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Defect-mediated melting of Xe adsorbed on the Si(100)-2X 1 surface: A molecular-dynamics study
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The melting of a Xe adlayer over the Si(100)-2X 1 surface at a coverage 6=0.85 has been studied by
molecular-dynamics simulation. The substrate is characterized by large surface corrugation and anisot-

ropy, i.e., diA'erent corrugation along the x and y axes. The melting of the adlayer is strongly influenced

by the anisotropy of the substrate. Static and dynamic properties of the adatoms have been investigated
for temperatures between 80 and 220 K. The melting transition proceeds in two steps at temperatures

Tl =135 K and T» =174 K. Both transitions can be described by the Kosterlitz-Thouless theory of
dislocation-mediated melting. The two-dimensional (2D) solid is commensurate with the substrate along
the x direction, but it is incommensurate along the y axis, where the substrate corrugation is lower. The
intermediate phase is described as a 1D lattice liquid in which the adatoms are confined along the x axis

by the highest-energy barriers of the surface potential, and display liquidlike behavior along the perpen-
dicular direction. The high-temperature phase corresponds to a 2D lattice liquid.

I. INTRODUCTION

The melting of physisorbed overlayers on solid sub-
strates has attracted considerable theoretical and experi-
mental interest in the past decade. ' The Kosterlitz-
Thouless theory, which was further developed by Nelson
and Halperin and Young, suggests that two-
dimensional (2D) solids might melt by unbinding of pairs
of crystal defects. The quasi-long-range positional order
of the 2D solid would be destroyed by the unbinding of
dislocation pairs, leading to a hexatic phase. At higher
temperature a second transition due to the unbinding of
disclination pairs would destroy the long-range orienta-
tional order of the hexatic phase, driving the system to an
isotropic liquid. Both transitions are predicted by the
theory to be continuous.

Experimental evidence for continuous melting has been
reported for high-coverage incommensurate overlayers of
Xe (Ref. 6) and Kr (Ref. 7) on graphite, as well as for
some molecules, such as physisorbed ethylene and inter-
calated nitric acid in graphite. However, at submono-
layer coverage the melting of Xe, ' Ne, " CH4, ' and Oz
(Ref. 13) on graphite has been found to be first order. The
diversity of melting characteristic exhibited by phy-
sisorbed atoms or molecules on graphite is then quite
surprising. A variety of factors can inAuence the 2D
melting process, e.g. , the corrugation and anisotropy of
the substrate potential, the motion of atoms perpendicu-
lar to the surface, and the exchange of atoms between the
gas and the adlayer. These factors are dificult to handle
on the basis of analytical models for 2D melting. In this
context, computer simulation experiments appear as a
valuable tool to overcome this difhculty.

Computer simulations based on the Monte Carlo (MC)
method have been performed in order to study the effect
of the substrate potential on several properties (internal
energy, order parameters) of commensurate physisorbed
overlayers. '" The simulations reported by Abraham for
2D Lennard-Jones systems led to the conclusion that the

2D melting transition should be first order, in contradic-
tion with the renormalization-group arguments of Halpe-
rin and Nelson. A molecular-dynamics (MD) study of
ethylene on graphite' found a continuous melting transi-
tion in agreement with experimental results. A critical
review of simulation results concerning the 2D melting
transition is given in Ref. 1.

Although most studies concerning 2D melting have
been performed on graphite, it is important to extend
these investigations to substrates with different charac-
teristics. The basal plane of graphite is a prototype of an
isotropic surface with low corrugation. However, the
Si(100)-2X 1 surface displays large corrugation as well as
anisotropy, i.e., different surface corrugation along the x
and y directions, which influence the physical properties
(structure, diffusion, melting) of adsorbed atoms. The
Si(100) surface has been the subject of a large number of
studies mainly centered on the surface reconstruction, '

electronic properties, ' as well as some dynamical pro-
cesses (self-diffusion of Si atoms). ' Adsorption of alkali-
metal atoms on this surface has been widely investigated
as a prototype of a metal-semiconductor interphase. '

