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ADVANCED TECHNOLOGY DEVELOPMENTS

Time-Resolved Study of Surface Disordering
of Pb(110)

Melting is one of the most common phase transformations; however, the
process is not completely understood as no generally accepted theory exists
to provide an understanding of this phenomenon on the atomic level. It is
believed that melting is initiated at the surface of a material, at a temperature
slightly below the bulk-melting temperature Tm.1 This offers an understand-
ing of the lack of parity between supercooling and superheating. A thin,
disordered surface layer, formed below T,,, would act as a nucleus for
melting into the bulk at T,,,, thus precluding superheating. Several years ago,
the formation of a disordered surface layer on Pb(110) was observed at
temperatures below the bulk-melting point.2 Since then, much work has been
undertaken to characterize the thermally induced structural phase transfor-
mations that take place at solid surfaces.

Frenken et al. provided the first conclusive evidence of surface pre-
melting (the formation of a thin, disordered surface layer below Tm).2 Using
the ion-shadowing and blocking technique, they showed that the Pb(110)
surface exhibits a reversible order-disorder transition below the bulk-melt-
ing temperature (T, = 600.7 K). These ion-shadowing and blocking results
were also supported by a reflection high-energy electrondiffraction (RHEED)
study and infrared emissivity measurements on Pb(110) near T,n.2 Further
work with ion-shadowing and blocking revealed that the Pb(110) surface
begins to disorder in the temperature range of 450-560 K and that the
thickness of the disordered layer grows logarithmically in the range
0.3 K <AT<40K, where AT =T,, - T.> This technique also revealed a
change from logarithmic growth of the disordered-layer thickness to a
power-law dependence for AT < 0.3 K, which is attributed to the effect of
long-range atomic interactions. The pre-melting phenomenon depends on
surface packing and, for Pb, is most pronounced for open surfaces such as
(110), but is not observed for the close-packed (111) surface.’

X-ray photoelectron diffraction (XPD)* and low-energy electron diffrac-
tion’ were also used to study surface pre-melting on Pb(110) and provided
characteristic temperatures for the onset of surface disorder of 5305 K and
54313 K, respectively. Recently, an XPD study on Pb(100) revealed disor-
dering behaviorintermediate to that of Pb(110)and Pb(111 ).6 X-ray scattering
studies have also observed surface pre-melting on Pb(1 10).78

Moleculardynamics (MD) simulations dealing with the high-temperature
behavior of metals have shown evidence for disordering below the bulk-

~melting temperature on Al(l 10),9 Ni(1l 10),10 and Au(l 10).ll However,
these studies did not examine the time evolution of the disordering process.

MD studies that deal with time evolution treat the behavior of metal surfaces
above the thermodynamic melting pointlz’13 as a distinctly different phe-
nomenon than that of surface pre-melting. To our knowledge, currently
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available MD studies on metals do notexplicitly treat the temporal evolution
of surface pre-melting.

There have been many time-resolved studies of laser-induced melting.I4
Picosecond transient reflectance measurements were used to examine the
dynamics of the melting of Au and Cu.!® Crystallization velocities as high
as 100 m/s were observed, and it was proposed that the velocity for solidi-
fication in metals is limited by the speed of sound. It should be emphasized
here that these studies involved bulk melting, that is, the occurrence of a first-
order phase transformation. The work described here involves studying the
dynamics of the formation of the disordered layer on Pb(110) at temperatures
below T,,. This pre-melting phenomenon is different in that (1) it is a
transformation that is continuous over some temperature range, (2) it is
known to be reversible at low heating and cooling rates, and (3) it depends
on surface structure.

Most of the time-resolved, laser-induced melting work employs classical
transition-state theory, 16 which provides satisfactory agreement with experi-
mental results. However, the experimental conditions for the work described
here are quite different. First, in the case of surface pre-melting, unlike bulk
melting, disordering of the surface occurs below the bulk-melting tempera-
ture. Indeed, the nature of the surface order-disorder transition has not been
completely characterized. Much evidence suggests that the surface pre-
melting phenomenon is a continuous process, as opposed to the abrupt
first-order transition that occurs in bulk melting.z’17 Secondly, the RHEED
geometry allows us to probe depths of 10 A or less. Coupling the surface
sensitivity of RHEED with the much larger skin depth of the heating laser
pulse (~140 A in Pb for our experimental conditions) leads to a situation
where the probed layers are isothermal to a good approximation. This is to
be contrasted with other techniques such as transient reflectance or conduc-
tance, which typically probe depths of 2100 A, where temperature gradients
are significant. The interesting character of surface pre-melting leads us to
study the nature of the disordered-layer growth and reordering processes.
Here we report on a time-resolved study of the laser-induced disordering of
Pb(110).

