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We present an ab initio molecular dynamics study of the structure and dynamics of a close-
packed monolayer of Pb on the Ge(111) surface, with coverage 0 = 4/3, at ditferent temperatures.
The room-temperature (~3 x v 3) structure is characterized by large in-plane Buctuations of the Pb
adatoms, and agrees well with recent x-ray standing wave data. At T 800 K we observe a (1 x 1)
disordered structure showing in-plane diffusion of the Pb atoms. Disordering is con6ned to the plane
of the overlayer. A strong correlation with the solid Ge substrate is present, leading to preferential
residence sites and diffusion paths of the Pb atoms on the surface. The calculated local density
of states for the high temperature phase is found to agree with recent scanning tunnel microscope
observations, which show a simply Pb-terminated (1 x 1) surface with an apparent coverage 0 = 1.

I. INTRODUCTION

The study of structures and phase transitions of
thin adlayers weakly interacting with the substrate
(physisorption regime) has been the subject of extensive
experimental and theoretical research for many years.
More recently increasing attention has instead focused
on the properties of overlayers with stronger interactions
with the substrate (chemisorption regime). The systems
formed by ultrathin Pb overlayers on the Ge(111) surface
can be considered as prototype examples for this study.
Since Pb atoms at low coverages neither desorb nor dif-
fuse into the substrate over a wide range of temperatures,
Pb/Ge(111) is a model of a nearly two-dimensional (2D)
system. In addition, like most semiconductor surfaces
and interfaces, the Pb/Ge(111) system is also expected
to show an interesting interplay of atomic and electronic
structures. For these reasons it has been recently the
subject of numerous experimental investigations. How-
ever, despite considerable eKort, several aspects of the
Pb/Ge(111) phase diagram at monolayer and submono-
layer Pb coverages (0) are still rather unclear.

One question which has been debated for many
years concerns the coverage and structure of the low-
temperature, dense (y 3 x ~3)R30 phase known as the P
phase. On the basis of reQection high-energy electron-
di8'raction (RHEED), X-ray, and low-energy electron-
difFraction (LEED) xneasurementsi 4 a model [hereafter
referred to as the x-ray electron-diffraction (XED) model]
has been proposed, which consists essentially of a (ill)
fcc overlayer of Pb, rotated by 30 with respect to the

Ge lattice, and with some distortions to accommodate
the misfit with the substrate. The Pb coverage for such
a structure is 0 = 4/3 (we define e = 1 as correspond-
ing to one Pb atom per one surface Ge atom). Real-space
scanning tunneling microscopy (STM) imagess have been
found to be consistent with a 0 = 4/3 model having
one Pb atom (per unit cell) on the hollow (Hs) site and
three Pb atoms at ofF-centered (OC) T4 sites. This model
is similar to the XED model, except that in the latter
the three Pb atoms occupy OC Ti sites (i.e. , directly
above surface Ge atoms). By contrast, a completely dif-
ferent structural model has been proposed by Hwang and
Golovchenko, 6 again based on STM images. The satu-
ration coverage of this model (hereafter referred to as
the trimer model) is 0 = 1. It consists of three Pb
atoms (per unit surface cell) slightly displaced from the
Tq sites to form trimers which are centered at the H3
sites of the Ge substrate. However, new x-ray standing
wave (XSW) measurements are again consistent with a
0 = 4/3 structure, ruling out the trimer as well as other
0 = 1 models of the P phase. This conclusion agrees
with the results of a recent 6rst principles molecular dy-
namics study, s where a "chain" model of the P phase,
with 0 = 4/3, has been proposed. This model is charac-
terized by the presence, at T = 0, of (weakly) covalently
bonded Pb chains running along a [110]direction of the
substrate, which however are disrupted, at room tem-
perature, by large in-plane Buctuations of the Pb atoms.
The properties of this structure are found to agree well
with several experimental results, largely reconciling the
con8icting interpretations which had been proposed for
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the different data.
As the temperature is raised, an apparently continu-

ous, reversible structural transition from the (+3 x +3)
P phase to a (1 x 1) phase is observed to take place. The
transition temperature T is found to depend strongly
on coverage. Just below monolayer completion T, re-
mains close to 170 C, whereas very close to mono-
layer coverage there is a sharp increase in the transition
temperature to ~ 300 C. ' The transition point falls
down to 190'C as the monolayer becomes defective. ~ 9

