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Time-Resolved Structural Study of Pb(100)
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Time-resolved reflection high-energy electron diflraction is used to study the structural behavior of
Pb(100) subjected to 200 ps laser pulses. Analysis of the electron diA'raction intensity indicates that re-
sidual order is present on the surface at a temperature of 615 ~ 20 K, where the bulk melting tempera-
ture of Pb is 600.7 K. This implies that the disordered film that forms on Pb(100) is stable up to the
bulk melting temperature and above.

PACS numbers: 68.35.Ja, 61.14.Hg, 68.35.Rh

Since the initial work of Frenken and co-workers on
Pb(110) [1], there has been a great deal of work per-
formed to characterize the phenomenon of surface melt-
ing [2]. Surface melting is the formation of a disordered
"quasiliquid" layer with thickness on the order of several
atomic layers at temperatures below the bulk melting
point T . Relatively few structural studies have been
performed on fcc(100) surfaces near T [3-7]. A recent
study on Pb(100) and vicinal surfaces using medium en-

ergy ion scattering (MEIS) showed that a limited
amount of disorder began to form on Pb(100) at temper-
atures above 500 K, where T for Pb is 600.7 K [4]. The
disordered layer thickness on Pb(100) was observed to in-

crease logarithmically up to 2-3 K below T and then
saturate at 1.3 monolayers, measured up to T —0.05 K.
The maximum amount of disorder on the vicinal surfaces
increased with miscut angle from 1.9 to 3.5 monolayers
on the 5 and 10' miscut surfaces, respectively. This is
in contrast to the divergence of the disordered layer
thickness of Pb(110) as T~ is approached. This behav-
ior, where the disordered layer thickness is finite as T is

approached, is known as incomplete surface melting. In-
complete surface melting cannot be explained by the
mean-field theory used by Pluis, Frenkel, and van der
Veen in their MEIS study of Pb [3(b)]. A recent model
has been developed that includes the eA'ect of the sub-
strate on the disordered layer [8]. In this model, the or-
dered substrate induces a periodic density modulation in

the disordered layer in a direction parallel to the
solid-disordered layer interface. This modulation makes
it energetically favorable for the surface to form disor-
dered films with the thickness being an integral multiple
of 2tr/kt, where kt is the wave number corresponding to
the first maximum of the structure factor of the bulk
liquid. For Pb, 2tr/kl is approximately 2.86 A [4]. The
disordered layer that forms is stable up to T and does
not act as a nucleus for further melting. The so-called
layering model has proven successful in describing the
disordering of Ge(111) [9], Pb(100) [4], and the (100)
face of caprolactam [10].

Further experiments on Pb(100) with high-resolution
low-energy electron diffraction (HRLEED) have shown a
weak disordering at -570 K [5]. This disordering is pre-

ceded by an anomalous surface expansion at T ~ 480 K
and an abrupt generation of surface vacancies beginning
at -510 K. An anomalous surface expansion was also
observed on Ni(001) using LEED [6]. An x-ray photo-
electron diffraction study on Pb(100) demonstrated evi-
dence for logarithmic growth of the disordered layer be-
ginning at 585+ 5 K and up to the highest temperature
studied, T —2 K [7].

Recently, there have been several molecular dynamics
(MD) simulations modeling surface melting of fcc(100)
surfaces [11-13]. The simulations by Hakkinen and
Manninen examine the (110), (100), and (111) surfaces
of copper, from 0 K to T [11]. This study, which uses
effective-medium theory, allows for the direct comparison
of the three low-index faces using the same MD potential
and identical cell sizes. The results show pronounced dis-
ordering of Cu(110), weak disordering of Cu(100) just
below T, and superheating of Cu(111). In addition, the
high-temperature behavior of vicinal surfaces of Au(100)
was studied using the many-body "glue" potential [12].
In both the studies of Cu(100) and the vicinal surfaces of
Au(100), structural modulation in the disordered film
was evident.

In the present Letter, we describe an experimental
study of the high temperature structural behavior of
Pb(100) using time-resolved reAection high-energy elec-
tron diffraction (RHEED). This technique, which has
been described in more detail elsewhere [14], involves
splitting the fundamental beam of a Nd: YAG laser
(X=1.06 pm, 200 ps) into two parts. The first beam is
amplified and interacts with the surface at near normal
incidence, providing a pulsed heating source. The second
beam is frequency quadrupled to the ultraviolet (X
=0.266 pm) and is incident on the cathode of a photoac-
tivated electron gun, producing electron pulses with a
temporal width comparable to that of the fundamental
laser pulse. The resulting electron beam is incident on
the surface of the sample in the glacing angle RHEED
geometry and probes the first few atomic layers. The en-
ergy of the electrons in the experiments reported here is
15 keV. The heating laser beam and the electron probe
are temporally synchronized on the surface of the sample.
An optical delay line is used to set diA'erent delay times
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between the heating laser pulse and the electron probe
pulse. This allows RH EED patterns to be obtained
throughout the pulsed heating process.

