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Molecular-dynamics study of surface relaxation, stress, and disordering of Pb(110)
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Using an empirical many-body Hamiltonian fitted to bulk and surface properties of lead, we have
studied the temperature-dependent structural transformations on Pb(110) by molecular-dynamics simu-

lation. The surface is observed to undergo an anomalous thermal expansion prior to disordering at
T-500 K, in good agreement with recent ion-scattering and low-energy electron-diffraction studies.
Behavior of the layer-resolved structure factors indicates that the disordering process is anisotropic and
occurs in a layer-by-layer fashion. Simulation results are also consistent with experimental observations
of surface roughening near 400 K as well as the formation of a quasiliquid surface phase above 500 K.
The intrinsic stress anisotropy hg, present on all fcc (110)surfaces, vanishes at T-590 K, suggesting the
possible existence of a liquid film at the surface. By examination of the structural-anisotropy data taken
at various temperatures, we confirmed that complete melting of the surface layer is achieved at -590 K.

I. INTRODUCL ION

The amount of experimental data on the thermal
behavior of the low index lead surfaces has risen steadily
for the past few years due to the availability of high-
quality Pb single crystals with a minimum amount of
subgrain boundaries and other defects. Moreover, lead is
a very interesting material in the sense that among all its
neighbors in the fourth column of the Periodic Table, it is
the only real fcc metal. Moreover, it is extremely ductile,
has a low melting temperature and very low vapor pres-
sure, not to mention that it has long acquired an impor-
tant status in the petrol chemical industries. The fact
that it can display a rich variety of surface phenomena as
found in recent studies on Pb(110) justifies its popularity
as a laboratory test case in the field of surface science.

One of the earliest measurements of surface properties
of lead were made on Pb crystallites where it was shown
that the surface energy of the (100) face is only slightly
larger than that of the (111) face, with the ratio of the
two being about 1.02 between 473—573 K.' However, the
real excitement only began when techniques were devised
that facilitated characterization of the surface structure
at elevated temperatures. Using low-energy electron
diffraction (LEED), Breuer et al. investigated the multi-
layer relaxation of Pb(110) at 130 and 300 K and showed
that the first few layer spacing actually exhibited an oscil-
latory behavior in addition to a strongly compressed sur-
face layer. Strong contraction of the first interlayer spac-
ing was also reported by Li et al. from results of LEED
analyses. Despite its usefulness, LEED-I(E) measure-
ments which were needed for the spatial determination
are practically impossible for T)300 K due to significant
Debye-Wailer scattering for Pb(110) above room temper-
ature. Nevertheless, evidence for anomalous thermal ex-
pansion at the Pb(110} surface were presented by Frenk-
en, Huussen, and van der Veen using a combination of

ion shadowing and blocking techniques. By employing
the same method, Frenken and co-workers showed that
surface premelting occurred at about 100 K below the
bulk melting point on the same surface (i.e., T =600.7
K}. This observation was supported by x-ray photoelec-
tron diffraction studies where it was found that the
angle-dependent forward-scattering enhancements de-
creased with increasing temperature, at first slowly up to
about 500 K, followed by a steep decrease towards T .
This steep decrease is interpreted as being due to a mas-
sive disordering of the Pb(110) surface, in agreement with
the Rutherford backscattering data. The extension of the
above investigation to the behavior of the quasiliquid lay-
er (QLL) (Ref. 7) revealed an increasing melt thickness
with temperature, which followed first a logarithmic
growth law ~ln(T —T)~, then asymptotically a power
law (T —T) ", with r =0.315+0.015. Subsequent stud-
ies of the two-dimensional self-diffusion processes at the
disordered surface using the quasielastic scattering of
low-energy He atoms gave strong indication of direction-
al anisotropy. The results also inferred that at T ~450
K, the surface atoms are anomalously mobile and at
T~ 550 K, surface mobilities are found to exceed the
bulk liquid value. The high mobility of adatoms was
clearly demonstrated by temperature-dependent scanning
tunneling microscopy measurements on Pb(110) (Ref. 9)
where workers systematically observed a jump to contact
with the tip followed by the subsequent buildup of a siz-
able neck above room temperature.