The character of this transition as well as the properties
of the high-T (HT) (1 x 1) phase are also controversial.
Ichikawa, ~ based on RHEED data, attributed the (1 x 1)
phase to a 2D isotropic liquid, essentially unperturbed
by the underlying Ge substrate. An x-ray diffraction
study by Grey et al. showed a ring of diffuse scatter-
ing in the (1 x 1) phase at q 2.05 A. ~, as expected
for a 2D liquid scattering. However, the ring was found
to be azimuthally anisotropic, which was attributed to
interaction of the Pb layer with the Ge substrate. In-
stead, &om the fact that the LEED pattern remained
sharp above the transition temperature, Metois and Le
Lay argued that the HT phase is actually an ordered Pb
layer with coverage 0 = 1. XSW measurements3 above
T, found a nonzero value of the amplitude of the (220)
Bragg refiection of the adsorbate, suggesting the exis-
tence of local order. This was attributed to the presence,
above T„ofsmall domains of the low TP phase-. The
(+3x v 3) m (1x 1) transition was thus interpreted as an
order-disorder transition. An interpretation in terms of
an order-disorder transition has been recently proposed
also by Franklin et aLr on the basis of XSW measure-
ments. Surprisingly, these results seem to indicate that
at higher temperatures there is a higher degree of corre
lation with the Ge substrate than at room temperature,
i.e., as T increases the Pb-Pb correlations decrease, so
that the Ge substrate potential plays a more important
role in determining the structure of the HT P phase. The
results of Ref. 7 also suggest that no structural change
occurs normal to the surface, i.e., the phase transition
is truly two dimensional. Finally, the high-temperature
STM images of Ref. 6 seem to indicate that the HT (1x 1)
phase is basically a simple Pb-terminated Ge(111)-(1x 1)
surface. The (~3x v 3) m (1x 1) transition is interpreted
as an order-order phase transition, where thermal fiuctu-
ations of the Pb atoms disrupt the trimers observed in
the low-temperature P phase, while the Pb-Ge bonding
remains basically the same as in the low TP phase. -

In this paper we present a study of the low- (T ( T,)
and high- (T ) T ) temperature properties of a Pb
monolayer on Ge(ill) based on first principles molec-
ular dynamics~~ (MD) calculations. Starting from the
T = 0 "chain" structure with coverage 0 = 4/3, we
have studied its temperature behavior via MD simula-
tions at two different average temperatures, T 550K
and T 800K. These are here representative of T & T
and T ) T, as the properties of our system at these
two temperatures are found to correspond to those of the
room-temperature (~3 x v 3)P and HT (1 x 1) phases,
respectively. Since this study amounts already to a quite
heavy computational effort, a more detailed investigation

as a function of T and/or 0 has not been pursued. At
T 550 K the dynamics of the Pb overlayer is that of a
thermally disordered solid phase, whose structure agrees
well with the XSW results of Ref. 7. At higher T in-
plane diffusive motion of the Pb atoms is observed. The
role of the solid Ge substrate results in imposing pref-
erential residence sites and diffusion paths on the mo-
bile Pb atoms. The structural and dynamical properties
both below and above T, are studied and compared with
experiments. Calculated STM images of the HT phase
show a remarkable resemblance with the real-space STM
images of Ref. 6, where a simply Pb-terminated Ge(111)
surface appears, with an apparent coverage 0 = 1.

II. COMPUTATIONAL DETAILS

Our calculations have been performed using the ab iru
tio MD approach, ~~ which allows one to take fully into
account the role of electronic states in the atomic dy-
namics. Details of the method and a number of applica-
tions have been reviewed recently. The Ge(111) surface
is modeled as a periodically repeated slab consisting of
six layers of 12 Ge atoms each, corresponding to four

(+3 x ~3)R30 cells. N = 16 Pb adatoms are present on
the top surface, while the other surface is saturated by 12
hydrogen atoms. The four topmost layers of Ge plus the
Pb overlayer were allowed to move and/or relax, while all
other layers were kept fixed. Consecutive slabs are sep-
arated by an empty space 10 A wide. Norm-conserving
pseudopotentials with s and p nonlocality in a separable
form are used. The wave functions are expanded in plane
waves with kinetic energy up to 8 Ry. Only the I' point
of our supercell was used, corresponding to four points
in the Brillouin zone (BZ) of the primitive ~3 cell. For a
few selected atomic geometries, total energies have been
checked with calculations including 13 k points in the
BZ. In MD simulations, the temperature was controlled
by means of a Nose-Hoover ionic thermostat. Another
Nose-Hoover thermostat was used to control the classi-
cal kinetic energy of the electronic degrees of freedom,
following the prescription of Ref. 14.

III. THE ROOM- TEMPERATURE STRUCTURE

We have discussed the low-temperature properties of
the P phase previously. The results presented in that
work provide evidence that the coverage of this phase
is 0 = 4/3. The T = 0 structure was determined via
a simulated annealing procedure, where the XED model
proposed on the basis of LEED and x-ray measurements
was 6rst fully relaxed, then heated and equilibrated at

500 K, and 6nally quenched again to zero temperature.
A very long minimization procedure was required for the
determination of the registry of the overlayer with respect
to the Ge substrate, as this was found to correspond to
a very Hat region of the potential energy surface. The
minimization was stopped when residual forces were less
than 0.02 eV/L. The resulting structure has three Pb
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atoms per ~3 cell in OC Ti sites whereas the fourth
Pb atom is in an OC T4 position. All the Pb atoms
are approximately at the same height, z 2.7 A. , above
the Ge surface. Weak covalent Pb-Pb bonds give rise
to "chains" along a [110] direction of the substrate (see
the total valence charge density in Fig. 1), breaking the
threefold symmetry of the ideal Ge(111) surface (only a
xnirror plane symmetry remains).

