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Time-resolved structural studies of the lovt-index faces of lead
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Reflection high-energy electron diffraction with 200-ps time resolution is used to study the structural
behavior of the three low-index faces of Pb. The surfaces are subjected to heating and cooling rates on
the order of 10" K/s. The open Pb(110) surface is seen to reversibly disorder below the bulk melting
temperature, T . In contrast to Pb(110), the close-packed Pb(111) surface sustains superheating to
T +120 K. Pb(100), a surface with atomic packing intermediate to that of Pb(110) and Pb(111), shows
evidence of residual order at a temperature above the bulk melting point.

I. INTRODUCTION

Although the phenomenon of melting has been studied
extensively for many years, a complete understanding of
the process remains elusive. It has long been speculated
that melting is initiated at the surface, at a temperature
below the bulk melting point, T . ' A well-known rela-
tion suggests the tendency of a particular surface to
melt:

~SV )~S1+71V

where y,„, y,&, and y&„represent the interfacial free ener-
gies of the solid-vapor, solid-liquid, and liquid-vapor in-
terfaces, respectively. This relation is valid for many sur-
faces at temperatures below T . The relation implies
that, above a certain temperature, it is energetically
favorable for the surface to form a thin disordered layer
between the ordered solid and the vapor. This
phenomenon, known as surface melting, offers an ex-
planation for the lack of parity between supercooling and
superheating.

The supercooling of melts of metals has been observed
for many years. Supercooling is attributed to a nu-
cleation barrier to solidification that is a result of the
competition between the decrease in free energy upon
solidification and the increase in free energy that is asso-
ciated with the formation of a solid-liquid interface. In
the case of superheating, however, the presence of a thin
disordered surface layer formed below T provides a vast
two-dimensional site for the nucleation of melting into
the bulk as T is approached. Therefore, for surfaces
that disorder below T, there does not exist a nucleation
barrier for melting, and this precludes substantial su-
perheating. To form an understanding of bulk melting,
extensive work has been performed examining the role of
the surface in the process.

One of the first conclusive experimental observations of
surface melting was on Pb(110) using medium-energy ion
scattering (MEIS). A reversible order-disorder transfor-
mation was observed on Pb(110), with disorder beginning
in the temperature range of 450—560 K, where T for Pb
is 600.7 K. The thickness d of the disordered layer in-
creased log arithmically beginning at 560 K

(1-ln[ T /( T —T ) ]). At temperatures above
T —0.3 K, the disordered layer thickness was observed
to increase according to a power law
(d —[T —T] '~ ). The functional character of the
growth laws is predicted from mean-field theory. Other
techniques were used to study the surface melting of
Pb(110). ' ' These techniques are complementary, and
provide a coherent picture of surface melting as a con-
tinuous phase transformation. X-ray photoelectron
diffraction and low-energy electron diffraction (LEED)
[Refs. 8(a) and 8(b)] yielded temperatures for the onset of
surface disorder of 530 and 543 K, respectively. In addi-
tion, x-ray scattering, UV photoelectron spectroscopy, '

quasielastic atom scattering, " diffuse-light scattering, '

and scanning tunneling microscopy' studies have ob-
served surface melting on Pb(110).

To determine the role of the crystal surface orientation
in the melting process, further MEIS studies were per-
formed. ' Pb surfaces were again studied, and the majori-
ty of the crystalline faces considered exhibited pro-
nounced surface disordering with the exception of the vi-
cinal surfaces within -17' of the {111]plane, and —10'
of the {100]plane. The closed Pb(111) surface was ob-
served to remain ordered up to T —0.5 K. In the MEIS
experiments, the number of disordered atoms per unit
area at temperatures near T versus surface orientation
was qualitatively consistent with predictions made from
surface free-energy measurements on Pb crystallites. "
These measurements, made using electron microscopy,
displayed minima in the normalized surface free energy
at the [111] and {100] orientations. ' Compared with
the results from MEIS, the electron microscopy experi-
ments predicted a significantly smaller angular region
about the [100] orientation, where pronounced disorder
is absent. In addition to the experiments on Pb, the im-

portance of surface orientation was demonstrated on Al
surfaces with Al(110) displaying surface melting and
Al(111) remaining ordered. '

A recent MEIS study of Pb(111) and vicinal surfaces
revealed another interesting aspect of surface melting. '

These experiments showed that vicinals with miscut an-

gles 0(2 remain ordered, while vicinals with 0) 13.9'
exhibited pronounced surface melting. Uicinal surfaces
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with 2.0' & 8 & 13.9 exhibited the phenomenon of
surface m-elting in-duced faceting, where the surface
decomposes into "dry" and "melted" facets that coexist
on the surface. In these experiments, the microscopic
faceting was observed at a temperature of T —0.05 K.
In addition, the phenomenon of faceting has been ob-
served on a macroscopic level with micrometer-sized Pb
crystallites. ' ' A theoretical treatment based on a free-
energy analysis predicted the faceting behavior in these
experiments.

A recent MEIS study was performed on Pb(100) and its
vicinal surfaces to clarify the high-temperature structural
behavior of this surface, whose packing density is inter-
mediate to that of Pb(110) and Pb(111). ' The experi-
ments showed that a limited amount of disorder began to
form on Pb(100) at T & 500 K, with the degree of disor-
der on the considered vicinal surfaces increasing with in-
creasing miscut angle. A logarithmic increase of the
disordered layer thickness was observed on Pb(100} up to
T —2 K, where the thickness saturated at -1.3 mono-
layers, measured up to T —0.05 K. For the vicinal sur-
faces, the maximum amount of disorder was —1.9 and
-3.5 monolayers on the 5' and 10' miscuts, respectively.
The saturation of disordered layer thickness is known as
incomplete surface melting, and is in contrast to the
divergence of the disordered layer thickness on Pb(110).

