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The step density on the vicinal Pb(l 11) surface after Iaser superheating and

melting is investigated using reflection high-energy electron diftlaction. The (00) beam-.

profiles parallel and perpendicular to the incident beam are analyzed. For laser heating

with -100 ps laser pulses, surface superheating does not significantly change the density

of the steps and step edge roughness. A sudden increase in the average terrace width is

observed after laser surface melting. The average terrace width and the string length at

the step edge become as large as those at room temperature. The average terrace width at

573 K changes born 38+15 to 64*19 ~ after laser surface melting, while the average

string length at the step edge changes Iiom 50+12 to 250+38 ~.
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For many years, it has been believed that melting is initiated at the surface and

that, like crystallization, it occurs by nucleation and growth of defects. The primary

factor governing surface melting is the interracial free-energy difference between the

ordered solid surface and the surface wetted by its melt [1],

A’( = 7s, - Yd - YIV

where yW, y,~, y,, are the solid-vapor, solid-liquid, and liquid-vapor interracial free

energies, respectively. For Ay >0, the free ener=g of the surface is reduced by the

formation of a thin disordered layer when the temperature is below the melting point, T.,

and surface premelting occurs. Supercooling of the melt is a well-demonstrated

phenomenon attributed to a nucleation barrier to solidification that is a result of the

increase in flee energy due to the formation of a solid-liquid interface. Superheating of.

solids, however, is rarely obsemed due to the presence of a thin disordered surface layer

formed below T., which provides a nucleation site for melting. The general trend is that

close-packed surfaces do not premeIt while open surfaces disorder below T.. While the

top atomic layer of Pb(l 10) disorders at a temperature as low as 150 K below T.,

Pb(l 11) remains ordered up to T. [2,3]. This was confirmed by medium-energy ion

scattering experiments on Pb(l 11), and its vicinal surfaces, performed at temperatures up

to T. -0.05 K [3]. A sudden increase in terrace width on the Pb(l 11) surface was

obsemed above 580 K [4].

Superheating of Pb{111 } bounded microcrjstallites by a few degrees above T.

was previously observed [5]. More recently, superheating of Pb(l 11) and Bi(OOO1), and

some superheating of Pb(100) by- 180 ps laser pulses was observed in time-resolved

reflection high-energy electron dil%action (RHEED) experiments [6-8]. During and

following pulsed laser kadiation, the .s.u+acesuperheats up to -120 K and -90 K above

the bulk melting point of Pb and Bi, respectively. In contrast, the open Pb(l 10) surface

premelts for similar laser heating conditions [9]. For the Pb(100) surface, evidence of

residual order above T. was also observed [7].

Using molecular dynamics (MD) simulations, the surface melting behaviors of

several fcc metals were modeled [10,11]. Tolls et. al. modeled the melting of Al(l 11)

using the glue potential, which is expected to be an accurate treatment for noble metals.
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Superheating by 149+18 K was observed even for very long MD runs extending up to 2

ns [10]. This model showed good agreement with the experimentally observed

superheating ofPb(111 ) [6]. Htikkinen and Landman used the many-body embedded

atom potential to simulate pulsed laser heating of Cu( 11O)and Cu(111) [11]. The reason

why they chose Cu rather than Pb, as in the experiments of Herman and Elsayed-Ali [6],

was the availability of accurate parameters for the embedded atom potential in the case of

Cu. In their model, superheating of Cu(l 11) by 40 K above T. was observed, while

Cu(l 10) melted. An interesting observation was that even a hi-@.lydamaged Cu(l 11)

surface, with as much as 10°/0preexisting vacancies, could also be superheated. This is

surprising, since melting nucleates at defects, a highly defective surface is not expected

to superheat. However, the MD simulations showed that this large concentration of

vacancies and adatoms anneal through a non-divisional, cooperative mechanism in

which the adatoms settle in the top layer, while the cooperative surface atom movement

resuhs in the filling of vacancies. The surface became atomically flat. Thus, superheating

was shown to repair the surface [11]. This surface annealing mechanism was attributed to

the high vibrational amplitudes which atoms are forced into by the ultrafiist superheating

pulse.