We have previously reported MD simulations devoted to
the commensurate-incommensurate transition of phy-
sisorbed Xe atoms as a function of coverage. The jump
mechanism responsible for Xe diffusion on this surface
was also investigated by the same technique. '

In the present contribution we have studied the melt-
ing of a Xe overlayer at coverage 0=0.85 on the
Si(100)-2 X 1 surface by MD simulation. The static and
dynamic properties of the adlayer at temperatures in the
range 80—220 K reveal that the melting occurs in two
steps as a consequence of the anisotropy induced by the
solid substrate. The first transition (T, = 135 K) is driven

by the unbinding of dislocation pairs whose Burger s vec-
tors are oriented along the y direction. Due to the sub-
strate anisotropy topological defects are preferentially
formed along the y axis. At a higher temperature
( Tii = 174 K), a second transition drives the system to a
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2D lattice liquid. This transition is due to the unbinding
of dislocation pairs with a finite component along the x
axis. The intermediate phase over the anisotropic Si sur-
face has been described as a 1D lattice liquid.

II. COMPUTATIONAL MODEL

The structural model of Holland, Duke, and Paton
for the Si(100)-2X1 surface has been employed in the
simulation. The lattice parameters of the 2D rectangular
unit cell are a, =7.68 A and b, =3.84 A. The subindex c
will be used in this paper as a symbol for commensurate
periodicity. A schematic representation of the surface is
given in Fig. 1. The topmost surface atoms form Si di-
mers arranged in rows along the y direction. Between
two contiguous Si dimer rows there appear surface
grooves which extend also parallel to the lattice vector
b, . The 2D unit cell of the substrate includes two Si
atoms. Local minima for the Xe-Si surface potential are
found over surface grooves (site G) and over Si dimer
rows (site D), respectively.

The Xe-Xe and Xe-Si interactions have been modeled
by Lennard-Jones 12:6 potentials with the following pa-
rameters: axe-xe 1 9 kJ/mol, o xe-xe
sx, s;=1.6 kJ/mol, crx, s;=3.9 A (see Ref. 21 for further
details on the interatomic potentials). This model implies
that induction effects are not explicitly included. Howev-
er, they are expected to be small for a nonionic substrate.
The Si atoms were not allowed to move during the MD
simulation. This approximation is justified by the low-
energy electron diffraction (LEED) data of Ref. 23, which
indicate that the structure of Si(111)-7X 7 is not appreci-
ably modified by Xe adsorption. Moreover, a microscop-
ic force model estimates that the adsorbed Xe atoms
would compress the Si-Si bond by only 3.5X10 A.
One expects that a small substrate relaxation of the same
order of magnitude will appear in the case of the Si(100)-
2X 1 surface.

The anisotropy of the substrate potential can be in-
ferred from Fig. 2. The interatomic Xe-substrate poten-
tial affecting an isolated Xe atom is displayed along the
translation vectors a, and b, . The curves are labeled as
V(x, O) and V(O,y), respectively. At each surface posi-
tion the z coordinate of the Xe atom was varied in order
to obtain the minimum potential. The surface corruga-
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FIG. 1. Schematic representation of the topmost Si layer of
the Si(100)-2X1 surface. The rectangular unit cell is shown.
The local minima for the Xe-Si potential are found at sites G
and D. The Si surface consists of parallel rows of Si dimers with
surface grooves between them.
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FIG. 2. Surface potential along the translation vectors a, and
b, of the Si(100)-2X1 surface. The potential curves are labeled
as V(x, 0) and V(0,y), respectively. The interval displayed for
the horizontal axis corresponds to the cell parameter
a, =2b, =7.68 A.

tion is more pronounced along the x direction, where the
energy barriers are roughly two times larger than those
encountered along the y direction. The asymmetry of the
V(x, O) curve is due to the asymmetric Si dimer model
employed in the simulation. The binding energies asso-
ciated to the local minima on sites G and D are 21.4 and
16.7 kJ/mol. Experimental values reported from the
thermal desorption spectra of Xe/Si(100)-2X 1 were 19.5
and 16.9 kJ/mol. The z coordinate corresponding to
the local minima on sites G and D are 2.6 and 3.3 A.
This difference in the z coordinate is a consequence of the
surface corrugation. The topmost Si atoms are located at
z =0.

