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Surface morphology of laser superheated Pb(100)
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The change in the surface vacancy density after heating of Pb(100) with ~ 100 ps
laser pulses is investigated using reflection high-energy electron diffraction. The surface
vacancy density remains unchanged when the surface is superheated without melting.
However, when the laser fluence is high enough to cause surface melting, the surface
vacancy density increases. This increase in vacancy density is attributed to fast diffusion of

atoms in the liquid film formed on Pb(100) during laser melting.
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Recently, some close-packed surfaces were shown to be susceptible to large
superheating [1-7]. With the use of short laser pulses, surface superheating has been
observed in time-resolved reflection high-energy electron diffraction (RHEED) experiments
[1-4]. Using ~ 180 ps laser pulses, measured at full width at half maximum (FWHM),
superheating of Pb(11 i) up to ~ 120 K above the bulk melting point of Pb, T, = 600.7 K,
was observed [1]. Evidence of residual order on Pb(100) above T,, was also observed [2].
In contrast, the open Pb(110) premelts for similar laser heating conditions [3]. In molecular
dynamic (MD) simulations, superheating of fcc (111) surfaces was also reported [5-7]. In
an MD simulation of laser superheating of a highly damaged Cu(111) surface, the large
concentration of vacancies and adatoms was annealed through the filling of vacancies by
surface atoms and the surface becomes atomically flat [6]. This annealing mechanism was
attributed to the high vibrational amplitudes which atoms are forced into by the ultrafast
superheating pulse. Most recently, we studied the surface morphology of Pb(111) after
superheating with ~ 100 ps laser pulses [7]. Using quantitative reflection high-energy
electron diffraction (RHEED) it was shown that superheating does not significantly change
the surface average step terrace width or step edge roughness.

We report on a study of the surface morphology change after ~ 100 ps laser heating
of Pb(100) using RHEED. The Pb(100) surface undergoes vacancy-induced disordering,
as observed using high-resolution low-energy electron diffraction (HRLEED) [9]. In the
present study, we use similar experimental conditions for superheating of Pb(100) as
previously used [2]. By analyzing the RHEED background intensity, the surface vacancy
density change can be estimated [8,10,11]. The generation of a high vacancy density at the
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surface results in an increased RHEED background intensity [11]. Changes in the step
terrace width are observed as changes in the RHEED intensity profile [8,10]. Pb(100),
maintained at 533 K was further heated by a ~ 100 ps pulsed laser measured at FWHM.
When the laser pulses cause surface supefheating without melting, we observed that the
RHEED background iritensity does ﬁot significantly change when compared to that before
laser heating. This indicates that the surface vacancy density does not change after
superheating. However, when the laser fluence is high enough to cause surface melting after
supefheating, the background intensity increases, indicating that the vacancy density is
increased on the surface after laser melting.

The experimental conditions were described elsewhere [7]. After sputtering and
annealing the sample at 500 K for more than 24 hours, the Auger spectra did not show any
detectable impurity. We obtained a sharp 1x1 RHEED pattern of the Pb(100) surface. A
temperature uncertainty of £2 K near the Pb melting point and +1 K near the boiling point
of water is estimated. Temperanlre stability within +0.1 K was attained using a temperature
controller. A Nd:YAG (yttrium aluminum gamnet) laser operating at a wavelength A = 1.06
pum and a pulse width of ~ 100 ps with 50 Hz repetition rate was used to heat the sample.
For a laser pulse energy of 1 mJ, the corresponding fluence is (9.0+1.6)x10° W/cm?*. The
laser fluence was varied from 0.4 to 10.6x107 W/cm?.

Figure 1(a) shows the (00) beam peak intensity as a function of temperature at the in-

phase and out-phase conditions. The angles of incidence of the electron beam along the