The mean-field theory used by Pluis, Frenkel, and van
der Veen in their MEIS study of the orientation depen-
dence of surface melting does not account for the non-
divergence of the disordered layer thickness that occurs
in incomplete surface melting. The role that the ordered
substrate plays in the energetics of the disordered layer
was recently addressed by Chernov and Mikheev. In
their model, the solid substrate induces a periodic density
modulation in the disordered layer. The modulation is in
a direction parallel to the solid-disordered layer interface.
In the so-called layering model, the free energy of the
disordered layer has an oscillatory character with a
period of 2m/k„where k, is the wave number corre-
sponding to the first maximum in the structure factor of
the bulk liquid. (For Pb, 2n /k, =2.86 A. ') As a conse-
quence, it becomes energetically favorable at high tem-
peratures for the surface to form a disordered layer, with
a thickness being an integral multiple of the layering
period. The thickness of the disordered layer that forms
in incomplete melting does not diverge as T is ap-
proached. This is in contrast to the behavior of Pb(110)
and Al(110), which experience complete surface melting.
Experimental results on the surface disordering of
Ge(111), Pb(100), ' and the (100) face of the molecular
crystal caprolactam have been in qualitative agreement
with the layering model.

Along with the experimental studies of surface melting,
many molecular-dynamics (MD} studies of the structural
behavior of surfaces have been conducted recently. With
the development of many-body potentials, which realisti-
cally treat metallic bonding, MD studies are modeling
surface-melting behavior with improved accuracy.
Several fcc metals have been modeled including Al,
Au, ' Cu, Ni, ' and Pb.~ The general trend
suggests that the propensity of a surface to remain or-
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FIG. 1. The three low-index faces of a fcc metal displaying
the orientation dependence of the surface packing density.

dered up to T is influenced by surface orientation, in

agreement with experimental studies. The studies that
treated the open fcc(110) surfaces demonstrated the ten-

dency of this surface to disorder below
T ' ' ' ' 3 ' Some of these studies showed quali-m'
tative agreement with the logarithmic growth law that is
evident from the experiments. ' ' The disorder on the
(110) surface seems to be mediated by the formation of
adatom-vacancy pairs. ' ' ' Indeed, the formation
energy of a vacancy, E„, obtained from simulations of
various fcc crystalline faces, is a factor of 4 smaller for a
(110) surface as compared with a (111) surface. This
demonstrates the tendency of the open surface to form
defects. In the simulations that examined (111) surfaces,
surface stability up to T was observed as well as
superheating

Surface-melting-induced faceting has also been ob-
served in molecular-dynamics simulations. Au(111) and
vicinals """ ' and vicinals of Pb(111) [Refs. 31(b) and
40(b)] have exhibited faceting. The study that examined
Au(111) revealed that surface reconstruction plays an im-
portant role in faceting. " ' At low temperatures,
Au(111} has a (23 X 3' ) reconstructed unit cell. In the
simulations, the (534) vicinal of Au(111) was observed to
facet at 0.8T as a result of surface reconstruction. In
contrast to this behavior, the same vicinal of Pb(111},a
surface that does not exhibit reconstruction, was free of
faceting at 0.8T . " '

The fcc(100) surface has been modeled less extensive-

ly. ' One study that treated the low-index faces of Cu
showed disordering on Cu(100) just below T, behavior
that is qualitatively intermediate to that observed on the
(110) and (111) surfaces. In this study, as well as in a
MD study of the high-temperature structure of vicinal
surfaces of Au(100), "' stratification in the disordered
layer was evident. Results of experiment and simulation
suggest that the tendency of a surface to disorder below
T depends on several factors. These include (i) the
orientation-dependent surface-packing density (see Fig.
1), which influences the vibrational properties of surface
atoms; (ii) the formation energy of surface defects such as
adatoms and vacancies; and (iii} the ability of adatoms to
diffuse on the surface.

In this study, we investigate the structural behavior of
the three low-index faces of lead, using time-resolved
reflection high-energy electron diffraction (RHEED).
Our work is aimed at determining how the crystal surface
influences the temporal dynamics of the melting process.
Following a brief description of the experimental method
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in Sec. II, we present in Sec. III results of our time-
resolved structural studies of Pb(110), Pb(111), and
Pb(100). The results are summarized in Sec. IV.

II. EXPERIMENT

A. = 1.06 pm

Harmonic i,
separator

Variable
delay line

The samples were cut from a single crystal rod aligned
to within 0.75' of the appropriate orientation using Laue
back reflection. The surfaces were mechanically polished
prior to chemical etching in a solution of 80% glacial
acetic acid and 20% hydrogen peroxide (30% in water).
The samples were clipped to a resistively heated Mo
stage. A thermocouple was placed between a retaining
clip and the surface of the sample. The thermocouple
was calibrated to the freezing and boiling points of water
and to the melting point of Pb. The experiments were
performed in an ultrahigh vacuum chamber with a base
pressure in the low 10 ' range. The samples were
cleaned before each experiment with cycles of Ar+ bom-
bardment followed by annealing. Surface cleanliness was
checked using Auger-electron spectroscopy. An Auger
spectrum of the clean Pb surface is shown in Fig. 2.
Auger spectra were taken at an elevated temperature to
ensure that no high-temperature surface impurity segre-
gation was occurring.