The simulation cell employed in the calculations corre-
sponds to a 10X 20 superlattice with dimensions
76.8X76.8 A . Periodic boundary conditions were ap-
plied during the simulation. At each temperature large
equilibration runs up at 400 ps were performed starting
from an initial configuration with the adatoms located
at a height of about 5 A above the surface. After equili-
bration, averaged properties of the system were calculat-
ed in the microcanonical ensemble by sampling on trajec-
tories up to 400 ps. The time step employed in the Verlet
algorithm for the numerical integration of the motion
equations amounts to 10 ' s. The total energy fluctuates
under these conditions by less than 0.01%%uo.

The density of Si atoms on the Si(100)-2X 1 surface is

ns; =6.78X10' atoms/cm (i.e., two Si atoms per sub-
strate unit cell, see Fig. 1). The density of a full mono-
layer of Xe atoms is, after the MD simulation,
nx, =0.85ns; (i.e., 1.7 Xe atoms per unit cell). The last
value has been taken for the definition of coverage 0= 1.
The present simulation has been performed for Xe cover-
age 6=0.85 (i.e., 1.45 atoms per unit cell). At this cov-
erage and at low temperature the adlayer structure is
"out of register" (incommensurate) with the substrate
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where X is the number of Xe atoms in the simulation cell,
r is the projection of the position vector of adatom p on
the xy plane, and k is a vector in the 2D reciprocal space.
The angle brackets ( ) represent the average value over
the whole trajectory. S(k) has been calculated for k vec-
tors corresponding to the reciprocal lattice of the super-
cell employed in the simulation. These k points build a
square mesh where the distance between contiguous k
points amounts to 0.013 A

The orientational order parameter p6 of the adatoms is
defined as

N

pe= X X exp(i6are) ),p=l q=l

where the sum on q runs over the n, nearest neighbors of
atom p and o;pq is the angle between the interatomic vec-
tor r and they axis.

The pair-distribution function is given by
N N

g(r)= r X X 5(r —rrr)),&' p=lq~p

S is the area of the simulation cell and 5 is the Kronecker
delta function. Surface self-diffusion coefficients have
been calculated by means of the Einstein formula

(x'(t) )+ (y'(t) )
S

t —+ oo 4t
(4)

where t is the time and (x (t) ) and (y (t) ) denote the
mean-square displacement (MSD) of a particle in the x
and y directions, respectively. The MSD's are calculated
from the trajectories as a double average over particles
and noncorrelated time origins:

(x (t)) = g g [x (r+t) xp(r)]-
N X

In this formula x (t) corresponds to the x component of
the position vector of particle p at time t. 1V, is the num-
ber of different time origins used in the average. A simi-
lar expression holds for the y coordinate.

III. POINT AND EXTENDED DEFECTS
ON THE 2D SOLID

Visual inspection of the adatom configurations generat-
ed during the MD simulation allows us to identify the na-
ture of extended and point defects in the 2D solid. In

along the y direction but it is commensurate along the x
one. This effect is due to the anisotropy of the surface
potential. The adatoms build a rectangular centered lat-
tice with nearly hexagonal symmetry. The corresponding
lattice parameters are a, =7.68 A and b, =4.8 A.

Several ensemble averaged properties have been calcu-
lated in the temperature range 80—220 K in order to
characterize the 2D melting transition. The static struc-
ture factor S(k) of the adatoms is defined as

N

S(k)= g exp(i2vrk r )Q2

Fig. 3 we show a projection on the xy plane of an instan-
taneous configuration of the adlayer atoms at tempera-
ture T=80 K. Black circles represent Xe atoms ad-
sorbed over the surface grooves, gray circles represent
adatoms over Si dimer rows, and open squares symbolize
atom vacancies. Note that the adatoms are adsorbed on
a centered rectangular lattice with nearly hexagonal sym-
metry. As the representation corresponds to an instan-
taneous configuration, adatom vibrations at the studied
temperature appear as distortions of the perfect adatom
lattice. The atom vacancies are found either isolated or
in pairs over the Si dimer rows, which are the adsorption
positions of lower binding energy. It is remarkable that
in spite of the finite size of the simulation cell, extended
defects are also found in the adlayer structure. Disloca-
tions are indicated by arrows pointing along the direction
of the corresponding Burger's vector. The arrows are
placed near fivefold coordinated adatoms, which
represent terminal points for atomic rows forming an an-