We have investigated surface step density after laser superheating of Pb(l 11)

using RHEED. We used similar experimented conditions as those previously used in

time-resolved RHEED experiments on superheating of Pb(l 11) [6]. The present

experiments were initiated in order to investigate the proposed surface annealing by

superheating [11]. By carefidly analyzing the RHEED intensity profile, the average

surface step terrace size can be obtained [12,13]. Pb(l 11) maintained at 573 K, T. =

600.7 K, was heated by a pulsed laser with a pulse width of -100 ps measured at fidl-

width at half maximum (FW13M). After laser superheating, we fmd that the average

terrace width and the average string len5@ at the step-edge increase and become as large

as those at room temperature. The terrace width is defined as the distance of a flat surface

area between an up and a down pair of steps. The string length is the length of a straight

line of atoms at a step edge, %ounded by an up and dovm atomic steps at the edge. A

sudden increase in terrace width is achieved when the laser fluence is high enough to
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cause surface melting after superheating.

An ultrahigh vacuum chamber equipped with RHEED and Auger systems was

used. The residual gas pressure in the chamber was less than 7X101’Torr. The electron

beam energy used for RHEED was 9 keV. A single-pass cylindrical-mirror electron

energy analyzer for Auger was used to check for surface impurity. A 6.4 ti diameter, 2

mm thick Pb(111 ) single-crystzd with 99.999°/0purity was used. The sample surface was

chemically polished and was sputtered clean at 520 K using an argon ion beam with 1.5-

2 keV energy. After sputtering and annealing the saxnple at 500 K for more than 10

hours, the Auger spectrum did not show any detectable impurity and we obtained a sharp

1x I RHEED pattern of the Pb(l 11) surface. The temperature was measured by two

thermocouples clipped onto the crystal surface. The thermocouples were calibrated to the

bulk melting-temperature of Pb and the boiling point of distilled water. A temperature-.

uncertainty of *2 K near the Pb melting point and +1 K near the boiling point of water is

estimated. Temperature stabili~ within +0.1 K was attained using a temperature

controller.

The RHEED patterns were acquired using a charge-coupled two-dimensional

array detector interfaced to a personal computer. A Nd:YAG (yttrium aluminum garnet)

laser operating at a wavelength ~ = 1.06pm and a pulse width of -100 ps with 50 Hz

repetition rate was used to heat the sample. The temperature rise of the Pb(111) surface

due to laser pulse irradiation was calculated born a one-dimensional heat diffusion model

[14]. For 1 mJ laser pulse energy, the corresponding fluence on the surface is

(9.&tl .6)x 10sW/cm~.The error bar in the fluence is mainly due to the estimated spatial

non-unifonni~ in the heating laser, which was measured to be 18°/0over an area

equivalent to the surface area of the Pb(l 11) crystal. This measurement was

accomplished by scanning the laser beam by a - 100 ~ pinhole and, therefore, does not

account for microscopic non-uniformity that can occur in the laser spatial profile. The

laser pulse energy was varied flom 2.9 to 14.4 mJ, causing a calculated peak AT of

45* I OK for the 2.9 mJ pulse energy.

Figure 1(a) is a RHEED pattern taken of the clean Pb(l 11)-1x 1 surface obtained
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at room temperature with an electron energy of 9 keV incident along the [11O]direction

of the Pb crystal. The angle of incidence of the electron beam was -4.1°, corresponding

to the out-of-phase condition, in which the (00) beam profile is sensitive to surface steps

or islands. SXand SYare the components of the momentum transfer parallel and

perpendicular to the elec~on beam, respectively. Fig. l(b) is a three-dimensional RHEED

intensity profile of the (00) beam in which a splitting producing two peaks along the

[110] direction of the Pb crystal is observed. This indicates that surface steps are vicinaI

and perpendicular to the [1 10] direction, as schematically shown in Fig. 1(c) [13, 15].The

measured spacing between the two spiit peaks along the [110] direction is 0.246+0 .07~-’.

Taking into account the instrumental response of 0.172 &’, the vicinal terrace width of

the studied Pb(l 11) surface obtained at room temperature is 85+25 ~. The instrumental

response is obtained born the full width at half maximum (FWHM) of the (00) beam at

the in-phase condition [16- 18]. In addition, the intensity profile perpendicular to the

[110] direction was analyzed. This gives information on kinks and meanders at the step-

edge. Meanders refer to a turning or winding of the step at its edge, increasing the step

edge roughness. Fitting the intensi~ profile of the (00) beam to a Lorentzian function, a

FWHM of O.14&0.02 ~’ was obtained. Thus, the measured average string length at the

vicinal step-edge obtained at room temperature is 22@E33~. h instrumental response of