Another kind of disordering that can occur on loose-
packed crystal surfaces is called roughening. ' Here the
atoms still occupy the crystalline positions, while in the
premelted surface, crystalline order decays from the
crystal-liquid to the liquid-vapor interface. Thermo-
dynamically, the roughening transition is characterized
by the vanishing of the step free energy for steps on the
facet that roughens up while the conditions for premelt-
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ing of a crystal face is given by ysv & ysz +yLv where the
free energies are those for solid-vapor (SV), solid-liquid
(SL), and liquid-vapor (LV) interfaces, respectively. Par-
ticle growth experiments indicated a roughening of the
Pb(110) surface near 390 K." Roughening was also ob-
served by high-resolution low-energy electron diffraction
(HRLEED) near 415 K (Ref. 12) where a high density of
surface steps is generated. The transition is defined to be
of the Kosterlitz-Thouless kind (infinite order) (Ref. 13)
in which the surface height-height correlation function
diverges logarithmically. It has also been shown that
modification of surface structures and roughening phase
transition in Pb(110) can result by the addition of impuri-
ties. ' All these suggest that roughening and premelting
can occur on the same surface. Current evidence indi-
cates that the pure Pb(110) surface undergoes a roughen-
ing transition at -400 K, followed by substantial disor-
dering of the near surface region at -525 K.

Although it is widely accepted that Pb(110) is non-
reconstructed, recent findings using different surface
probes seem to suggest that this surface is capable of a
large variety of ground-state structures ranging from
(1X1),c(2X4), (1Xn), and (2Xn) to microfacetted, de-
pending upon thermal history. ' As a further surprise,
HRLEED studies by Yang et a/. ' have indicated the
presence of a novel phase on the Pb(110) surface below
400 K. They believed that the observed surface phase
which contains two layers of atoms separated by double
steps may be related to a class of disordered flat phases
predicted recently by Rommelse and den Nijs. ' Despite
the wealth of information that is available for the Pb(110)
surface as seen from the examples above, little has been
done on the theoretical side via simulation due to the lack
of a realistic model potential. To our knowledge, there is
only one molecular-dynamics study on the disordering of
Pb(110) using the embedded atom method' although it
has been also applied with some success to an investiga-
tion of the energetics of the formation and migration of
defects in Pb(110).' However, the potential used in these
studies is questionable at high temperatures where anhar-
monic effects become important as it does not seem to
produce the correct melting temperature. In particular, a
simulation run at 650 K for 100 psec failed to show com-
plete bulk melting. The objective of this paper is to use a
recently proposed "glue" Hamiltonian to study surface
relaxation and stress, in addition to elucidating the mi-
croscopic mechanism of surface disordering on Pb(110)
by molecular-dynamics simulation. In Sec. II, we give a
brief description of the glue Hamiltonian and the simula-
tion method. Section III is devoted to a detailed discus-
sion and analysis of the results. This is followed by con-
clusions in Sec. IV.

II. METHOD

The two slabs used in this work are made up of 16
(110) layers of 14X5 atoms each. One is longer in the
[001] direction while the other has a larger dimension in
the [110] direction. The reason for choosing such an
asymmetric cell is that the same samples will be used in a
future study on the mechanism of diffusion in a molten

surface along the two orthogonal directions, thus requir-
ing a good resolution in the wave vector to be able to
identify the possible local minimum in the full width at
half maximum of the dynamic structure factor. Having
two small asymmetric samples instead of one large sym-
metric slab leads to a considerable saving of CPU time,
especially in the calculation of the dynamic structure fac-
tor. 'At'e verified that both samples gave consistent
behavior in the high-temperature regime and hence, only
one is used in subsequent discussions. Periodic boundary
conditions are imposed in the lateral directions to mimic
an infinite surface. Atoms belonging to the bottom four
layers are held fixed to simulate the infinite bulk. During
the heating procedure, the lattice constant of the sample
is set to correspond to the simulated temperature accord-
ing to an independently simulated zero-pressure thermal
expansion curve for bulk lead. Atoms in the slab interact
through a force field derived from a classical many-body
"glue" potential. This method has been applied previous-
ly to studies of the structural, dynamical, and thermo-
dynamical behavior of Pb clusters, of the stability of
stepped Pb(111) surfaces, ' and of the interaction between
a tip and a surface. A similar potential fitted to gold
has also been successfully applied to the study of surface
reconstruction and premelting on low index Au sur-
faces. Briefly, the total potential energy V for a given
arrangement of atoms is given by

where P(r) is a two-body short-ranged potential and
U(n) is a many-body function that describes the gluing
effects of the conduction electrons. The "generalized
coordination" n; of atom i is a superposition of some
fictitious "atomic charge densities" p( r;, ),

where p(r) is a short-ranged monotonically decreasing
function of distance.

