed; we can obtain a lower bound for the
diffracted intensity and a recovery on a timescald@® ns timescale of this effect by dividing the laser penetration depth
followed by a slight increase relative to the signal before lasef100 nn) by the sound speed & 10° cmy/s), yielding a re-
irradiation. We attribute this increase to the crystal initially sponse 0f20 ps which is faster than the resolution of the
being set slightly off the Bragg peak. At the maximum in thepump-probe technique described above. We therefore de-
signal intensity, the peak of the rocking curve has temporarveloped a cross-correlation technique which enabled meas-
ily shifted into resonance with the selected X-ray wavelengthurements of changes in X-ray diffraction with temporal reso-
due to lattice expansion at an elevated temperature reachkdion that is fundamentally limited only by the laser pulse
following regrowth and during diffusive cooling. duration (L00fg. This cross-correlation technique is illus-

In order to investigate the observed decrease in Bragdrated in Fig. 3. Here, we modify the shape of the original
scattering efficiency with higher temporal resolution thanX-ray pulse from the ALS by diffracting it from a crystal
shown in Fig. 1, we employed a scanned, pump-probe teclihat is irradiated by a short laser pulse. We subsequently
nique. In Fig. 2 the diffracted X-ray intensity is shown asprobe that modified X-ray pulse by inducing a rapidly vary-

a function of delay between the X-ray probe pulse and théng reflectivity in a second crystal which is irradiated by
scanned laser pulse. The drop in diffraction intensity measa second laser pulse. Data is obtained by scanning the sec-
ured here appears limited in time-resolution by the ALS-puls@nd (near) step function over the first (near) step function. As
duration, which is on the order &0 psfor the ALS operat- shown by the solid line data in Fig. 4, we obtain a ramped
ing conditions [37]. By differentiating this data, we see thatsignal (which levels off) proportional to the net diffracted
the ALS pulse shape is recovered, as shown by the dashedergy through the system as a function of delay between
trace in Fig. 2. From this measurement we conclude that thihe two laser pulses. The change of slope of this curve (its
X-ray diffraction efficiency drops with a characteristic time derivative is shown by the dotted line in Fig. 4) indicates
at least a factor 2 smaller than the ALS pulse duration, i.ea rapid timescale for the laser-induced reduction of Bragg-
< 40 ps The data in Fig. 2 comprises abdl@® laser pulses reflectivity in both crystals. The signal-to-noise ratio is cur-
at the repetition rate df KHz. rently limited by the photon flux at our beamline, and the

The rapid drop and recovery in Bragg-scattered intensitglata was smoothed with a filter corresponding 2qpg—*
could be related to several possible effects, including disorddrandwidth; this currently limits the temporal resolution of
(melting) and regrowth, lattice expansion and relaxation, abthe technique. However, we are able to rule out lattice ex-
lation of the top layer, and phase transitions to different strucpansion as the mechanism for the observed rapid reduction
tures. As described below, we interpret the data as followsn Bragg-scattered intensity, since the data in Fig. 4 indicate
(1) as the laser interacts with the crystal, the top layer disor-
ders; (2) underlying layers are heated, causing strain; (3) as
heat diffuses away from the surface layer, the crystal struc-
ture regrows at an elevated temperature with expanded lattica
spacing; (4) as the heated region equilibrates with the bulk @
the crystal through thermal diffusion, the original lattice order
and spacing is restored.

In order to eliminate lattice expansion and other acoustic
timescale effects as explanations of the initial decrease i
Bragg-scattering, we need to observe the effect with high
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5 U E— DRV N decreasing its diffraction efficiency. Iy the diffraction efficiency decrease
-300  -200 -100 0 100 200 300 occurs before the rapid fall in the incident X-ray pulse;dinthe diffrac-

tion efficiency decrease is simultaneous with the rapid fall in the incident
X-ray pulse; ine, the diffraction efficiency decrease occurs late in time.
Fig.2. Diffracted X-ray intensity from pulsed-laser irradiatebhSh, There is a large change in the diffracted energy through the system between
recorded as a function of delay between laser irradiation and the X-rag andd, and a small change in the diffracted energy through the system be-
probe golid line). The derivative of this datadftted ling yields the ex-  tweend ande. When the delay between the two laser pulses is scanned,
pected shape for the ALS pulse. We conclude that the decrease in diffracticarapid change of slope in the integrated signal occurs when the crystals are
efficiency from the laser-irradiated crystal occurs in less #aps simultaneously irradiated

Time (ps)