The time-resolved RHEED technique will be described
briefly here. It has been described in more detail else-
where. ' A diagram of the experimental setup is shown
in Fig. 3. A Nd:YAG (yttrium aluminum garnet) laser
beam (A, =1.06 pm, 200-ps pulsewidth) is split into two
beams. The first is amplified, passes through an optical
delay line, and strikes the surface of the sample at near-
normal incidence. The second is frequency quadrupled
and strikes the cathode of a photoactivated electron gun,
producing electron pulses with a temporal width compa-
rable to that of the fundamental beam. The electrons are
collimated and accelerated to energies in the 15-20-keV
range, and interact with the crystal in the glancing-
incidence RHEED geometry, probing the first few atomic
layers. Since the absorption depth of the laser into the

Ep= 3 keV

8, = 1.06 p,m~
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Electron probe
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FIG. 3. Time-resolved reflection high-energy electron
diffraction (RHEED). The laser pump and electron probe are
synchronized on the surface of the sample. The electron beam

is incident on the surface at an angle of 1'—3' with an energy

typically in the 15-20-keV range.

sample (-140 A for Pb at A, =1.06 pm) is much larger
than the probed depth of the electrons (typically ( 5 A),
we conclude that the probed layer is essentially iso-
thermal. The optical delay line provides the means by
which the laser heating pulse and the electron probe
pulse are temporally synchronized on the surface. Since
the heating pulse and electron pulse originate from the
same source, the system is inherently free of the timing
jitter that is typically associated with electronically syn-
chronized experiments.

Static RHEED measurements are an important com-
ponent of the experiment, as they yield equilibrium sur-

face structural information and also serve as a means to
convert the time-resolved diffraction intensity to a
surface-temperature rise. In this mode of operation, a Hg
lamp is used to excite the cathode of the photoactivated
electron gun, producing a steady electron beam. The
RHEED pattern from the surface is detected by a micro-
channel plate (MCP) proximity focused to a phosphor
screen. The resulting image is lens coupled to a linear ar-

ray detector for intensity analysis. For all of the experi-
ments reported here, the intensity of the (10) diffraction
streak was measured. Line scans were taken through the
center of the streak.
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FIG. 2. Auger-electron spectrum of a clean Pb surface. The
energy of the primary exciting electron beam is 3 keV. Pb peaks
are labeled with the corresponding energies in electron volts.
No surface impurities are detected.

III. RESULTS

A. Pb(110)

The first surface studied was Pb(110), which has been

shown to readily disorder below T . As an initial step
to characterize the structural dynamics of Pb(110), mea-

surements of the RHEED streak intensity versus temper-
ature were performed. The energy of the electrons was

18.2 keV, and the beam was incident along the ( 112) az-

imuth at an angle of -2', resulting in a probed depth of
approximately two monolayers. Results of this measure-

ment are given in Fig. 4, where the inset is a plot of the
data on a semilogarithmic scale. The intensity is seen to
decay exponentially from the lowest considered tempera-
ture 487 K up to a temperature of —520 K. This portion
of the data is consistent with the Debye-%aller effect,
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FIG. 4. RHEED streak intensity from Pb(110) normalized to
that at 487 K vs temperature. A curve fit is made to the data
and is used with the heat-di8'usion model to obtain the predicted
time-resolved modulation of the RHEED streak intensity in

Fig. 5. Inset: The data are plotted on a semilogarithmic scale.
The line fit includes data points up to that which maximizes the
linear correlation coeScient. Note the departure from exponen-
tial Debye-Wailer behavior at -520 K.

which predicts an exponential decay of elastic diffraction
intensity with temperature. Above 520 K, the intensity is
seen to deviate from Debye-Wailer behavior. The initial
deviation is most likely due to the anharmonic surface vi-

brations on Pb(110), which have been deduced from mea-
surements of the surface expansion. At higher tempera-
tures, the deviation is attributed to surface disordering.
Above T-540 K, the RHEED signal decayed into the
inelastically scattered background, leading us to conclude
that the probed surface layer is disordered. We therefore
identify Td -540 K as the disordering temperature of
the probed layer. This behavior is qualitatively similar to
that observed by Yang, Lu, and Wang on Pb(110) with
high-resolution LEED. " In their experiment, the inten-
sity of the (00) beam at the in-phase condition departed
from Debye-Wailer attenuation at -520 K.

Next we performed time-resolved measurements on
Pb(110). The RHEED streak intensity, normalized to
that at the sample bias temperature of 487 K, was ob-
tained for given delay times between the arrival of the
laser heating pulse and the electron probe pulse. Results
are given in Fig. 5, where the solid lines represent the
conversion of the temperature obtained from a one-
dimensional heat-diffusion model to a normalized
diffraction intensity using the static calibration of Fig. 4.
The heat-diffusion model is given by

=K ' +I (1—R)aexp( —az)f(t), (2)
dT(z, t) d T(z, t)

dt dz2

where T(z, t} is the temperature at a distance z normal to
the surface (z =0),t is time, C=1.58 X 106 J/m K is the
heat capacity per unit volume, K=32.2 W/mK is the
thermal conductivity, R =0.81 is the reflectivity,
a=7.05X10 m ' is the absorption coefficient, I is
the peak laser intensity measured in W/cm, and f(t)
represents the temporal profile of the heating pulse,
which is assumed to be Gaussian.