The values of the three functions, P, p, U, and their
derivatives at some fixed points are determined from fits

to experimental quantities while the shapes of these func-
tions far away from the fitting points are "fine tuned" to
give a good overall description of the real material by us-

ing simulation in the fitting procedure to monitor thermal
properties, and by looking at different geometries. This
results in a potential with a degree of transferability to
different physical situations which is diScult to achieve

by traditional fitting schemes. In our case, the potential
has been fitted to the cohesive energy, surface energy,
elastic constants, phonon frequencies, thermal expansion,
and melting temperature, following Ref. 24 for Au. In an
independent study, we have determined the thermo-
dynamical melting point to be -618+3 K which is in

reasonable agreement with the experimental value.
While details regarding the fit and the melting tempera-
ture will be published elsewhere, it is important to note
that the surface energy, absolutely crucial for an accurate
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description of surface energetics, is one of the fitted quan-
tities (in particular, y =38 meV/A at T=0 for "an aver-
age crystal plane" from Ref. 26). Parametrizations based
on other fitting schemes often suffer from surface energies
xnuch lower than the experimental ones. Despite the
emphasis on surface properties, it is encouraging to note
that there is good agreement between simulated and ex-
perimental values for bulk properties that are not used in
the fitting process. For example, the bulk vacancy forma-
tion energy calculated with our model potential (-0.434
eV) is reasonably close to the experimental value of 0.5
eV.

The heating procedure is done as follows: We first an-
neal the newly created samples at 300 K using standard
molecular dynamics, then execute a quench whereby
kinetic energy is continuously extracted from the system
until T becomes very close to zero and forces are negligi-
ble. This results in a sample where all layers are optimal-
ly relaxed. Following this, the sample is heated to 100 K
by rescaling the particle velocities at each time step (1
time step=7. 33 X 10 ' sec) for 10000 steps to adjust the
kinetic energy to conform to the desired temperature. A
constant energy run is then performed until the tempera-
ture, density, and order parameters stabilize. This equili-
bration period normally last for about 10000 time steps
although it can take up to 20000 time steps in the high-
temperature regime. Finally, we collect statistics aver-
aged over another 5000 time steps from a constant energy
run. This procedure is then repeated for various temper-
atures in the range of 100-605 K. Results presented in
the following sections are thus averages over two in-
dependent simulation runs, using both samples.

III. RESULTS AND DISCUSSIONS

A. Surface relaxation

The surface relaxation at various temperatures has
been determined experimentally by Frenken, Huussen,
and van der Veen using ion shadowing and blocking
techniques. From the results obtained, they concluded
that the thermal expansion coefficient of a Pb crystal is
substantially enhanced at its (110}surface, which is evi-
denced by a decrease in surface contraction with temper-
ature. This can be summarized as follows: At 29 K, the
net shift hd&bid=+4~ &Ad;;+&/d of the first layer with
respect to its truncated bulk position equals—(15.4+2.5) % of the bulk interplanar spacing d. Upon
heating, the contraction decreases (i.e., the surface ex-
pands) nonlinearly to bd &b/d = —(3+5)% at 485 K, at
which temperature the surface becomes partially disor-
dered. The anomalous thermal expansion at a crystal
surface was also predicted by Jayanthi, Tosatti, and
Pietronero in a theoretical study of Cu surfaces.

To investigate the correlation between the loss of sur-
face contraction and the onset of disordering (premelt-
ing), we calculate hd&b/d at temperatures ranging from
100 to about 450K. Our results (see Fig. 1) are in excel-
lent agreement with those obtained by Frenken et al. ,
suggesting that the surface expansion coefficient is not
constant, but increases nonlinearly at high temperature.
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FIG. 1. The temperature-dependent relaxation hd &b /d of the
first layer with respect to its bulk-truncated position.