1.0 T T T 110 after a laser pulse, given theKHz laser repetition rate
(dotted line). A shift of approximatel$0 mradis observed,
corresponding to a temperature rise of the crystabokK
above room temperature due to average power heating. In
Fig. 6 we compare the rocking curve taken with the probe
X-rays timed 250 psbefore the laser pulsesf, equivalent
to nearly al ms after a laser pulse, with a rocking curve
measured with the probe X-ray tim@b0 psafter the laser
irradiates the samplea). Here we measure negligible shift
in the peaks. However, we do observe both an asymmetric
] pedestal on the low-angle side and a peak reduction of the
'_‘0'2 rocking curve measured50 psafter the laser pulse, com-
090ty v vy A AT I pared to the other curve. We interpret the asymmetric pedestal
-10-8 6420 2 46 8 101214 16 18 20 as diffraction from a strained layer below the disordered sur-
Delay time (ps) face. Not shown is an additional rocking curve, measured
Fig. 4. Diffracted X-ray intensity as a function of the time delay between theWIth the 80 Psx'fay Pmbe coincident in t'me, W,'th the lasfe_r
laser pulse incident on the first and second crystals in the cross-correlatigpulse, where we similarly see no angular shift in the position
experiment olid ling). The timing of the laser pulse on the first crystal with of the peak.
o e second cryetl s vered. The Sharpness of that change of sipe (eI, 0PV more detailed understanding of the shape and
derivative, shownyas thdotted ling revealspthe timescale for gdisorderiﬁg, n%enSIty of the measured rOCk.mg curves, We. mOd.eI the. ex-
but temporal resolution is limited by 2pssmoothing filter periments by numerically solving the dynamical diffraction
equations using the method detailed in [38]. In that model,
a temperature distribution in the crystal is taken into account.
Due to bulk material expansion, the lattice constant varies
that the timescale of the reduction in the signal must be fastevith depth in from the surface. We set the initial tempera-
than 2 ps We therefore invoke disordering (or other phaseture distribution to be an exponential with a decay depth equal
change) of the lattice as an explanation for the rapid reductioto the 1/e laser attenuation depth, where the top diffract-
in the Bragg-scattered signal. ing layers are at the melting temperature. Lattice expansion
Another signature of lattice expansion would be a shiftin the model is determined by the linear material expansion
of the Bragg peak towards smaller angles. In Fig. 5 we showoefficient in the(111) direction. The dotted line in Fig. 6
measured rocking curves for theSb crystal, which indicate  shows the results of that model (convoluted with a Gaussian
our sensitivity to such shifts. In particular, there is a shiftto obtain the experimental width for the crystal prior to laser
due to the average heating of the wafer by 8emW/cn? irradiation). The best agreement for the shape of the experi-
laser intensity. This shift is determined by comparing themental curve and the simulation was for gelstrain depth
rocking curve measured with the laser turned off (solid line)of 35 nm A disordered depth 047 nmis deduced from the
with the rocking curve measured with the probe X-rays timedl2% drop in the integrated intensity. The integrated reflec-
250 pshefore the laser pulse, or equivalently, neatlyns  tivity of the strained crystal is negligibly different from the
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recorded when X-rays prol#50 psbefore the laser irradiates the crystal at have been normalized to the measured signal levels, are also shown, indi-
its 1 KHz repetition rate. Average heating by the laser is seen to result ircating the effects of disorder and strain in the crystal when X-rays probe
a 50 K temperature rise of the sample 250 psafter the laser pulse
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unstrained value; this can be understood by noting the rel&keferences

tively high X-ray absorption coefficients, which means that
the kinematic and dynamical reflectivity are nearly identical.
We conclude that the drop in integrated diffraction intensity is

due to disordering of the structure near the surface. g
3
5 Conclusion 5
We have observed a rapid phase transitiomi&b by meas- 6
uring time-resolved X-ray scattering from the laser-irradiated
crystal. Disorder occurred on a timescale<o2 ps The re- 7.

sults are consistent with an study in which femtosecond op- 8-
tical pulses were used to probe laser-irradidtgsb [7]. In
that work, optical properties of the material were observed
to change on a timescale 800fs We note that if these 10.
results are a manifestation of the same phase transition oli-1.
served in our X-ray studies, it is expected that order-disorder
transition times of much less than a picosecond could enablé
a novel gating scheme for switching ultrashort X-ray pulses
out of longer duration pulses, such as those generated at the.
ALS. We have also shown that X-ray pulses with induced,15.
ultrafast time structure are a suitable tool for the study of
the temporal dynamics of condensed matter phase transition&®
We note that we at present are not able to determine if tha7.
laser-induced, reversible disordering that occur$ni8b is 18.
thermally induced melting or a new type of optically-induced
phase transition; improved time resolution will be required 19.
to investigate that issue. Employing the techniques describeg,,
here in such work will benefit from the higher signal-to-noise
available at more powerful synchrotron beamline devices, in-21.
cluding wigglers and undulators, and the use of advanced?:
X-ray optics. gi
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