FIG. 5. Time-resolved RHEED streak intensity measure-

ments on Pb(110). The pulse width of the laser is measured at

full width at half maximum (FWHM). The corresponding sur-

face temperature is obtained using the data of Fig. 4. (a)

I =1.4X10 W/cm, 165 ps; (b) I =2.0X10' W/cm, 165 ps;
(c) I =2.7X10 W/cm, 175 ps; and (d) I~=3.6X10 W/cm,
170 ps. In (c) and (d) the normalized streak intensity is seen to
vanish for some time, indicating that order is lost in the probed
surface layer. The subsequent reappearance of the streak inten-

sity indicates the reordering of the surface.

The error bars in Fig. 5 reAect the uncertainty in the
RHEED streak intensity and are primarily due to MCP
noise. Other sources of error in the time-resolved experi-
ments include the spatial nonuniformity of the laser heat-

ing, which was measured to be +12% across the width of
the sample, and the stability of the laser. The long-term
laser stability was monitored throughout the experiment,
and was maintained constant to within 10%. All of the
time-resolved measurements presented here are the result
of the convolution of the electron probe pulse with the
temporal temperature profile on the surface. These con-
volution effects are most prominent for the times near the
normalized RHEED streak intensity minimum, where
the rate of change of temperature with time is greatest.
Including these effects in the analysis leads to a somewhat
higher peak surface temperature than what is measured.
The absolute timing between the electron probe pulse and
the laser heating pulse was not determined experimental-
ly. We set the temporal position of the model with
respect to the experimental data by minimizing the
mean-square difFerence between model and experimental
data for the times between 1 and 2 ns in Figs. 5(a)—5(c),
and between 1.3 and 3.3 ns for Fig. 5(d}. In these time in-

tervals, convolution effects are not expected to be
significant.

We next discuss the time-resolved RHEED results of
Pb(110) displayed in Fig. 5. In Figs. 5(a) and 5(b), I~ is

low enough not to cause any surface disordering. The
surface temperature was raised from 487 K to measured
peak surface temperatures of -515 and -530 K in Figs.
5(a) and 5(b), respectively. These are in reasonable agree-
ment with the values of 523 and 537 K predicted by the
heat-diffusion model. In Figs. 5(c) and 5(d), the peak
laser intensity was increased to facilitate surface heating
to temperatures above the disordering temperature Td.
In these sets, the heat-diffusion model predicted peak sur-
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face temperatures of 558 (Td+ 18 K) and 581 K (Td +41
K), respectively. In both cases, the normalized RHEED
streak intensity is observed to vanish for some time, indi-
cating that the probed surface layer is disordered. The
time duration over which the diffraction intensity van-
ishes increases from -200 ps for a peak predicted tem-
perature of Td+18 K IFig. 5(c)] to —500 ps for a peak
predicted temperature of Td+41 K [Fig. 5(d)]. We con-
clude that, with the heating rate of 10" K/s available
from the pulsed laser, surface disordering cannot be
bypassed. Furthermore, from the time-resolved data we
see that the temperature at which the surface disorders is
not significantly altered from that measured statically.

Subsequent to disordering, the surface recrystallizes
and cools as the heat is conducted to the bulk of the sam-
ple. This is evident from the recovery of the diffraction
intensity. In Figs. 5(c) and 5(d), the experimentally mea-
sured surface temperature is in accord with the model in
the times where the normalized RHEED streak intensity
is nonvanishing, indicating agreement with the results
from heat diffusion both prior and subsequent to surface
disordering. This indicates that the nucleation and
growth of the disordered layer, as well as the regrowth of
crystalline order, occur on a time scale less than the 180-
ps pulse width of the electron probe.

The conclusion that surface disordering is a reversible
process is based on static experiments where the disor-
dered layer thickness is shown to be a distinct function of
temperature, a quality that distinguishes surface disorder-
ing from bulk melting. The reversibility of surface disor-
dering has not been previously tested for extremely high
heating and cooling rates. The time-resolved results in
Fig. 5 that show the recovering elastic-diffraction intensi-
ty subsequent to surface disordering indicate that surface
disordering is reversible even at extremely high heating
and cooling rates.

The observations of the fast regrowth of crystalline or-
der on the time scale of the present experiment are con-
sistent with the time scales for atomic rearrangement on
Pb(110) deduced from measurements of surface mobility
using He scattering. "The results of this experiment were
described well by the following expression for the
temperature-dependent mobility of surface atoms on
Pb(110)"

D, ( T)=Doexp( —Q, /kz T),
where DO=26 cm /s, the activation energy of diffusion is

Q, =0.65 eV, k& is Boltzmann's constant, and T is tem-

perature. The study concluded that for T~ 550 K, the
mobility of surface atoms exceeds that of the bulk liquid.
The above expression yields a value of -0.23 A /ps at
Td -540 K, comparable to the mobility of liquid Pb close
to T (0.22 A /ps). At a temperature of Td, over the
180-ps time scale of our electron probe, the disordered
atoms diffuse over an area of -40 A . This area is
sufhcient to include a11 adjacent lattice sites that are po-
tentially unoccupied. Therefore, over the time duration
of the electron probe, atoms in the disordered layer have
sufhcient mobility to travel to adjacent lattice sites.