Our previous time-resolved RHEED experiments were
performed on Pb(110) [15] and Pb(111) [16]. Pb(110)
was seen to reversibly disorder below T, while Pb(111)
sustained superheating to —T +120 K. These experi-
ments demonstrated the contrasting melting behavior of
open and close-packed surfaces. Here we report on a
study of the behavior of Pb(100), a surface that exhibits
incomplete surface melting. The time-resolved RHEED
measurements on Pb(100) that are presented here show
that the residual surface order is lost at a temperature of
615+ 20 K. The observation of residual order implies
that the disordered layer that forms on Pb(100) does not
nucleate further melting as T is approached and is
stable at temperatures above T .

The Pb(100) sample was cut from a single-crystal rod
aligned within 0.75' of the (100) orientation using Laue
back reflection. The preparation of the surface is de-
scribed elsewhere [16]. The experiments were performed
in an ultrahigh vacuum chamber with a base pressure in

the low 10 ' range. The sample was cleaned before
each experiment with cycles of Ar+ bombardment fol-
lowed by annealing. Surface cleanliness was checked us-

ing Auger electron spectroscopy. Auger spectra were
taken at elevated temperatures to insure that no high-
temperature surface impurity segregation was occurring.

As an initial step in characterizing the structural be-
havior of Pb(100), measurements of the RHEED streak
intensity were performed as a function of the surface
temperature. A Hg arc lamp was used to excite the
cathode of the photoactivated electron gun, producing a
continuous electron beam. The 15 keV electron beam
was incident along the (001) azimuth at an angle of 3',
resulting in a probed depth of —5 A, corresponding to
—3 monolayers. The diffracted electrons of the RHEED
pattern were amplified by a microchannel plate which is
proximity focused to a phosphor screen. The resulting
RHEED pattern was lens imaged onto a linear-array
camera for quantitative intensity analysis. In all of the
experiments reported here the intensity of the (10)
R H EED streak was examined. Line scans were taken
through the center of the streak. A plot of the RHEED
streak intensity normalized to that at 377 K is shown in

Fig. 1. The inset is a plot of the data on a semilogarith-
mic scale. A qualitative difference is seen between these
data and that obtained previously for Pb(111), which ex-
hibited an exponential decrease in the diffraction intensi-
ty with temperature consistent with the Debye-Wailer
eA'ect [16]. For Pb(100) we observe a nonexponential de-
crease in diffraction intensity from a temperature of
—475 K, over much of the temperature range in Fig. l.
The data are qualitatively very similar to that of Yang et
al. obtained on Pb(100) using HRLEED [5]. This devia-
tion from Debye-Wailer behavior may initially be related
to the anomalous surface expansion that they observed to
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FIG. 1. RHEED streak intensity normalized to that at 377 K
vs sample temperature. The orientation of the sample was the
same as that for the time-resolved experiments. The inset is the
data plotted on a semilogarithmic scale. In both plots, the solid
line is a polynomial fit to the data. This RHEED intensity data
are used to convert the normalized streak intensity of the time-
resolved experiments to a surface temperature rise.

occur below 480 K in the HRLEED study, in addition to
the abrupt increase in vacancy concentration that they
observed beginning at 510 K.

In order to determine the temperature rise induced on
the Pb(100) surface by the heating laser pulse, time-
resolved measurements were performed at the experimen-
tally determined time of the minimum of the RHEED
streak intensity, to, which is temporally close to the time
of maximum surface-temperature rise. These two times
do not coincide because of convolution eA'ects that occur
as a result of the finite pulse width of the electron probe.
Such effects are most prominent near the temporal peak
of the surface temperature profile where the rate of
change of temperature with time is greatest. By examin-
ing solutions of a heat diffusion model for our experimen-
tal conditions and assuming an electron pulse width com-
parable to that of the fundamental laser pulse, we con-
clude that these effects can lower the experimentally
measured peak surface temperature rise by approximate-
ly 20%. Measurements of the electron pulse width and
space-charge broadening effects were previously per-
formed on the photoactivated electron gun used in this
study [14(b)]. For the initial experiments, the sample
was biased at temperatures of 450 and 533 K, well below
Tm. The angle of incidence of the electron beam on the
surface and the azimuthal orientation of the sample were
kept constant for all the RHEED streak intensity mea-
surements. The RHEED streak intensity, normalized to
that at 450 K is shown in Fig. 2 for various peak laser in-
tensities. To convert the normalized streak intensity to a
temperature rise, h, T, the calibration of Fig. 1 is utilized.
The inset of Fig. 2, where AT is plotted versus peak laser
intensity, is the result of this conversion. A linear rela-
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tion between hT and peak laser intensity is observed
which is consistent with classical heat diAusion. The
maximum peak temperature in all of these sets is less
than Tm. These sets give AT for a given peak laser inten-
sity.