The method we use is picosecond RHEED. '8 A schematic diagram of the
experimental setup is shown in Fig. 48.21. A picosecond laser pulse is split
into two beams. The first beam induces a fast surface-temperature rise on the
sample, while the second is incident on the cathode of a photoactivated
electron gun, which produces a collimated electron pulse. The energy of the
electron pulse in the work reported here was 18.2 keV, and its pulse width
was determined by operating the picosecond electron gun as a streak
camera,' and found to be ~180 ps measured at FWHM. The electron pulse
is well synchronized with the heating-laser pulse and is used to generate a
RHEED pattern of the surface of the sample. A RHEED pattern from a flat
surface consists of aseries of streaks or lines, whose separation can be related
to the spacing of the atoms at the surface. Typically, each RHEED pattern is
obtained by averaging several hundred shots, although single-shot operation
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Fig. 48.21 was demonstrated to be feasible.'® Time-resolved RHEED patterns can also
Picosecond, time-resolved, reflection high-  be obtained, giving information on the structure and temperature of the
energy electron diffraction (RHEED). The  gurface at various times relative to the arrival of the heating-laser pulse. Prior
laser pump and electron probe are well syn- 1o experiments, the sample is cleaned by cycles of Ar ion bombardment

chronized. The el.ectr.0n energy is 182kV  fij1owed by annealing. Sample cleanliness is checked by Auger electron
and the angle of incidence of the electron spectroscopy.

beam on the sample is ~3°.

We have recently used the technique of picosecond RHEED to time-
resolve the surface-temperature rise induced by a ~170-ps laser pulse
incident on Pb(110)."® This work dealt with the fast temperature rise induced
on a surface that was initially at room temperature and undergoes no phase
transformation. For studying the time-resolved dynamics of the surface-
disordering process, the sample is biased at a temperature close to the
temperature at which the surface begins to disorder. For the work reported
here, the sample is biased at 487 K. The picosecond laser-heating pulse raises
the surface temperature from the initial bias level to temperatures ranging
from below to above the surface-disorder temperature. The time-resolved
intensity of the RHEED streaks is then obtained for given time delays
between the laser-heating pulse and the electron probe pulse.

The picosecond RHEED pattern is amplified using a microchannel plate
(MCP) proximity focused to a phosphor screen, the output of which is lens
coupled onto alinear array detector. Quantitative analysis proceeds by taking
line scans through the recorded RHEED streaks. A shutter is placed in the
path of the heating-laser beam such that every other pulse interacts with the
sample, producing RHEED patterns with and without laser heating. The
associated line scans are sorted and averaged in separate memories of the
computer. Data analysis consists of comparing the peak heights of the laser-
heated and unheated scans and generating a graph of /I, versus time, where
Iand [ are the intensities through the center of the considered RHEED streak

205



LLE REVIEW, Volume 48

206

corresponding to the laser-heated surface and the nonheated surface, respec-
tively. The RHEED pattern was studied toepsure that the shape of the streaks
remains unchanged with temperature. Thus, the measured intensity of a
RHEED streak is directly related to the number of electrons scattered into it.
For the experiments reported here, the angle of incidence of the pulsed
electron beam is ~3°, resulting in a probe depth of ~3 monolayers, and the
electron beam is incident along the [112] azimuth.

The modulation of the streak intensity caused by laser heating is related
to the surface temperature through a calibration obtained by static heating.
The sample is heated on a resistively heated stage and the intensity of a streak
is recorded as a function of the surface temperature, measured by a thermo-
couple mounted on the surface of the sample. This yields the normalized
RHEED streak intensity when the sample is heated from the bias temperature
to a given temperature. Results of this measurement are shown in Fig. 48.22.
This measurement provides the means by which we can assign a temperature
to a particular nonvanishing RHEED streak intensity. For T = 540 K, the
elastically diffracted electron intensity becomes indistinguishable from the
background, indicating the disordering of the probed surface layer. We thus
define T,; = 540 K as the temperature at which our probed layer is disordered.

The experimentally determined time-resolved modulation of the RHEED
streak intensity for various laser fluences is shown in Fig. 48.23. This is to
be compared with the solid line, which is the calculated intensity modulation
obtained by converting the output of a solution of the one-dimensional heat-
diffusion modelto an intensity modulation using the calibration in Fig. 48.22.
The model is given by the equation
dT(:,t) K dzT(z,t)

C
dt dz?

+ [(1-R)oe™ £ ()32,

where T{(z, #) is the temperature profile at distance z normal to the surface
(z =0),tis time, f(t) is the temporal dependence of the laser pulse, which is
assumed Gaussian, C = 1.58 x 10® J/m?K is the heat capacity per unit
volume,'® K = 32.2 W/m K is the thermal conductivity,'® R = 0.81 is the
reflectivity,”® ot =7.05 x 107 m™!is the absorption coefficient,2%and 7 is the
peak laser intensity in W/cm?. For reference, the right side of the intensity-
modulation graphs give the surface temperature obtained from the calibration
in Fig. 48.22.