The time-resolved measurements on Pb(110) lead us to

conclude that for heating and cooling rates on the order
of 10" K/s, (i) surface disordering is not bypassed, there-
fore precluding the existence of a nucleation barrier to
disordering for these conditions; (ii) the temperature at
which the surface disorders is not altered significantly
from that measured statically; (iii) the nucleation and
growth of surface disorder occur on a time scale less than
180 ps even for relatively small departures above Td, and
(iv) surface disordering is reversible upon cooling, even at
the high rates achieved with pulsed laser heating.

B. Pb(111)

The next surface we studied was the close-packed, non-
melting Pb(111) surface, where experiments were per-
formed to determine if the surface could be superheat-
ed. The superheating of metals represents an experi-
mental challenge and is not commonly observed. Howev-
er, superheating of solids can be observed under some
special conditions. Quartz and other solids that have

highly viscous melts can readily be superheated. This
can be understood by considering the speed of propaga-
tion U of the solid-liquid interface. In this treatment, u

is proportional to D, the coefficient for self-diffusion in
the liquid. By the Stokes-Einstein relation, D is inversely
proportional to the viscosity g; thus the velocity of the
solid-liquid interface is proportional to 1/g. Therefore,
solids that melt into highly viscous liquids are associated
with extremely slow motion of the solid-liquid interface,
which allows the interior of the solid to be substantially
superheated. Typically, melts of metals have viscosities
many orders of magnitude lower than that of the previ-
ously mentioned solids. Therefore, once the surface
melts, the solid-liquid interface can propagate into the
bulk with velocities up to the velocity of sound in the
metal. However, by bypassing the melting effects of the
surface, modest superheating of metals has been
achieved. Preferentially cooling the surface to prevent
melting, coating one solid with another of higher T, '

and embedding precipitates in a host metal of higher T
(Ref. 52) are some of the methods that have been used to
superheat metals. An outstanding question has been
whether a surface that does not experience surface melt-

ing can be superheated. Experiments performed on free
surfaces showed that superheating of several degrees
could be observed on small metal platelets with extensive
close-packed, nonmelting surfaces. The experiments
presented here were performed to determine if the free
Pb(111) surface could be superheated to a larger degree
using fast laser heating.

As with Pb(110), we first measured the RHEED streak
intensity versus temperature. The angle of incidence of
the 18.2-keV electron beam was -2', leading to a probed
depth of two monolayers. The electron beam was in-

cident along the (011) azimuth. Results of this measure-
ment are shown in Fig. 6, where the RHEED streak in-

tensity is normalized to that at 407 K, and the inset is

plotted on a sernilogarithmic scale. It is apparent that
the behavior of Pb(111) is qualitatively different from that
of Pb(110) shown in Fig. 4, where deviation from Debye-
Waller behavior occurred at —T —80 K. With Pb(111),
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that at 407 K, vs sample temperature. An exponential curve fit
has been made to the data. Inset: The data plotted on a semi-
logarithmic scale showing Debye-Wailer behavior up to T —15
K.

the RHEED streak intensity is seen to decay exponential-
ly in the considered temperature range extending to
T —15 K. This is consistent with the Debye-Wailer
effect, and agrees qualitatively with the results from
MEIS, where Pb(111) was shown to remain ordered up to
T —0.5 K.'

In the next set of experiments, Pb(111) was subjected to
laser pulses with I -3.3 X 10 W/cm, while the sample
bias temperature Tb;„was raised from 495 to 575 K.
The RHEED streak intensity, normalized to that at Tb;„,
is shown in Fig. 7(a) for the time corresponding to the
minimum of the diffraction intensity, to. (The time to is
temporally close to the time corresponding to the peak of
the surface-temperature rise. These times do not coincide
due to the effects of convolution. ) The diffraction intensi-
ty is observed to decrease linearly with Tb;„. No sudden
decrease in diffraction intensity is observed that would in-

dicate a phase transformation taking place on the surface.
The diffraction intensity is converted to a temperature
jump AT by utilizing the static RHEED measurement of
Fig. 6. The result of this conversion is shown in Fig. 7(b),
where for Tb; ~ 530 K, the peak surface temperature
Tb;„+ETexceeds T, and the surface is superheated. It
is observed that hT increases linearly with Tb;„. This
reflects the changing optical and thermal properties of
the sample in the temperature range considered. The
change in surface reflectivity R with temperature is a
significant factor in the increase of AT with Tb;„since
the absorption of laser energy at the surface is propor-
tional to 1 —R. The reflectivity of the surface at the heat-
ing laser wavelength was measured directly and found to
decrease from 0.78 to 0.74 in the temperature range of
Fig. 7. The results from a solution of the heat-diffusion
model are shown in Fig. 7(b) as well. The larger b T pre-
dicted by the model is due to the above-mentioned convo-
lution effects, which lead to a somewhat lower experi-
mentally measured surface-temperature rise. In addition,
the increase in hT with increasing Tb;„was observed at
delay times subsequent to to', these results are given in

Fig. 8. For a given Tb;„we observe a decrease in hT
with increasing delay time. This reflects the cooling of
the surface after the arrival of the heating laser pulse.