We next discuss experiments in which the RHEED
streak intensity, normalized to that at a given bias tem-
perature Tb;„, was obtained for various peak laser inten-
sities. Results are shown in Fig. 3 for four experiments
representing bias temperatures successively closer to T,
where the set in Fig. 3(d) is biased just 11 K below T .
These sets were obtained at the time to. In each of the
sets, the normalized streak intensity is observed to vanish
at suSciently high laser intensities, indicating that order
has been lost in the probed surface layer. It is observed
that as Tb;„ is raised, the peak laser intensity necessary
to disorder the probed surface layers decreases from
—43 x 10 W/cm for Tb» =533 K to —18 x 10
W/cm for Tb;„=590 K. The peak surface temperature
when the normalized RHEED streak intensity vanishes is
obtained using the data of Fig. 2, which yields the surface
temperature rise, h, T, for a given peak laser intensity. In
each of the sets of Fig. 3, the lowest peak laser intensity
which corresponds to a vanishing RHEED streak intensi-
ty is converted to a temperature rise using the calibration
of Fig. 2. When this is accomplished, we see that the
peak surface temperature, Tb;„+AT, when order is lost
in the probed layer is 607, 621, 611, and 619 K for Figs.
3(a)-3(d), respectively. The average peak temperature
at which order is lost is —615+ 20 K. The error bar ac-
counts for (i) the spread of the static RHEED data, (ii)

FIG. 2. Time-resolved RHEED streak intensity vs peak laser
intensity on Pb(100) irradiated with Nd: YAG (X=1.06 pm,
200 ps) laser pulses. The sample was biased at a temperature
of 450 K and the RHEED pattern was observed at the time of
its intensity minimum. The inset is a plot of surface tempera-
ture rise, h, T, vs peak laser intensity that is the result of convert-
ing the normalized streak intensity data to a h, T using the cali-
bration of Fig. 1. This is used to determine the surface temper-
ature rise for data sets where the sample bias temperature is
closer to T . The eAect of convolution is not accounted for in

these data.
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FIG. 3. RHEED streak intensity normalized to that at the
sample bias temperature vs peak laser intensity. The streak in-

tensity is observed to vanish for peak laser intensities above a
certain threshold. This threshold is used along with the data of
Fig. 2 to determine the surface temperature at which order is

lost in the probed layers.

the spread of the temperature-rise data of Fig. 2, and (iii)
the nonuniformity of laser heating, which is measured to
be + 25% over the entire width of the sample. Our re-

ported peak temperature does not account for convolution
effects, which were mentioned earlier, and assumes that
the thermal and optical properties of the sample do not
change significantly over the considered temperature
range. Including these effects in the analysis would lead
to a somewhat greater peak surface temperature. In ad-
dition, since to a first approximation h, T is proportional to
peak laser intensity, the data of Fig. 3 suggest that the
loss of residual order is not abrupt.

Further experiments were performed to examine the
temporal behavior of the heating and disordering process.
In these experiments, the normalized RHEED streak in-

tensities were obtained at various delay times between the
arrival of the heating laser pulse and the electron probe
pulse at the surface of the sample. Results for varying
sample bias temperatures and incident peak laser intensi-
ties are shown in Fig. 4. In Figs. 4(a) and 4(b), the sam-

ple was subjected to laser intensities suSciently only to
heat the surface but not cause disorder. These sets exhib-
it qualities consistent with laser heating with heating and
cooling rates on the order of 10'' K/s: a rapid decrease
in the streak intensity, as the surface temperature rises
with the arrival of the heating laser pulse, followed by a
rapid increase in streak intensity as the heat is conducted
to the bulk of the crystal. In Fig. 4(c), sufficient laser in-

tensity was provided to disorder the probed surface layer
as is evident by the vanishing streak intensity near 1 ns.
After disordering, the surface recrystallizes and cools as
is seen from the increasing streak intensity for later
times. Finally, in Fig. 4(d), the streak intensity remains
suppressed for times ~ 4 ns after the initial disordering.
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FIG. 4. Time-resolved normalized RHEED streak intensity
on Pb(100) with diff'erent bias temperatures, Tb;... and peak
laser intensities, I~ (a) Tb;„=. 321 K, l~ =4.4x107 W/cm .
(b) Tb;„=570 K, Ir =2.3x 10 W/cm~. (c) Tb;„=570 K,
le=3.4xIO W/cm~. (d) Tb;,.=570 K, 1~=5.1x10 W/cm .

This is an indication of melting on the surface. In all of
the experiments reported here, no surface damage was
observed.

In conclusion, we have observed residual order to be
present on Pb(100) at a peak surface temperature of
615 ~20 K. Considering that the previously mentioned
convolution eA'ects lower the experimentally measured
peak surface temperature, it is likely that residual order
is present above T . At this high temperature, however,
the surface most likely contains a high density of defects
such as vacancies [5]. The presence of vacancies would
be expected to lower the degree of superheating by pro-
viding nucleation sites for melting. Indeed, compared
with the results obtained on Pb(111), where superheating
to —720 K was observed [16], the results on Pb(100)
show evidence of residual order at a significantly lower
surface temperature. Finally, these experiments show
that there exists a barrier for the growth of the disordered
layer thickness on Pb(100) at temperatures above T .
At temperatures greater than our observed peak tempera-
ture, a second layering transition may occur that would
result in a disordered layer thickness of 4'/k~ —5.7 A, a
depth that exceeds the 5 A probed by our electron beam.
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