gle to the horizontal axis of about +30. These atoms are
displayed as open circles in Fig. 3. The dislocations ap-
pear in pairs as expected for a 2D solid. The elementary
Burger's vectors corresponding to a rectangular centered
lattice are shown in Fig. 4. By symmetry the six vectors
are divided into two different groups labeled as I and II.
It is important to note that the Burger's vectors of the
dislocation pairs found at T=80 K are always oriented
along the y axis (type-I dislocations). This preferential
behavior is a consequence of the anisotropy of the sub-
strate potential. Dislocations whose Burger's vectors
have an x component diff'erent from zero (type-II disloca-
tions) have higher energy and they are not found at low
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FIG. 3. Structure corresponding to an instantaneous adlayer
configuration at T=80 K. The xy projection covers the whole
simulation cell. Black and gray circles distinguish adatoms ad-
sorbed over surface grooves and Si dimer rows, respectively.
Open squares represent atom vacancies. The arrows near the
fivefold coordinated atoms displayed as open circles are parallel
to the Burger's vector of the dislocations. The dislocations ap-
pear in pairs in the 2D solid.
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FIG. 4. Schematic representation of the Burger's vector asso-
ciated to type-I and type-II dislocations. Formation of type-I
dislocations is favored with respect to type II due to the anisot-
ropy of the surface potential.

temperature. Another interesting fact is the different role
of atom vacancies associated to the two adsorption sites
on this surface. Vacancies corresponding to the less
stable adsorption site over the Si dimer rows appear as
point defects. However, vacancies associated to the most
stable adsorption site (surface grooves) take part of an ex-
tended defect (dislocation pair).

Disclinations may also play an important role in the
2D melting process. At low temperatures it is expected
to find disclination quartets in the 2D solid. A typical ex-
ample obtained from the simulation at T=80 K is shown
in Fig. 5. The disclination quartets are created from the
perfect adatom lattice by small displacements of four six-
fold coordinated atoms to give two fivefold and two
sevenfold coordinated adatoms.

IV. MELTING TRANSITION

The internal energy and reduced pressure
(Pcrx, x, /ex, x, ) of the Xe adatoms are displayed in Fig.
6 for 17 temperatures in the interval T=80—220 K. We
observe changes in the slope of the curves at T, = 135 K
and T&&

= 174 K, which are a first indication of a two-step
process in the melting of the adlayer. Below the tempera-
ture T, all Xe atoms in the simulation cell are adsorbed
on the first adlayer. At temperature T& =135 K the pro-
motion of adatoms to the second adlayer begins. Atomic
distribution functions calculated along the z direction al-

0

E
-17-

-19—

-21
70 110 150 190 230

temperature (K)

FIG. 6. (a) Internal energy and (b) reduced pressure
Po.x, x, /cx, x, of the Xe adlayer as a function of the tempera-
ture. The changes in the slope of the curves at temperatures
T& = 135 K and T» = 174 K are related to the melting of the ad-
layer.

0
lowed us to derive a coordinate z =5 A as a criterion to
distinguish between the first and the second adlayer. The
variation of the density of the first adlayer as a function
of temperature is displayed in Fig. 7. The curve suggests
the existence of three different phases separated by the
temperatures T, and T„.