Further experiments were performed to determine the
magnitude of superheating that could be sustained on
Pb(111). The sample was biased at Ts;„=586K (T —15
K) and transiently heated with varying peak laser intensi-
ties. The RHEED streak intensity normalized to that at
Tb;„was obtained at given times throughout the laser-
heating process. Such a set is shown in Fig. 9. This set
was performed at the time to. The inset of Fig. 9 is the
data plotted on a semilogarithmic scale. Two regimes are
evident: the first, where I (3.5X10 W/cm shows an
exponential decay of the diffraction intensity with I,
consistent with Debye-Wailer behavior; in the second re-
gime, where Iz +3.5X10 W/cm, we observe a marked
deviation from exponential behavior, indicating that
melting is occurring on the surface.
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vs peak laser intensity. This data set was performed at to. In-
set: A plot of the data on a semilogarithmic scale showing devi-

ation from Debye-Wailer behavior at I~-3.5X10' W/cm'.
The corresponding peak surface temperature is —T + 120 K.

We next estimate the temperature at which deviation
from exponential, Debye-Wailer behavior occurs, and
identify this as the peak observed superheating tempera-
ture. To accomplish this, we consider difFraction intensi-

ty modulations for small I such that the corresponding
temperature jumps hT lead to peak temperatures below
T . In the Debye-Wailer region, ET~I; therefore,
lower values of I can be used to make a correspondence
between Iz and peak surface temperature. When this is

done, we conclude that deviation from Debye-Wailer
behavior occurs at a temperature of -720 K (-T +120
K). Furthermore, the time-resolved diffraction data have
a slope when plotted on a semilogarithmic scale that is
equivalent to the slope from the static RHEED measure-
ment of Fig. 6, within experimental error. This error can
result from the fact that this experiment was performed
at the time tp where convolution effects can be prom-
inent. The exponential dependence of the normalized
RHEED streak intensity up to T +120 K indicates that
the surface retains order above T, and behaves accord-
ing to the Debye-Wailer effect with mean-square vibra-
tional amplitudes in excess of that at T

The time-resolved measurements of the diffraction in-

tensity versus I were carried out at other times relative
to the time t p ~ Figure 10 shows measurements performed
at tp+500 ps and tp+4000 ps. The insets are plotted on

a semilogarithmic scale. In both cases, for I &3.5X10
W/cm we observe an exponential decrease in diffraction
intensity with increasing I, as is evident from the linear
behavior in the insets. A distinct break from exponential
behavior occurs at I 3.5X10 W/cm, consistent with

the value obtained at the time tp. We conclude that this
deviation from Debye-Wailer behavior is due to melting
taking place on the surface. This deviation, at
I «3.5X10 W/cm, is most likely not attributed to
anharmonic vibrations due to the observed deviation
from exponential behavior at tp+4000 ps, an amount of
time after tp where such vibrations should not be present
due to the rapid decrease of the surface temperature rise.

Similar measurements were performed with the elec-
tron beam incident at an angle of —1' with respect to the
surface. This led to a probed depth of less than a mono-
layer. Plots of the RHEED streak intensity normalized
to that at 586 K are shown in Fig. 11 for the times t p and

tp+4000 ps. A break from exponential Debye-Wailer
behavior is seen to occur at I —3 —4X10 W/cm, con-
sistent with what was observed for the previous data with
an angle of incidence of -2'.

Time-resolved experiments examining the RHEED
streak intensity throughout the heating process were car-
ried out with Tb;„=586 K. The RHEED streak intensi-

ty, normalized to that at 586 K, was obtained at various
delay times. Results for varying I are shown in Fig. 12.
Figure 12(a) exhibits the qualities of classical heat
diffusion: a rapid decrease in the normalized streak in-

tensity followed by an increase as the heat is conducted to
the bulk of the sample. The data set of Fig. 12(a) was

normalized to sets taken at lower Tb;„, which corre-
sponded to peak temperatures below T . This compar-
ison showed good agreement, indicating that the data of
Fig. 12(a) are consistent with classical heat diffusion.
Since the time-resolved RHEED streak intensity at
Tb;„=586 K exhibited Debye-Wailer behavior up to
I -3.5X10 W/cm, the static RHEED calibration of
Fig. 6 can be used to determine the peak b, T of Fig. 12(a).
When this is done, a peak surface temperature of
T +110K is deduced.

In Figs. 12(b)—12(d), the surface was subjected to

I~ )3.5X10 W/cm, the threshold for Debye-Wailer
behavior. We observe a clear deviation from classical
heat diffusion in the tail after —1.5 ns. The streak inten-

sity, subsequent to an initial fast rise at tp, fails to recover
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These sets were performed at times of to+500
ps and to+4000 ps. The insets are plotted on a
semilogarithmic scale, and show the break

from Debye-%aller behavior at I~ —3—4X 10'

W/cm, consistent with what was observed at
the time to.
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to what is expected from heat diffusion. The behavior at
times after tp is also reflected in the data of Fig. 10. We
attribute this to melting on part of the surface. In Figs.
12(b)—12(d), the value of the normalized streak intensity
at times after tp depends on the ratio of the molten por-
tion of the probed surface area to that which remains
solid. This in turn is influenced by the spatial intensity
profile of the laser pulse on the sample surface. In these
experiments, the laser nonuniformity was measured to be
+18% across the width of the sample. This was accom-
plished by measuring the laser intensity passing through
a small pinhole that was scanned through the beam. This
measurement, however, does not preclude the existence
of laser nonuniformities on a micrometer scale. Laser-
intensity variations on this scale could influence the dy-
narnics of the melting process.