0.114 ~-’ is used for the dmection perpendicular to the electron beam. When the surface

temperature is increased, the splitting in the peak becomes broad, indicating that the

terrace width is decreased. Upon heating the surface above 543 ~ the spiitting in the

peak disappeared and the peak profile became a Lorentzian. This is due to either an

increased randomness in terrace width or meandering at step edges, in particular, near the

bulk melting point [13]. At 573 K, the measured average terrace width and average string

length decrease to 42E17 ~ and 7@E21~, respectively. Above 573 K, the measured

average terrace width and string length continue to decrease up to 590 K. This

measurement indicates that the vicinal Pb(111) surface undergoes a roughening transition

at step edges due to the thermally generated meand@ng at step edges causing the

obsemed changes in the average terrace width and string length and the disappearance of

the splitting peak.
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We next describe the change in surface step densityofPb(111) after laser

superheating. The sample was first heated from 323 K to 573 K on a hot stage. RHEED

patterns were acquired at different temperatures. The surface was then treated with 1000

laser pulses. This number of laser pulses was used to establish equilibrium conditions for

surface roughness for a particular laser fluence as will be discussed kiter. A RHEED

pattern was acquired tier laser treatment. The sample was then cooled back to 323 K.

The measurements were repeated for different laser pulse energies. RHEED profile

analysis showed that the average terrace width changed after laser heating. Upon cooling

back to 323 K followed by heating to 573 K, the average terrace width became nearly the

same as that prior to laser treatment. This temperature recycIing after laser irradiation

allowed us to bring back the surface to nearly the same surface roughness conditions

prior to each laser treatment. The substrate is heated from 323 K to 573 in about 10
..

minutes and is cooled to 323 Kin approximately 45 minutes. Figure 2(a) shows one-

dimensionaI RHEED intensity profiles of the (00) beam parallel to the [110] direction of

the Pb crystal at the out-of-phase condition before and after laser heating with a laser

pulse energy of- 14.4 mJ and a total of 1000 laser pulses. These profiles were taken at

573 K with the electron beam incident along the [110] direction. After laser heating, the

peak intensity becomes larger and the FWHM of the profile becomes narrower. This

indicates that the average terrace width of the steps increases. At this temperature, the

profile does not show splitting, due to meandering at the step edges. RHEED profiles of

the (00) beam taken perpendicular to the [110] direction of the Pb crystal, Fig. 2(b), show

similar trends to those parallel to the [110] direction. This indicates that the average

string length at the step edge is increased after laser heating.

The FWHM of the (00) beam intensity profiIes parallel and perpendicular to the

[110] direction of the Pb crystal was measured before and after laser heating. The sample

was maintained at 573 K during these measurements. The average surface terrace width

and the average string length at the step edge is obtained after accounting for the

instrumental response. A total of 1000 laser pulses were used for each irradiation

condition and laser heating was performed while the sample was kept at 573 K using a

heating stage. Figure 3(a) shows that the average terrace width after laser heating does
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not change significantly below a laser fluence of (9.7+1.7)x 107W/cm* corresponding to a

-10.8 mJ pulse energy. Above that laser fluence, the average terrace width increases

from nearly 38 ~ to 64& becoming about the same as that at room temperature. The

average terrace width was measured before each laser heating and is shown in Fig. 3(b).

After laser heating at each fluence, the sample was cooled to 323 K, then thermally

heated again to 573 K. The measurements reported in Fig. 3(b) are obtained prior to

surface heating with the laser energy indicated. As shown in Fig. 3(b), this cooling of the

sample followed by heating to 573 K results in a terrace width of -40 )$. The terrace

width increases afler laser heating with an energy above -10.8 mJ. Figure 4(a) shows

the measured average string length after laser heating, which is an average of all lines of

atoms at the step edge, as schematically shown in the insert. Below a laser energy of -

10.8 mJ, the average string length is not affected by laser heating. Above that energy, the
“’

average string length changes from - 50 ~ to -250 ~. Figure 4(b) shows that the average

string length before iaser heating is 70 to 100 ~. Comparing Fig. 4(a) with Fig. 4(b), a

noticeable increase in the average string length is shown after heating with a laser energy

above -10.8 mJ. At 573 K and after laser heating, we did not observe the splitting peak

as seen at room temperature, which means that the surface terrace width remains random

or that the surface undergoes faceting, as discussed later, even though meandering at step

edges is decreased as shown in Fig. 4(a).