In the following, several structural and dynamic prop-
erties of the adatoms are analyzed as a function of the
temperature. In particular, we are interested in finding if
the transitions at temperatures T, and T„are related to
the unbinding of topological defects, as predicted by the
Kosterlitz-Thouless theory of 2D melting. The structure
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FIG. 5. A disclination quartet can be described as a set of
four atoms, two of them having five neighbors and the other two
having seven neighbors. These four atoms are displayed as open
circles. Black and gray circles have the same meaning as in Fig.
3. The example corresponds to a configuration obtained at
T= 80 K.

temperature (K)

FIG. 7. Temperature dependence of the density of adatoms
in the first adlayer. The density is given as number of atoms per
unit cell of the solid substrate. Vertical lines indicate the tern-

peratures where transitions are found.
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factor S(k) of the adatoms as a function of temperature
for the direction k =0 in reciprocal space is shown in
Fig. 8. The peaks in the S(k) curves appear at reciprocal
points associated to a periodicity Q, =7.68 A in real
space. These points are labeled as (Ii,0), in the figure.
The long-range order imposed by the corrugated sub-
strate does not disappear as a function of the tempera-
ture. Therefore along the x axis the adlayer structure
remains commensurate with the substrate in the whole
studied temperature range.

The temperature dependence of S(k) for the direction
k =0 is shown in Fig. 9 for the interval 0.3~k ~0.6

A '. In this region we find (0,2), and (0,2), peaks. The
(0,2), peak corresponds to the commensurate periodicity
in real space given by b, =3.84 A, while the (0,2), peak

0

is associated to the periodicity b; =4.8 A, characteristic
of the incommensurate solid. The (0, 1); peak at

0
k =0.208 A corresponds to a systematic extinction in
the rectangular centered lattice of the 2D solid. We ob-
serve that below the temperature T, =135 K (i.e., the
curves corresponding to the four lowest temperatures in
Fig. 9) the (0,2); peak is higher than the (0,2), peak.
Moreover, above the temperature Ti the (0,2), peak
disappears, giving rise to a diffuse scattering profile. Two
structural consequences can be derived from this behav-
ior. First, the long-range order associated to the b;
periodicity is lost at temperatures above T, =135 K. A
second effect is that the positional correlation between
parallel rows of atoms along the y direction is also lost at
temperatures T) T&. In Sec. III it was shown that the
most relevant topological defects associated to the 2D
solid were dislocation pairs of type I. The above-
mentioned structural effects can be understood by the un-
binding of these dislocation pairs at temperature T, = 135
K. The resulting phase, where the b; =4.8 A periodicity
is lost because of positional disorder along the y direc-
tion, will be referred to as a 1D lattice liquid (see below).

(0,2),.

0.12-& ~

0.08-&

0.04-~

J'
0.

0.3 0.4 0.5

(0,2),
70iV./150

,
«230 ~~

0.6

k, coordinate (k )

FIG. 9. Structure factor S(k) of the adatoms along k =0 as
a function of the temperature. The subindex i (c) of the S(k)
peak refers to the b; (b, ) periodicity along the y axis in real
space. The (0, 1); peak corresponds to a systematic extinction in

the 2D solid and it is not shown in the figure.

The S(k) values corresponding to the (0,2), point in

reciprocal space as well as the orientational order param-
eter p6 of the adatoms are shown in Fig. 10 as a function
of the temperature. Both curves differ by a vertical shift.
This fact indicates that both positional and orientational
order parameters are strongly correlated in the studied
temperature range. Above the temperature T»=174 K
we observe a distinct temperature dependence of the S(k)
curve, which we associate to a transition to a 2D lattice
liquid due to the unbinding of type-II dislocation pairs
(i.e., dislocations whose Burger's vector has a finite x
component). At temperatures above T» the S(k) values
follow a ( Vz o /ks T ) dependence, which has been
represented by a solid line. This behavior is predicted by
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FIG. 8. Temperature dependence of the structure factor S(k)
of the adatoms along the direction k~=0 in reciprocal space.
The S(k) peaks appear at k coordinates related to the periodi-
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temperature (K)

FIG. 10. Structure factor for the (2,0)c reciprocal point and
orientational order parameter p6 of the adatoms as a function of
the temperature. The solid line indicates the result of the linear
theory by Reiter and Moss (Ref. 25).