We define the time ~ to be the time interval between tp
and the time at which the diffraction intensity deviates
from behavior consistent with classical heat diffusion. To
determine v., a nonmelting superheated set was normal-
ized to a given melting set and subtracted from it. The
difference that resulted was fitted with a polynomial that
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FIG. 12. Time-resolved normalized RHEED streak intensity
of Pb(111) irradiated with laser pulses of varying peak intensity.
Set (a) is consistent with classical heat diffusion and corresponds
to a peak surface temperature of T +110 K. In sets (b) —(d),
where I~ ~ 3.5 X 10 W/cm, the surface begins to melt, as is evi-
dent from the pronounced deviation from classical heat
diffusion.

was differentiated to observe the break from nonmelting
behavior. A plot of ~ versus peak laser intensity is given
in Fig. 13 for data sets biased at 586 K. The time ~ is ob-
served to decrease from 1200 to & 300 ps for
I -3.8X10 W/cm to I -6.0X10 W/cm, respective-

ly.
From the experiments on Pb(111), we conclude that

this surface, which exhibits no surface melting, sustains
superheating to —T +120 K. This is evident from the
exponential Debye-Wailer behavior of the RHEED
streak intensity in this temperature range. In the su-

perheating regime, the excess surface temperature is
manifested as lattice mean-square vibrational amplitudes
exceeding that at T . Melting is apparently bypassed by
the 10"-K/s heating and cooling rates available with

pulsed laser heating. At incident peak laser intensities
greater than -3.5X107 W/cm, the surface melts, as is
evident from the pronounced deviation from Debye-
Waller behavior. The larger heating rates available with
lasers of shorter pulse width could conceivably lead to a
larger degree of superheating.

As an interesting postscript to the experiments on
Pb(111), recent molecular-dynamics simulations were
performed by Hakkinen and Landman examining the dy-
narnics of melting and superheating of Cu surfaces.
Motivated by the time-resolved laser heating experi-
ments, they constructed a model that incorporated ener-

1400
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3.5 4.0 4.5 5.0 5.5 6.0 6.5

Peak laser intensity (10&W/cm2)

FIG. 13. The time interval ~, from tp to the time at which de-
viation from classical heat diffusion occurs, is extracted from
data sets as in Figs. 12(b) and 12(c). The time ~ is seen to de-
crease with increasing peak laser intensity.
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lynomial fits to the data. The streak intensity
is observed to deviate from Debye-Wailer
behavior for T~ 475 K.

gy transfer from the electronic system to the lattice. The
subsequent lattice dynamics were modeled with the
many-body embedded-atom potential. They observed
rapid and reversible disordering of the Cu(110) surface, in

analogy to Pb(110). In contrast to this, Cu(111) was
shown to sustain superheating of 40 K. Further simula-
tions focused on the effects of defects in the superheating
process. Defects such as steps and vacancies are expect-
ed to be present on any metal surface in experimental sit-
uations. The simulations showed that even highly defect-
ed Cu(111) surfaces, with up to a 10% initial surface va-

cancy concentration, sustained substantial superheating.
A settling mechanism involving adatoms was observed in
the annealing process that acted to fill existing vacancies
and restore crystalline order. Processes such as this may
be involved in the time-resolved experiments on Pb(111),
where a large degree of superheating was sustained.

C. Pb(100)

The final surface considered was Pb(100),' which has
been shown to experience incomplete surface melting.
Using MEIS, it was observed that the disordered layer
that forms on the surface does not nucleate further melt-

ing up to a temperature of T —0.05 K. ' The aim of
our time-resolved experiments on Pb(100) was to deter-
mine if the disordered layer that forms on the surface is
stable at temperatures above T . The first experiment on
Pb(100) measured the temperature dependence of the
RHEED streak intensity. The 15-keV electron beam was
incident along the (001) azimuth at an angle of 3', re-
sulting in a probed depth of -5 A. This corresponds to
-3 monolayers. A plot of the RHEED streak intensity
normalized to that at 377 K is shown in Fig. 14. The in-
set is a plot of the data on a semilogarithmie scale. A
nonexponential decrease in diffraction intensity with tem-
perature is observed starting at a temperature of -475
K. The data are qualitatively similar to that obtained on
Pb(100) by Yang et al. using high-resolution LEED.5~

The deviation from Debye-Wailer behavior may be relat-
ed initially to the surface expansion that they observed
between 300 and 470 K. In this temperature range, the
surface undergoes an expansion exceeding that of the

bulk by a factor of 7. This surface expansion is directly
related to the anharmonic nature of the surface intera-
tomic potential. In addition, deviation from Debye-
Waller behavior can be attributed to the abrupt increase
in vacancy concentration observed beginning at 510 K."

To determine the peak temperature rise induced on the
Pb(100) surface by the heating laser pulse, time-resolved
measurements were performed at the time to For th.ese

experiments, the sample was biased at temperatures of
450 and 533 K. The RHEED streak intensity, normal-

ized to that at 450 K, is shown in Fig. 15 for various peak
laser intensities I . The normalized streak intensity is

converted to a temperature rise hT, using the calibration
of Fig. 14. The result of this conversion is shown in the
inset of Fig. 15, where hT is plotted versus I . The tem-

perature rise is observed to be directly proportional to I,
which is consistent with classical heat diffusion. The
maximum peak temperature in all of these sets is below
T . These data do not account for the effect of convolu-