Unfortunately, efforts to gather more data points at tem-
peratures higher than 450 K failed as it becomes increas-
ingly difficult to determine accurately the distance be-
tween the first two layers due to frequent exchanges of
atoms between them. Analysis of z-resolved density
profiles seems to indicate a vanishing of the surface con-
traction at -500 K, which incidentally happens to be the
point where a quasiliquid layer starts to form in our sam-

ple. However, it has been observed recently in simula-
tion and experiment that surface premelting can also
occur on Au(110), which possesses a strong (-18}%vert-
ical contraction. Therefore, the anomalous surface ex-
pansion of Pb may not be a crucial feature to explain its
melting behavior. It is also interesting to note that simu-
lated Au(110) melts without the creation of vacancy-
adatom pairs that we observe on Pb(110), as shown in the
next section.

B. Surface disordering

The fourfold orientational order parameter 04 for the
first six layers as a function of temperature is shown in
Fig. 2. The definition of 04 is

04= (3)

where the sums run over first- and second-neighbor pairs
and 0,-. is the angle that the i-j bond, projected on the x-y
plane, forms with the x axis. The weight function W,-. is
given by

with 5 being half of the average interlayer spacing and
has the purpose of filtering out all "noncoplanar" neigh-
bors. 04 has a value of 1 for a well-ordered surface and
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FIG. 2. Orientational order parameter 04 versus tempera-
ture for the first six layers of our sample.

FIG. 4. Snapshot of the quasiliquid surface phase at T=566
K. Dark colored balls refer to atoms in the topmost layer.

close to 0 for a surface without orientational or short-
ranged order like in the case of a bulk liquid. At temper-
atures below 300 K, a plot of the atomic positions shows
that no defects are present. Vacancy-adatom pair forma-
tion only occurs at 350 K and above, followed by the
clustering of adatoms at -400 K (see Fig. 3). Despite
the presence of these defects, no anomalous behavior is
observed for 04 in the first layer since atoms still occupy
genuine crystalline positions, thus retaining the orienta-
tional order of the surface. However, a sharp decrease
above 500 K is a clear indication of the onset of premelt-
ing whereby the atom arrangement becomes disordered
as shown in Fig. 4. This is substantiated by a large ca1-

culated value for the in-plane surface diffusion coef5cient
(-2X 10 cm sec ') at this temperature which is very
similar to the experimental bulk liquid value of
2.2 X 10 cm sec '. The surface continues to disorder
with increasing temperature and at 590 K, less than 20%
of the orientational order remains, suggesting that the
surface has a liquidlike character (see Fig. 5). Moreover,
preliminary studies of ~,&z, the width at one-half height
of the dynamic structure factor for the surface layer
above 590 K, show a K dependence even for large wave
vector K. ' This means that surface atoms exhibit a con-
tinuous random diffusion typical of a liquid, rather than
by jumps.

FIG. 3. Snapshot showing the formation of an adcluster
along a [110]trough at T=410 K. Dark colored balls refer to
atoms in the topmost layer.

FIG. 5. Snapshot of the completely melted surface at 7=590
K. Dark colored balls refer to atoms in the topmost layer.
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We examine next the long-ranged translational order
by calculating the static structure factor for each layer,
defined as 1.0—

0.8—

where N is the number of atoms in the layer and ( . . )
stands for ensemble averages. For the rest of the paper,
Q is taken to be (2V2m/a, 2. n /a, 0) where a is the lattice
constant. From Fig. 6, we observe a gradual decrease in
the intensity for the first layer below room temperature.
This can be attributed to lattice vibrations as character-
ized by the Debye-Wailer factor. Above 300 K, a sharp
change in the gradient seems to indicate the onset of dis-
ordering first by vacancy-adatom pair creation as con-
cluded above, followed by a saturation of the disorder in
the surface layer above 500 K. This is consistent with the
above results in that a liquidlike layer starts to form on
the surface at this temperature. Incidentally, Speller
et al. have also observed, using low-energy ion scatter-
ing, that the disorder of the topmost layer is saturated at
480 K. For our case, deeper layers show a similar trend
with the second layer achieving complete translational
disorder (i.e., S(Q)-0) at 590 K. We thus conclude that
we are actually witnessing a layer-by-layer disordering
process. The important question at this stage is how im-
portant is the inhuence of the underlying crystal on the
surface layer in the region 500-590 K. In fact, from the
04 results, the first layer still possesses a substantial
amount of orientational order even though its S(g) is
near zero within this temperature range. One possible
reason for this is the random creation and destruction of
small (110)-like domains, thus effectively destroying the
long-ranged translational order while still maintaining
the short-ranged orientational order within these
domains. Indeed, from Fig. 4, it can be seen that regions
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FIG. 7. Structure factor along x [110]and y [001]for the first

layer as a function of temperature.