4560 RAFAEL RAMIREZ AND LUIS UTRERA 47

-10

-13-

-14
4

I s I i

6 8

1000/T (K )

the Reiter-Moss theory of the scattering properties of a
2D lattice liquid. The parameter Vz 0 is the (2,0)
Fourier component of the substrate potential. The solid
line in the figure corresponds to a value V2 0 =1.06
kJ/mol. A derivation of the V& 0 parameter from the ap-
plied potential model is difficult because of the z depen-
dence of both the surface potential and the trajectories
actually followed by the adatoms. We can estimate this
parameter by considering the potential surface V(x,y)
calculated by minimization of the surface potential at
each (x,y) position with respect to the z coordinate. The
(2,0) Fourier coefficient of this potential surface is 0.75
kJ/mol, i.e., smaller than the parameter Vz 0

= 1.06
kJ/mol derived from the S(k) values. This difference
may be due to the uncertainty introduced by the z depen-
dence of the actual surface potential or to limitations of
the linear approach in the Reiter-Moss theory.

We turn now to study the inhuence of the transitions at
temperatures T& and Ti& on the dynamic properties of the
adatoms. The temperature dependence of the self-
diffusion coefficient D, of the Xe atoms of the first ad-
layer was derived by means of the Einstein relation [see
Eq. (4)j. The one-dimensional diffusion coefficients D„
and D were calculated as well. In the analysis of the

FICs. 11. Arrhenius plot of the self-diffusion coefficient D, of
the Xe atoms adsorbed in the first adlayer for temperatures be-
tween 80 and 220 K. The slope of the curve changes at the tem-
perature T» = 174 K.

adatom trajectories we excluded those Xe atoms promot-
ed to the second adlayer. In fact, the MSD's associated
to these atoms are not proportional to the time t; instead
they show a time dependence close to t . This means that
the adatoms on the second adlayer move in an inertial re-
gime rather than in a diffusional one. The Arrhenius plot
of the self-diffusion coefficient D, is presented in Fig. 11.
Two different diffusion regimes are distinguished at tem-
peratures above and below T» = 174 K. The correspond-
ing preexponential factors (Do) and activation energies
(E, ) are summarized in Table I together with the values
associated to one-dimensional self-diffusion coefficients
D and D . It is interesting to note that the activation
energies E, for adatom diffusion along the x direction
(i.e. , 8.3 and 5.0 kJ/mol in the high- and low-temperature
regimes, respectively) correspond closely to the static en-

ergy barriers displayed in Fig. 2 (i.e. , 8. 1 and 5, 0 kJ/mol).
The E, values for adatom diffusion along the y direction
(i.e., 7.2 and 4.2 kJ/mol) are about 15% lower than the
activation energies along the x direction, i.e., much larger
than the static barrier of 3.2 kJ/mol. Diffusive paths of
adatoms involving jumps along the y direction (lower sur-
face corrugation) are not possible without jumps in the
perpendicular direction. This behavior is not surprising
due to the relative high coverage considered in the simu-
lation. As a consequence, the activation energy for sur-
face diffusion is determined by the highest barrier en-
countered along the diffusive paths, i.e., the energy bar-
riers associated to jumps along the x axis. At tempera-
tures below T»=174 K, the surface diffusion is limited
because only atomic jumps across the lowest-energy bar-
rier of the V(x, O) curve of Fig. 2 are thermally activated.
This means that each adatom is confined along the x
direction within one unit cell of the Si substrate. In the
intermediate phase (1D lattice liquid) jumps along the y
direction destroy the long-range order associated to the
b, periodicity. However, this disorder within the rows of
atoms along the y axis has no effect on the adatom
diffusion, as this process is controlled by an energy bar-
rier in the x direction. Therefore the unbinding of dislo-
cation pairs of type I at temperature T, =135 K is not
rejected on the value of the self-diffusion coefficient. At
temperature T», the unbinding of type-II dislocations,
whose Burger's vector has a finite component along the x
axis, takes place. A change in the slope of the Arrhenius
plot of the self-diffusion coefficient D, is observed at tern-
peratures T) T» as adatom jumps along the largest po-
tential barriers of the V(x, O) curve (see Fig. 2) are then

TABLE I. Preexponential factor Do and activation energy E, corresponding to the surface self-
diffusion constant D, of the adatoms. The values for the one-dimensional diffusion coefficients D and

Dy are also given. Two different diffusion regimes are found at low (T & T») and high temperatures

D,
D
D

T&T»
Do (10 ' cm /s)

0. 13+0.01
0. 15+0.01
0. 15+0.02

E, (kJ/mol)

4.44+0.01
5.0+0. 1

4.2+0. 1

T) T
D (10 cm /s)

1.2+0.4
1.5+0.9
1.2+0.2

E, (kJ/mol)

7.60+0.05
8.3+0.9
7.2+0. 3
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thermally activated. This feature differentiates the dy-
namic behavior of the adatoms in the 2D lattice liquid
and in the intermediate phase.