tion.
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In the next set of experiments the RHEED streak in-
tensity, normalized to that at a given Tb;„, is obtained for
various I . In these experiments, performed at to, Tb;„ is
raised closed to T . Results are shown in Fig. 16, where
the set in Fig. 16(d} is biased just 11 K below T . At
sufficiently high I, the normalized streak intensity is ob-
served to vanish, indicating that order has been lost in
the probed surface layer. The value of I necessary to
disorder the probed surface layer decreases from
-4.3 X 107 W/cm for Tb;„=533 K to —l. 8 X 10
W/cm for Tb;„=590K. The data of Fig. 15 are used to
determine the peak surface temperature at which the nor-
malized RHEED streak intensity vanishes. In each of
the sets of Fig. 16, the lowest I~ leading to a vanishing
RHEED streak intensity is converted to a temperature
rise using Fig. 15. From this conversion, we see that the
peak surface temperature Tb;„+ET, when order is lost in
the probed surface layer, is -615+20 K. The error ac-
counts for (i) the spread of the static RHEED data; (ii)
the spread of the temperature-rise data of Fig. 15; and
(iii) the nonuniformity of laser heating, which was mea-
sured to be +25% over the entire width of the sample.
Factors not accounted for in this peak temperature in-
clude convolution effects and the changes in the thermal
and optical properties of the sample occurring over the
considered temperature range. These effects lead to a
somewhat greater peak surface temperature than what is
experimentally observed.

The temporal behavior of the heating and disordering
process on Pb(100) was examined using time-resolved
RHEED. In Fig. 17, results are given for varying sample
bias temperatures and incident peak laser intensities. In
Figs. 17(a) and 17(b), the incident peak laser intensity was
not sufficient to cause disorder in the probed layer. This
is evident by the nonvanishing diffraction intensities in
these sets. In Fig. 17(c), sufficient laser intensity was pro-
vided to disorder the probed surface layer. The disorder-
ing is evident from the vanishing streak intensity at time
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FIG. 17. Time-resolved normalized RHEED streak intensity
on Pb(100) at different bias temperatures, subjected to varying
peak laser intensities. (a) Tb;„=321 K, Ip=4.4X10' W/cm',
(b) Tb' 570 K Ip 2 3 X 10 W/cm (c) Tb' 570 K
Ip =3.4X 10 W/cm; and (d) Tb;„=570 K, Ip =5. 1 X 10
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IV. SUMMARY

—1 ns. Subsequent to disordering, the surface recrystal-
lizes and cools, as is seen from the increasing streak in-
tensity at later times. Finally, in Fig. 17(d), the streak in-
tensity fails to recover for times ~4 ns after the initial
disordering, which is an indication of melting on the sur-
face. In these experiments, no surface damage was visible
upon recrystallization.

From our experiments on Pb(100) we conclude that re-
sidual order is present on Pb(100) at a peak surface tem-
perature of 615+20 K. Considering the previously men-
tioned convolution effects, it is likely that residual order
is present above T . At this temperature the surface is
most likely proliferated with defects such as vacancies.
The degree of superheating would undoubtedly be
lowered by the presence of vacancies. Compared with
Pb(111), where superheating to -720 K was observed,
Pb(100) shows evidence of residual order at a much lower
surface temperature. Our experiments show that the
disordered layer that forms near T is stable in a narrow
temperature range above T . Evidently, in this tempera-
ture range a second layering transition is not energetical-
ly favorable. Above the observed peak surface tempera-
ture, further disordering occurs and the residual order in
the probed layer vanishes. At this temperature, a second
layer transition may take place increasing the disordered
layer thickness to 4~/k, -5.7 A, exceeding the 5 A
probed by our electron beam.
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FIG. 16. Normalized RHEED streak intensity vs peak laser
intensity for Tb; successively closer to T . The streak intensi-
ty vanishes for Ip above a certain threshold depending on Tb;„.
This threshold is used along with the data of Fig. 15 to deter-
mine the temperature at which order is lost in the probed layer.

From our experimental results on the low-index faces
of Pb, we conclude that the time-resolved surface
structural behavior of Pb has a pronounced orientation
dependence. The open Pb(110}surface was seen to disor-
der rapidly and reversibly with the 10"-K/s heating and
cooling rates available from pulsed laser heating. It is
likely that higher index planes, which were shown to ex-
hibit surface disordering in the case of Pb, ' would exhib-
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it rapid disordering analogous to that observed on
Pb(110). In contrast, the close-packed Pb(111) surface,
which was shown not to experience surface melting, ' ex-
hibited Debye-%aller behavior upon laser heating up to
—T +120 K. We are not aware of any larger su-

perheating of a free metal surface; however, greater su-

perheating may be possible with larger heating rates. In
addition, the nonmelting (0001) face of Bi was shown to
exhibit substantial superheating using time-resolved
RHEED. The last surface we studied was Pb(100), a
surface that exhibits incomplete surface melting. Pb(100)
showed residual order up to -615+20 K, a result that
differs from that obtained on Pb(111) in two respects.
First, the diff'raction intensity from Pb(100) deviated from
Debye-Wailer behavior at T-475 K, unlike Pb(111),
which upon laser heating showed Debye-Wailer behavior
up to T-720 K. It is likely that Pb(100) develops a

high concentration of surface defects at temperatures
above 500 K. Second, the temperature at which order
is completely lost on Pb(100) is much lower than that of
Pb(111). The disordered layer that forms on Pb(100) at
elevated temperatures precludes substantial excursions
above T . However, our time-resolved experiments
show that residual order on Pb(100) is preserved for small
excursions above T . This implies that there is a barrier
for the growth of the disordered layer thickness on
Pb(100) at temperatures above T
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