We next discuss the time-resolved heating and disordering results. In
Figs. 48.23(a) and 48.23(b), the laser fluence is set so as to heat the surface
to temperatures less than T,;. A solution of the heat-diffusion model for
Figs. 48.23(a) and 48.23(b) gives peak surface temperatures of 523 K and
537 K, respectively. We then heated the surface with laser fluences sufficient
to raise the surface temperature above T, as shown in Figs. 48.23(c) and
48.23(d). A solution of the heat-diffusion model for the case in Fig. 48.23(c)
indicates that the surface temperature is raised to ~558 K, approximately
18 K above T ;. A solution of the model for the case in Fig. 48.23(d) predicts
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Fig. 48.23

Transient modulation of RHEED streak intensity and surface temperature on Pb{110) irradiated with
Nd:YAG (A = 1.06 pm) laser pulses of varying peak intensities: (a) 1.4 X 107 W/cmz, 165-ps FWHM; (b)
2.0 x 107 W/em?, 163-ps FWHM; (¢) 2.7 x 107 W/em?, 173-ps FWHM; (d) 3.6 % 107 W/em?, 171-ps
FWHM. In (¢) and (d), the normalized streak intensity disappears for some time corresponding to atransient
disordering of the probed surface layer. The reappearance of the streak intensity indicates the subsequent
reordering of the surface.
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asurface temperature rise to ~381 K, approximately 41 K above T ;. The two
fluences were chosen to explore the possible dependence of the disordering
dynamics on overheating above T,. In both cases, there exists some time
where we are unable to detect RHEED streaks, corresponding to the
elastically diffracted electrons, indicating that the probed surface region
(~3 monolayers) is disordered. The time for which the streaks vanish
depends on the level of overheating above T;and is found to be ~200 ps for
Fig. 48.23(c) and ~500 ps for Fig. 48.23(d). This is followed by the reap-
pearance of the RHEED streaks as the surface cools and reorders. In all the
graphs, the streak intensity is normalized to that at the bias temperature of
487 K. In Figs. 48.23(c) and 48.23(d), the results of the model are truncated
since the static calibration, which allows us to convert the solution of the
heat-diffusion modelto an intensity modulation, could not detect the RHEED
streaks above ~540 K.

The error bars in Fig. 48.23 give the uncertainty of the streak intensity
modulation and are mainly due to MCP noise. Other sources of errors in our
measured intensity modulation include the spatial nonunifortiity of the
heating-laser profile on the surface, which is measured to be +12% across the
surface, and the stability of our laser. Shot-to-shot laser fluctuations and
long-term stability of the electron probe are compensated for by normaliza-
tion and averaging. The heating-laser stability is regularty monitored during
the experiment and is maintained to better than 10%. Our time-resolved
measurements are the result of the convolution of the electron probing pulse
with the actual temporal profile of the surface temperature. Such convolution
effects, which are not included in our analysis, are most significant for times
near the minimum of the normalized RHEED streak intensity where the rate
of change of temperature with time is greatest. The absolute timing between
the electron probe pulse and the laser-heating pulse is not experimentally
determined. The temporal position of the theoretical streak-intensity modu-
lations in Fig.48.23 is set by minimizing the mean-square difference
between the experimental results and the theory. For Figs. 48.23(a)—48.23(c),
this minimization is performed for times between 1 and 2 ns, while for
Fig. 48.23(d) it is performed between 1.3 and 3.3 ns. Taking the previous
convolution effects into consideration, the setsin Figs. 48.23(a)and 48.23(b)
show good agreement with the classical heat-diffusion model. In these sets,
the laser fluence is kept below the fluence necessary for surface disordering.

The time-resolved modulation of the RHEED streak intensity for laser
fluences above the surface disorder fluence again shows a good fit to that
predicted from the classical heat-diffusion model. Observation of the actual
growth of adisordered-surface region would resultin a deviation between the
experimentally determined, time-resolved intensity modulation and that
predicted by classical heat diffusion. For example, a discrepancy in the time
at which //I j vanishes could reflect the time required tonucleate and grow the
disordered surface layers. However, with the present time resolution, this is
not observed. This indicates that, although we have achieved laser-induced
disordering of the surface, we are unable to observe the growth of the
disordered layer with the present time resolution of our experiment. After
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disordering, the nomalized RHEED streaks reappear and their intensity
agrees well with theoretical predictions. We conclude that the regrowth of
crystalline order occurs in a time scale shorter than our time resolution. These
results imply that the disordering and regrowth of the probed surface layer
each occur in a time scale shorter than the pulse width of our electron probe.

In conclusion, using time-resolved RHEED, we have observed laser-
induced surface disordering on Pb(1 10). Furthermore, this transformation is
observed to be completely reversible within the time resolution of our
experiment. This is significant since, previously, surface disordering has
only been studied using conventional static surface probes. Here, we extend
those measurements to heating and cooling rates of the order of 10!! K/s.
Finally, the actual growth of the disordered layer and the regrowth of surface
order were not observed. We conclude from this that the times necessary to
disorder and regrow the probed surface layer are each shorter than the pulse
width of our electron probe (~180 ps).
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