Based on kinematic difiaction, we conclude that these FWHM changes in the

RHEED profiIes are completely’due to changes in step density and step-edge roughness,

not vacancies [15, 19]. From these RHEED profiles, we obtain the changes in the average

temace width and string length. Without taking into account the instrumental broadening,

the RHEED intensity from a two-dimensional monatomic stepped-surface is given by:

[13,15]

I(S) = ~(S)+ ll(S)

= e-2M{2fl(l-fl)[l-cos(SZt)]H(S,,, 6) + [1-20( 1-(3)][1-cos(SZt)]) (1)

where S is the momentum transfer with components parallel and perpendicular to the

surface, S,, and S,, and e-2Mis the Debye-WalIer factor. EIis the surface coverage, and t is

the single step height. H(S,,, (3)is a height correlation function. L(S) produces a diffuse
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intensity in the shape of a Lorentzian function with FWHM depending on step density.

For a vicinal stepped-surface, the diffhse intensi~ is more complicated and gives a

splitting shape [15]. If the surface is two-dimensional containing only vacancies, the first

term becomes [13,19]

$(S) = e-m {20(1-(3)[ l-cos(SZt)]}. (~)

An increase in vacancy density causes the background intensity to increase without

broadening of the RKEED profile. For Pb(l 11), FWHM changes were observed and

imply that the step model applies to high temperature disorder of Pb(l 11).

For heating with a laser energy less than 10.8 mJ, we do not observe a noticeable

change in the average terrace width or string length. According to our heat diffusion

model, the maximum surface temperature rise due to the -10.8 rnJ, 100 ps FWHM, 1.=

1.06 pm laser pulse is 14&37 K above T.. Our previous time-resolved RHEED

experiments onPb(111 ) showed that the maximum superheating temperature was -120

K [6]. This measurement was performed with- 180 ps FWHM Iaser, and did not account

for convolution effects arising from the electron pulse width being about the same width

as the laser heating the surface. These convolution effects reduce the observed

superheating. Considering convolution effects, the *1 8°/0estimated nonuniformity of the

laser heating, the uncertainties in the values of the different parameters in the model, in

addition to the shorter laser pulse used in the present experiments, we conclude that the

maximum superheating is reached for -10.8 mJ laser energy. At higher energies, the

surface melts. Thus, superheating of the Pb(l 11) surface without subsequent melting does

not lead to a noticeable annealing of surface steps. For laser pulse energies sufficient to

cause melting after superheating, a sudden increase in the average terrace width and the

average string length is observed.

The results presented in Figs. 2-4 were all obtained for surface treatment with

1000 laser pulses. Surface roughness was strongly dependent on the number of laser

pulses the surface was exposed to for a particular laser fluence. Fiewe 5 shows the

changes in the average terrace width and string length with the number of laser pulses

used for a laser energy of- 11.7 mJ, which is above the threshold for surface melting.

The changes in both the average terrace width and the average string length reach
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equilibrium after surface exposure to -500 laser pulses. After -2000 laser pulses, the

average terrace width and string length decrease, indicating that surface damage starts to

occur. This could be due to microscopic hot spots in the laser heating pulse causing

accumulated l=er darnage to the surface. For a laser fluence below that required for

melting, surface roughness is not affected by the laser pulses. For surface heating with a

single laser pulse, we did not obsewe any change in the average terrace width and string

length for laser energies up to -14.4 rnJ.

In the MD simulations of superheating of Cu(l 11) by H&kinen and Landman

[11], a vacancy annealing mechanism, repairing the surface through superheating, was

proposed based on a non-diffusional cooperative movement of surface atoms. In this

mechanism, high density of vacancy clusters are annealed by the action of adlayer islands

which embed locally into the topmost layer. This mechanism is thought to be a result of

the increased surface atomic vibrational amplitude by superheating. For Pb(l 11), our

results show that superheating, by itself, does not anneal surface steps. When the

threshold for superheating is exceeded and surface melting occurs, a significant reduction

in step density and average string length on these steps is observed tier a number of

laser pulses. Pinxteren et. al. obsemed that for Pb(l 11), surface-melting-induced faceting

occurs at high temperature [3]. If the stiace is disoriented with respect to the (1 11)

orientation, the surface decomposes at high temperature into dry and melted facets with a

variety of orientations. In our experiment, the fact that the split in the (00) RHEED peak

profile was not observed at 573 K after laser surface melting, even though there was a

large increase in the average step width and string length, could be explained by facet

formation. Faceting of the vicinal Pb(l 11) was reported in the MD simulation of

Bilalbegovi6 et. al. [20]. At room temperature, the vicinal surface of Pb(l 11) is a

monatomic stepped surface. At T = 0.97 T., - 583 K, the vicinal surface of Pb(l 11)

shows the occurrence of a facet with a flaL crystahe(111 ) surface, and a tilted, melted

surface. The facet with 5 monatornic step height and a variety of orientations, between

