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Abstract. We present time-resolved RHEED from a laser excited Pb(111) surface
using a pulse front tilter for the compensation of the velocity mismatch of electrons and
light. The laser pulses with tilted fronts were characterized by a spatially resolving cross
correlator. The response of the surface upon excitation was observed to be less than 2 ps.

Ultrafast electron diffraction is a promising technique for studying the dynamics of the atomic
structure on a sub-picosecond time scale. Time resolved transmission electron diffraction (TR-TED)
has been used, for example, to study bulk phenomena such as ultrafast laser-induced structural phase
transitions [1], cooperative rearrangement of crystalline structures [2], and dynamics of charge
density waves [3]. Time resolution of less than 100 fs [4] has been achieved. Time resolved
reflection high energy electron diffraction (TR-RHEED), on the other hand, has been used for the
investigation of ultrafast surface dynamics, for example the observation of ultrafast heating of
surfaces [5], the heat transfer in hetero structures [6] and laser-induced phase transition of the surface
reconstructions [7]. However, the time resolution in these experiments was limited to tens of
picoseconds because of the different velocities of electrons and light in combination with the grazing
angle of incidence of the electron beam in RHEED geometry.

This velocity mismatch can be overcome and the time resolution significantly improved by tilting
the laser pulse front with respect to the phase fronts. Baum et al. [8] have demonstrated a
configuration for pulse front tilting and achieved an improvement of the temporal resolution to less
than one picosecond. Here we report the use of a 4f zero dispersion delay line capable of matching
the pulse front of the laser to the electron pulse. The improvement of the temporal resolution is
demonstrated by measuring the ultrafast lattice heating of Pb(111) islands on a Si(111) surface.

Generally speaking, when a laser pulse encounters angular dispersion, the planes of constant
amplitude (intensity) will be tilted with respect to the planes of constant phase, for example when the
pulse is reflected from a diffraction grating [9]. The pulse then broadens during the free propagation
after the dispersive component. The broadening is reversed and the original pulse width restored by
passing the pulse through the two lenses in a 4f configuration. Our pulse tilter was designed to
compensate the velocity mismatch for 30 keV electrons. Based on the results of our electron source
[10] a temporal resolution of better than 700 fs is expected.

In order to independently control and characterize the tilted pulse we used a cross-correlator
based on second harmonic generation (SHG). The special feature of this cross-correlator is the
possibility to perform spatially resolved measurements of the cross-correlation function between the
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original and the tilted pulses. The original beam was focussed and overlapped with the tilted beam at
different positions across the beam width as shown in Fig. 1a. In order to determine the tilt angle we
measured the difference in the temporal overlap of the two pulses at different positions. The widths
of the correlation function at different positions maps out the pulse duration across the beam.

In our experiment the laser pulses were generated by a Ti:Sapphire CPA system with 50 fs
duration at 800 nm wavelength and 5 kHz repetition rate. A small fraction of the laser beam was
converted to the third harmonic in order to generate photoelectrons for the electron source. The
electrons were accelerated to 30 keV and detected by a MCP after diffraction under grazing
incidence. The main part of the laser beam was split to form the delayed probe pulse for the cross-
correlator and, after having passed the tilter, the actual pump pulse. For measuring purposes the tilted
pump pulses could alternatively be sent to a BBO crystal in the cross-correlator placed at a position
equivalent to the sample. The grating had 2000 lines/mm and a reflectivity of about 90% at 800 nm.
For an angle of incidence on the grating of 52° a tilt angle of 71° was calculated. Fig. 1b shows the
cross-correlation between the unmodified laser pulses and the tilted laser pulses at three different
positions as marked by a circle, a triangle and a square in Fig. la. From the difference of the
temporal overlap at different positions across the laser beam — in our case about 0.52 mm from circle
to square positions in Fig. 1a — we determined a tilt angle of 72°. The full width at half maximum
(FWHM) of the correlation function is determined by the widths of the two pulses plus a
contribution due to beam geometry effects.
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Fig. 1: a) Scheme of the beam geometry in the SHG crystal (cross-correlator). b) Cross-
correlations between unmodified and tilted laser pulses at three different positions across
the beam. The difference of the distance between the circle and the square is 0.52 mm
which gives a tilt angle of about 72°. ¢) Scheme of the BBO crystal displacement. d)
Cross-correlations between unmodified and tilted laser pulses at different BBO positions.

With this configuration the original pulse can be recompressed at a plane corresponding to an
image of the grating surface. Any deviation from this plane leads to a broadening of the pulse
duration. In the TR-RHEED experiment normal incidence of the pump beam is used and therefore
the angle between the sample surface and the grating image is approximately equal to the tilt angle
leading to a broadening of the pulse duration across the sample surface of about 300 fs. From the
correlation function we obtained a FWHM of about 600 fs over a range of 2 mm which indicated that
the duration of the tilted pulse is less than that value. The pulse duration increases when the BBO
moves away from its optimal position (Fig. 1d). The pulse duration was measured to be within 1 ps
by a deviation of 4 mm from the optimal position.
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The tilted laser pulse was used as pump pulse in
TR-RHEED experiments on Pb(111) islands grown
on a Si(111) substrate by deposition of Pb at room
temperature. The Pb forms 3-dimensional islands
upon a disordered Pb wetting layer on the Si(111)
surface. The islands are atomically flat with a width
of few 10 pm [11]. At 3° angle of incidence of the
electron beam, two strong diffraction spots were
observed as depicted in the inset of Fig.2b. The
change of intensity of the (00) spot observed after
laser excitation is plotted in Fig. 2b. We attribute the
intensity drop to the transient Debye-Waller effect,
indicating the heating of the lattice caused by the
pump pulse.

The dashed and solid lines depict exponential
fits. In order to optimize the tilter geometry we
varied the imaging of the grating. The fastest
response of 3 ps was obtained when the center of the
grating was imaged onto the sample. The observed
time constant of 3 ps is the convolution of
compensation limit of the tilter and the response of
the Pb lattice. In fact, with a careful optimization of
all experimental parameters we were able to observe
an overall time constant of 1.8 ps.

The velocity mismatch between laser and
electron pulse is proportional to the illuminated
sample area. We expected an improvement of the
temporal resolution if we reduce the sample area by
laterally removing the sample out of the electron
beam. In contrast, the experimental results showed
the same time constants, suggesting that the actual

material response time is responsible for the 1.8 ps time constant and that the time resolution is

better than this value.
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Fig. 2: a) Scheme of matching the laser pulse
front and the electron pulse. b) Change of the
diffraction intensity of the (00)spot as a
function of delay time for different imaging
conditions and at 330 K with a laser fluence
of 2 mJ/em®. The grating is imaged 10 mm
behind the sample (+), at the sample (), and
10 mm in front of the sample (). The
experimental results are fitted by a single
exponential function yielding time constants
of 5ps, 3ps, and 6 ps (dash-dotted, solid,
and dotted lines), respectively. The inset
depicts the RHEED pattern at 25 K.
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