[011] direction of the Pb crystal at the in-phase and out-of-phase conditions were ~ >2.1° and
3.0°, respectively. In this figure, the intensity at the in-phase condition decreases with
temperature almost exponentially below 480 K and deviates gradually from the exponential
Debye-Waller dependence above 480 K. The Debye-Waller factor 2M = T, below 480 K
corresponds to a slope ©=0.01034 K. The angular profiles of the (00) beam at the out-of-
phase condition at room temperature parallel and perpendicular to the incident direction of
the electron beam, the [011] direction of the Pb single crystal, correspond to Lorentzian
profiles indicating that surface steps are monoatomic in height [8]. We did not observed any
split peaks in the (00) beam as was observed for Pb(111), which indicates that the Pb(100)
surface steps are not vicinal {8]. The FWHM of the RHEED profile parallel to the incident
direction of the electron beam at this out-of-phase condition is 0.13 Al which is the same
width as that experimentally obtained at the in-phase condition. This suggests that the step
terrace width is wider than the 1200 A instrumental resolution [10,12,13]. With increasing
temperature, we did not observe any change in the FWHM of the RHEED profile at the out-
of-phase condition indicating that the step terrace width does not change with temperature.
Figure 1(b) shows that the background intensity changes with temperature at both the in-
phase and out-of-phase conditions. We observed significant changes in the background
intensity with temperature above 480 K at the out-of-phase condition. In this figure, I, is
the peak intensity and I .., is the background intensity. The background intensity is
normalized to the peak intensity by calculating the ratio R = Io/(Tpesx - e )-  This
normalized background, R, is obtained at 0.20 Al which is about 11% of the first Brillouin

zone. The increase in the measured background intensity above 480 K at the out-of-phase
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condition reveals that the surface develops a high density of vacancies in agreement with the
HRLEED observations [9].

We investigated the change in the RHEED background intensity after laser heating.
The sample was kept af 533 K using a hot stage while the laser pulses were used to
transiently heat the surface. Figure 2 shows the change in the ratio R = Iy /(Tpeak = Ipaci) @S
a function of peak laser fluence for heating with 1000 laser pulses at each fluence, where
Ipack is the RHEED background intensity while L., is the (00) peak intensity. The ratio R
does not change below a peak laser fluence of 6.5x107 W/cm?. Above that fluence, the
background significantly increases. In addition, we did not observe any change in the
FWHM of the (00) beam profile parallel and perpendicular to the [011] direction of the Pb
crystal indicating that the step density does not change after laser heating.

The temperature rise on the Pb(100) surface due to the laser heating pulse is
calculated by a one-dimensional heat diffusion model [14]. The error bar in the fluence is
mainly due to the estimated nonuniformity in the heating laser beam profile, which was
measured to be 18% across the surface. The laser peak fluence was varied from 0.4 to 10.6
x107 W/cm?. A peak temperature rise of 22+4 K for the 1.0x10” W/cm? laser peak fluence
was calculated using a heat diffusion model. The bulk melting point, T, is 600.7 K and the
previously measured maximum superheating temperature T, is ~ 635 K. Above Ty ~

635 K, the laser fluence is high enough to cause the surface to melt. This temperature

corresponds to a peak laser fluence of ~ 4.8x10’W /cm?. From Fig. 2, we conclude that laser




superheating of Pb(100) does not cause any noticeable change in the RHEED background
intensity. When the surface is heated beyond the maximum superheating temperature, the
surface melts and a sharp increase in the RHEED background intensity is observed.
Based on kinematics diffraction, for a two-dimensional surface containing only
vacancies, the backgroﬁnd intensity increases with the vacancy density without broadening
the RHEED profile [8,9,11]. The ratio R = Iy, /(Tpcqy = Iaei) can be determined by [9] R
[(2n-1)? -1 J(1+2M) for the out of phase condition, where 2M = T is the Debye-Waller
factor, w = 0.01034 K! is the measured slope in our experiment, and n is the surface vacancy
density. Therefore, the vacancy density is given by n = %(R/(1+2M)+1)* + %. The vacancy
density change is An = n/n,- 1, where n, is the initial vacancy density before heating. From
Fig. 1(b), we calculate ~ 20% increase in vacancy density at 480 K, from that at 323 K. At
530 K, An increases by ~ 300%, indicating a higher generation of vacancy density in our
case than that previously observed in HRLEED experiments in which the measured increase
in vacancy density was (20£5)% at 530 K from its value at room temperature [9]. The
observed larger increase in the vacancy density in our case maybe related to the different
initial surface vacancy density at room temperature due to the different surface sputter
treatment conditions in the two experiments. Both experiments, however, show that the
change in the vacancy density increases exponentially with temperature and that large
concentrations of vacancies are created above 510 K. From Fig. 2, we obtain the vacancy
- density change as a function of peak laser fluence. The vacancy density is almost constant
below 6.5x10” W/cm? and increases up to about 20% above 10.0x107 W/cm? due to surface

melting.