18° and 27° away from the (1 11) orientation, produces a large step terrace. The

broadening terrace width is approximately 1.67 times the terrace width of a monatomic

step at room temperature. The equilibration time for the formation of a facet is about 1
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ns. The temperature for surface-melting induced faceting in our experiments should be

higher than that estimated in the MD simulation, 583 K, since we did not obsewe a

sudden increase in the terrace width up to 590 K [21]. For a laser fluence above the

surface melting threshold, facet formation can occur after surface melting. With each

laser shot of- 100 ps measured at FW_HM,the stiace is heated above the melting

threshold for -150 ps, in which the mobility of surface atoms is much higher than that

for the solid [22]. During that time, the facets can easily grow. After each laser pulse,

defaceting is slow because the sample is maintained at 573 K, close to a temperature at

which the facets form [3~20].The subsequent laser pulse makes the facets grow even

fiuther. After -400 laser pulses with an energy of- 11.7 mJ the facet size reaches an

equilibrium, as shown in Fig. 5. The equilibrium terrace width after 400 puIses becomes

-80 ~, about twice the terrace width prior to laser melting, which is consistent with the

factor of 1.67 obtained from the MD simulation [22].The change in the temace width is -

40& therefore, the growth rate of a terrace is- 0.1 ~ per puIse. For 1 laser pulse, the

change in the terrace width, 0.1 ~, is too small to observe. By cooling the sample to room

temperature and then heating it up to 573 L the terrace width became about the same as

that prior to laser treatment. This is because at low temperature, the facet is not stable and

defaceting occurs fmter than that at 573 K. For a Iaser fluence suff~cient to cause surface

superheating but below the threshold for surface melting? the mobiIi~ of surface atoms

remains small, consistent with that for a solid surface. Therefore, the terrace width does

not change and the surface is not annealed.

In conclusion, for Pb(l 11) heated with -100 ps laser pulses, superheating does

not significantly change the average step width or the step edge roughness. A sudden

increase in terrace width is achieved only when the laser fluence is high enough to cause

surface melting after superheating. The average terrace width and the average string

length at the step edge become as large as those at room temperature. The average terrace

width at 573 K changes Iiom 38+15 to 64+19 ~ after laser heating, while the average

string lenati at the step edge changes from 50+12 to 25&38 ~.
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Figure Captions

Fig. 1.

Fig. 2.

...

Fig. 3.

Fig.4.

Fig. 5.

(a) A R.HEEDpattern taken of the clean Pb(l 11)-1x 1 surface at room

temperature with an electron energy of 9 keV incident along the [110] direction of

the Pb crystzd.The angle of incidence of the electron beam is -4.10,

corresponding to the out-of-phase condition. S, and SYare the components of the

momentum transfer parallel and perpendicular to the electron beam, respectively.

(b) A RHEED intensity profile of the (00) beam. The average vicinal terrace

width on Pb(l 11) at room temperature is 85*25 ~. The average string length at

the vicinal step-edge at room temperature is 24W33 ~. 0 A schematic illustration

of vicinal steps.

(a) RHEED intensi~ profiles of the (00) beam taken at 573 K before and after

laser heating with -100 ps, - 14.4 mJ, 1000 laser pulses. The RHEED profiles

are taken parallel to the [11O]direction at the out-of-phase condition. After laser

heating, the profile becomes narrower with a larger peak intensity. (b) The

profiles taken of the (00) beam perpendicular to the [110] direction, which show

the same trend with laser heating as for (a).

(a) The average terrace width remains almost unchanged for a laser fluence of

(9.7+1 .7)x 107W/cm* corresponding to a --10.8 mJ puke energy. For higher

energies, it increases from - 40 to -70 ~, becoming about the same width as that

at room temperature. (b) The average tenace width befare laser heating is shown

to be -40 ~.

(a) The average string length after laser heating changes from -50 to -250 ~,

above a laser pulse energy of -10.8 mJ. (b) The average string length before laser

heating varies from -70 to - 100&

Changes in the average terrace width and string length with number of heating

laser pulses for a laser energy of -11.7 nd which causes surface melting. (a)

Average terrace width. (b) Average string length.
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