with (110)-like orientation are present. This can be un-

derstood in terms of a crystalline potential induced by the
underlying layers. The residual order at the Pb(110) sur-
face is found by Frenken and co-workers to be manifest-
ed in the jump diffusion mechanism along [110] and

[001], the high value of the estimated activation energy
and the pronounced anisotropy in the surface diffusion
constant. Hence, surface atoms will have the tendency to
arrange themselves into (110)-like facets even though
they have a high diffusivity, thus preserving the short-
ranged orientational order of the surface. As the temper-
ature increases further, the second layer will start to dis-
order, resulting in a weakening of the crystalline field at
the surface. To justify our explanation, we indeed ob-
serve that the translational order of the second layer van-
ishes at 590 K where the surface layer is believed to be
liquid. Henceforth, we shall refer to a layer exhibiting
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FIG. 6. Layer-resolved structure factor S(Q„~) versus tem-
perature for the Srst six layers of our sample where

Q„» =(2&2m /a, 2n /a, 0). Layer 1 refers to the topmost layer,
layer 2 to the second, and so on.
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FIG. 8. ~S(Q„—S(Q~)~ versus temperature for the topmost
layer.
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both crystalline and liquidlike properties as a QLL.
Recently, LEED and medium-energy ion-scattering

(MEIS) experiments showed an anisotropy of the surface
disordering process * which was not confirmed by oth-
er LEED experiments. To resolve this issue, we calculat-
ed the structure factor of the first layer for two reciprocal
lattice vectors, Q„=(2'/b)(1, 0) and Q =(2m/a)(0, 1),
where b =a/&2 and a is the bulk lattice parameter. Q,
characterizes order of the layer in the closed-packed
[110]direction while Q» characterizes order of the layer
in the [001] direction, transverse to the closed-packed
rows of atoms. %e have fitted the low-temperature part
of the curves to a Debye-Wailer form exp( —2W(g)T)
and divide this part out of the original S(Q) curves as
suggested by Prince, Breuer, and Bonzel. From Fig. 7,
it is clearly seen that S(Q„) decreases faster than S(Q ).
Furthermore, the temperatures at which both quantities
become zero differ from each other by almost 100 K.
This suggests that the disordering process is anisotropic
and proceeds faster along the closed-packed [110]direc-
tion. Recently, Frenken and co-workers found that at

521 K, the order along the [001] direction is still com-
plete, while the [110] direction already exhibits a large
degree of disorder. This seems to explain their observa-
tion that the diB'usion along [110]does not take place in

jumps of single or multiple interatomic distances while
along the [001] direction, jumps over single lattice spac-
ing is the main diffusion mechanism. Molecular-
dynamics simulation of diffusion on the premelted
Pb(110) surface using the "glue" Hamiltonian (for the de-
tails see Ref. 31) is consistent with the above experimen-
tal results.

To get a different perspective of the surface disordering
precess, we plotted ~S(Q„)—S(Q„)~ versus T for the first

layer as shown in Fig. 8. Above 400 K, the surface be-
comes rough due to the formation of adatoms, adclusters,
and vacancies as shown earlier. This is accompanied by a
sudden increase in ~S(Q„)—S(Q»)~, indicating that the
disordering process is anisotropic. This anomalous de-
crease in order along [110]has been attributed to the for-
mation of adatom-vacancy pairs as expected for the onset
of surface roughening, as discussed in Ref. 6. However,

10 10
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FIG. 9. The two-dimensional pair correlation function G(r) for the first six layers of our sample at T=295(a), 410(b), 453(c),

491(d), 521(e), 566(fl, 587(g), and 605 K(h).
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C. Surface stress