The results show that laser superheating of Pb(100) does not anneal surface
vacancies. We also note that superheating of Pb(111) did not result in any reduction in
surface step density [7]. In an MD simulation of ultrafast laser heating of Cu(111), large
concentrations of vacancies and adatoms was shown to anneal through a non-diffusional
cooperative mechmﬁsﬁ in which the adatoms settle in the top layer, while the cooperative
movement results in the filling of vacancies [6]. The experimentally observed stability of
the surface vacancy density maybe due to the relatively low rate of surface diffusion of atoms
on the solid layer Pb(100) surface. Surface diffusion of atoms was measured for Pb(110) and
was estimated from a molecular dynamic simulations for Au(100), Au(111), and Au(110)
[15,16]. The one-dimensional diffusion coefficient below the melting point for Au(100) is
estimated to be ~ 1.0x10° cm%s. In our experiment, we used ~ 100 ps laser pulses, which
raises the surface temperature above T,, for 100-150 ps. Within such a time scale, the atom
diffusion length is ~ 1-2 A, which is less than the 4.95 A lattice constant of Pb(100). Thus,
surface adatoms do not diffuse enough to fill existing vacancies. On the other hand, the one-
dimensional diffusion constant above the melting point for Au(100) is ~ 2.5x10° cm?s
resulting a diffusion length in a time scale of 100 ps much larger than the lattice constant of
Pb(100). Such a large diffusion rate of adatoms on the surface causes the filling of vacancies.
In the thin liquid film during surface melting, vacancies are also generated. If the rate of

vacancy generation is higher than that of filling vacancies during laser melting, the vacancy




density is increased. As a result, the surface vacancy density increases with the number of
laser pulses and with the peak laser fluence.

Figure 3 shows the dependence of the ratio R on the number of laser pulses used to
heat the surface for a peak laser fluence of 7.34x107 W/cm?, sufficient to melt the surface.
The RHEED backgromid intensity ciea.rly increases up to 1500 pulses. The calculated result
from Fig. 3 shows that vacancy density is increased from its starting point by ~ 20% after
1000 laser pulses. The vacancy density is seen to slightly decrease as the number of heating
laser pulses is increased beyond ~ 1500 pulses. A possible reason is that the generation of
vaéancies due to melting tends to saturate, thus, the rate of filling vacancies due to large
adatom diffusion becomes higher than generating vacancies. Therefore, the vacancy density
is slightly decreased in contrast to that below 1500 pulses. In the present experiment, we did
not observe any change in the surface step density as observed in our previous work on
vicinal Pb(111) where we observed that the surface step density is largely decreased after
surface melting. Molecular dynamics simulations of fcc(100) shows a weak disorder only
in the first atomic layer and the surface does not undergo faceting [16]. The lack of faceting
for fcc(100) surfaces appears to be related to the high temperature for disordering of the two
uppermost layers of the flat (100) surface [16,17]. In medium-energy ion scattering
experiments, the disordered layer thickness on Pb(100) was observed to saturate at 1.3
monolayers, measured up to T,-0.05 K [18]. A periodic density modulation in the

disordered layer in a direction parallel to the disordered layer interface is thought to make

the disordered layer stable against further melting [19].




In conclusion, after laser superheating we observed that the RHEED background
intensity does not significantly change compared to that before laser heating, thus, surface
vacancy density does not change after superheating. When the laser fluence is high enough
to cause the surface melting, we observed an increase in the background intensity, indicating
an increase in the surface vacancy density. This increase in vacancies maybe attributed to
the larger diffusion of atoms in the liquid film on Pb(100) during laser melting.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

(a) Peak intensity changes in the (00) beam as a function of temperature at the in-
phase and out-phase conditions. The angles of incidence of the electron beam along
the [011] direction of the Pb crystal at the in-phase and out-of-phase conditions were
~ 2.1° and ~ 3 .0° , respectively. (b) The background intensity changes with
temperature shows significant changes in the background intensity above 480 K at
the out-of-phase condition.

The change in the ratio R = Ly, /(Tpes - Isaci) s a function of peak laser fluence for
heating with 1000 laser pulses at each fluence. I, is the RHEED background
intensity while L., is the (00) peak intensitj. The ratio R does not change below a
peak laser fluence of 6.5x10” W/cm?, Above that fluence, the background
significantly increases.

The dependence of the ratio R on the number of laser pulses used to heat the surface
for a peak laser fluence of 7.34x107 W/cm?, sufficient to melt the surface. The

RHEED background intensity increases up to ~ 1500 pulses.
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