V. CONCLUDING REMARKS

The Si(100)-2X 1 substrate is characterized by the pres-
ence of two different adsorption sites for physisorbed
atoms as well as by pronounced anisotropy. The melting
of a Xe adlayer over this substrate at coverage 0=0.85
proceeds through two Kosterlitz-Thouless transitions due
to the unbinding of dislocation pairs. The anisotropy of
the surface potential allows us to distinguish between
dislocations along the y axis (type I) and those having a
finite x component (type II). Two free type-II disloca-
tions of the appropriate orientation are equivalent to one
free type-I dislocation (see Fig. 4). The dislocations along
the y axis unbind first at temperature T, =135 K. One
cannot form the remaining dislocations from the un-
bounded ones. Therefore a second transition appears at
temperature T» = 174 K as a consequence of the unbind-
ing of type-II dislocations. The transition at temperature
T, is accompanied with the promotion of adatoms to the
second adlayer. These melting characteristics differ from
those encountered for isotropic substrates like graphite.

Disclinations are not found to play an important role
in the adlayer melting over the Si(100)-2 X 1 surface. The
temperature dependence of the orientational order pa-
rameter p6 of the adatoms reveals that the orientational
degrees of freedom are strongly coupled to the transla-
tional ones. The substrate corrugation induces in the ad-
layer structure long-range order that remains at tempera-
tures above T». These properties suggest that a hexatic
phase with 1ong-range orientational order and vanishing
long-range translational order is probably not formed
over the corrugated Si(100)-2X 1 surface.

The three phases found as a function of the tempera-
ture correspond to a 2D incommensurate solid, a 1D lat-
tice liquid, and a 2D lattice liquid. The 2D solid is
characterized by long-range order along the y axis given

0

by a lattice parameter b, =4.8 A. Along the x direction
the 2D solid is commensurate with the substrate. The b,
periodicity along the y axis disappears above the temper-
ature T& as a consequence of the positional disorder in-
duced by free type-I dislocations. The resulting phase
can be described as a 1D lattice liquid. This assignment
is justified by the similarity in the structure of the inter-
mediate phase and the 2D lattice liquid along the y axis.
We have calculated one-dimensional pair-distribution
functions g(y) for adatom rows parallel to the y axis.
g(y) is proportional to the probability of finding a Xe
atom at a given y coordinate, provided that there is
another atom in the same row at y =0. In Fig. 12 we
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FIG. 12. One-dimensional pair-distribution function of the
adatoms along the y axis as a function of the temperature. Note
the splitting of the next-nearest-neighbor peak at temperatures
above T& = 135 K.

show the g(y) curves as a function of temperature for dis-
0

tances up to 20 A. The curves at the four lowest temper-
atures correspond to the 2D solid (T(T, ). The main
feature of these curves is that the peak associated to the
next-nearest neighbors in the 2D solid is split into two
peaks at temperatures above T, . The g(y) curves corre-
sponding to the 1D lattice liquid and the 2D lattice liquid
are quite similar.

The main difference between the 1D and 2D lattice
liquid arises from the dynamic properties of the adatoms.
Above the temperature T» the slope of the Arrhenius
plot corresponding to the surface self-diffusion constant is
different than below T». In the 1D lattice liquid the ada-
toms are confined between the highest-energy barriers of
the surface potential along the x axis. However, in the
2D lattice liquid adatom jumps through those barriers
are thermally activated. The intermediate phase, where
the adatoms are confined between potential barriers along
one direction, resembles the case of fluids confined be-
tween solid walls. The 1D lattice liquid is characterized
by pronounced disorder along one preferential direction.
This anisotropy is induced by the substrate and therefore
such a phase has not been described for more isotropic
substrates like graphite.
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