The surface stress of the fully relaxed (110) slab g is
computed as the average value of the xx and yy com-
ponents of the surface stress tensor g~, defined as the
strain derivative of the total free energy required to form
the surface,

where A is the surface area, y the surface free energy, e &
an in-plane strain, 5 & the Kronecker symbol, and
a,P=x,y, z. For the glue model used here, we obtained a
value of 92.8 meV/A for the average stress at 0 K which
is both positive (tensile) and large. The stress perpendicu-
lar to the surface is eliminated by relaxation but the la-
teral stress is still high though it is considerably less than
the corresponding unrelaxed surface. The reason that the
initial value of the stress is tensile is that the lower coor-
dination of the surface atoms results in a larger contribu-
tion to the many-body term from surface atoms as com-

pared to bulk atoms. As a consequence, the surface
wishes to contract to improve coordination and achieve a
more stable configuration. One way is to undergo an in-
ward relaxation, thus shortening the bonds between the
top and second layer. This will continue until the vertical
component of the stress tensor vanishes. However, the
in-plane stress in the surface is mainly due to bonds
within the top layer which do not shorten during relaxa-
tion because the surface of a semi-infinite solid is kept
fixed at the bulk lattice parameter by the underlying crys-
tal. As long as the surface density or coordination is less
than the bulk, the tensile stress will never be eliminated.
Measurements and recent calculations ' ' show
that large tensile stresses are to be expected on many met-
al surfaces. For the (110) surface, the components of
stress perpendicular and along the close-packed rows are
different because of the anisotropic structure. It is sma11-

er along the close-packed rows, in good agreement with
ab initio calculation.

Next, we look at the average stress as well as the stress
anisotropy, defined as b,g=/g„„—g~~~ as a function of
temperature. From Fig. 10, it is clear that the stress an-
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FIQ. 9. (Continued).
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isotropy vanishes above 590 K, indicating the presence of
an isotropic layer on the surface which is earlier defined
to be the liquid. The surface stress also shows anomalies
at about 500 and 590 K (see Fig. 11) and since it is related
to the surface free energy, we suspect that they are sig-
nals of first-order transitions. This seems to relate well to
the rough —+quasiliquid and quasiliquid~liquid transi-
tion as discussed previously. Pavlovska and Bauer ' also
reported the transition of the surface layer to a true
liquid at 590-593 K by observing sharp changes in the
surface properties in their multimethod study. An anom-
aly in hg between 400 and 450 K is due to the anisotropic
disordering of the surface. For both g and g„, their
behavior can be explained as follows: Besides the
anomalies corresponding to possible first-order phase
transitions, we note a sudden increase and decrease of g„„
and g, respectively, between 300 and 400 K which can
be attributed to the formation of vacancy-adatom pairs.
This is because any breaks along the closed-packed rows
will cause the two atoms neighboring the vacancy to be
subjected to an increased tensile stress along x. However,
the adatom produced is located in between closed-packed

rows, thus providing a "bridge" between two atoms in
adjacent rows which reduces the local tensile stress along
y. Between 400 and 450 K, saturation of g is observed
which can be explained by the saturation of vacancy-
adatom pair production. According to Rosato, Ciccotti,
and Pontikis, the saturation of defect concentration in
the first layer implies that the structure of the surface
changes when temperature increases and can be taken as
a first qualitative indication of a surface roughening.

IV. CONCLUSIONS

In this work, we have presented a detailed study of the
surface relaxation, disordering and stress on the Pb(110)
surface using the molecular-dynamics method with a
realistic many-atom potential. The main results can be
summarized as follows: An enhancement of the thermal
expansion coefBcient is observed at the surface, in good
agreement with recent experiments. The surface disor-
ders first by anharmonic effects (up to 350 K), then by
vacancy-adatom formation, and finally premelting near
500 K. Complete melting is achieved in the first layer at
-590 K. Surface stress studies give indication that the
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FIG. 10. Surface stress anisotropy Ag as a function of tem-
perature.
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FIG. 11. Average surface stress and its components along x
and y as a function of temperature.

transition from rough to quasiliquid as well as from
quasiliquid to liquid phase is probably first order in na-
ture. Further experimental work along this direction is
clearly needed.
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