To study the structural modifications and the dynam-
ics of the Pb/Ge(111) system at finite temperature, we
started Rom the chain structure and performed a long

( 73000 time steps corresponding to 23 ps) MD run
where the texnperature of the Pb/Ge system was varied
between 500 and 800 K. We will use in the follow-

ing "low T" and "high T" to distinguish between two
diferent portions of the MD run. The low-temperature
part, consisting of ~ 8.8 ps, was performed at temper-
ature TI, ——550 6 50 K, while for the high-temperature
part ( 14.2 ps) a temperature T~ = 800 + 100 K was
used. These two temperatures will be for us represen-
tative of T (T„in particular, room temperature (RT),
and T & T„respectively. We used these temperatures,
which are higher than the corresponding experimental
temperatures, in order to have faster atomic motions dur-
ing the limited time of our simulations. This can be a
posteriori justified by the fact that the properties of our
system at Tx, 550 K and T~ 800 K turn out to agree
well with the experimental RT and HT properties of the
P phase.

In the "low-T" run, the Pb atoms Quctuate around an
average (~3 x ~3) structure which is almost coincident
with that resulting &om the average of the three T = 0
equivalent chain structures with different [110] orienta-
tions. These are in turn obtained by rotating the Pb
atoms at the OC T4 sites by +120' around their clos-
est T4 site (see Fig. 1). However, thermal lluctuations
disrupt long-range Pb chains, thus restoring the three-
fold symmetry of Ge(111). In the low Trun we fin-d

very large in-plane rms displacements of the Pb atoms

FIG. 1. Contour plots of the total valence charge density
for the chain structure, in a plane 1.3 A above the Pb over-
layer. The underlying Ge lattice is outlined: dots represent
surface Ge atoms. Bigger dots indicate Pb atoms. The ~3
unit cell is also shown with dashed lines.

((xxp, ) ~ = 0.54 A), the displacexnents being partic-
ularly large for the Pb adatoms at the OC T4 sites,
which have a weaker bond with the substrate (for these
(u2, )

x~2 is 0.63 A, whereas for the Pb atoxns close to Ti
sites it is 0.51 A.). The motion of the OC T4 adatoms
can be approximately described as a rotation around
the corresponding T4 site. It is precisely this motion
that restores in the average low-T structure the C3„
symmetry of the Ge substrate. By contrast, the cal-
culated rms displacement perpendicular to the surface
is rather small, (u „)x~2= 0.18 A. For coxnparison, a
value (uz„)~ = 0.24 A has been inferred from a fit
of the experimental XSW data at RT. Prom the total
amplitude (u ) = (u2, ) + (u2„)and using the 3D rela-
tion between the mean-square displacement and temper-
ature (u ) 3T/MkgT&~, we obtain a Debye tempera-
ture of the Pb monolayer Trx 34 K (T~ 36 K using

TABLE I. Coherent fraction (F) and coherent position (P) for the chain structure (both at T = 0
and RT), and along the "low-" and "high-" T MD runs (see text), compared with experimental XSW
data of Franklin et al. (Ref. 7). Results for the chain structure at RT are obtained by including a
Debye-Wailer factor (the same for all Pb atoms), with atomic mean-square displacements derived
from the "low-T" MD simulations and rescaled to RT. Calculated Fzzz and P»z for the chain
model, MD "low" and MD "high" are obtained by averaging over (111),(111), and (111). Error
bars are the corresponding rms deviations.

Source
Chain, T = 0

+111
0.99

P111
0.96

+111
0.30 + 0.12 1.22 + 0.02

Chain, RT 0.96 0.96 0.25 + 0.10 1.22 + 0.02

MD, "low" 0.93 0.98 0.24 + 0.06 1.02 + 0.01

MD, "high" 0.86 1.00 0.26 + 0.06 0.93 + 0.02

Expt. , RT

Expt. , T 200 C

0.90 + 0.03

0.88 + 0.02

0.91 + 0.01

0.92 + 0.01

0.24 + 0.04

0.33 + 0.04

1.01 + 0.09

1.06 + 0.09
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the in-plane displacement (us )). Tonner et al. ~s found
T~ 41 K, while the x-ray results of Ref. 7 give TD 32
K. Note that the bulk-Pb Debye temperature is TD
=81 K.

In Table I we present the structure factors S(G)
F~e * ~, with G = (1,1, 1) and (1, 1, 1), for the chain
structure (both at T=O and RT, simulated through the
introduction of a common Debye-Wailer factor for all the
Pb atoms~ ) and along the low TM-D run. For compar-
ison, the XSW results of Ref. 7 are also given. The
agreement of the MD data with experiment is very good,
especially for the (ill) factors, which probe the in-plane
structure of the overlayer. The proper inclusion of ther-
mal Buctuations appears to be very important in the
comparison between theory and experiment.

IV. THE HIGH TEMPERATURE PHASE

As the temperature of our MD run is raised to 800 K,
the motion of the Pb overlayer becomes diffusive, while
the Ge atoms remain close to their low-temperature equi-
libri»m sites, the simulation temperature being always
much lower than the Ge melting temperature. This be-
havior is shown Fig. 2, where the mean-square displace-
ments (~r(t) —rp~ ) of Pb and Ge atoms are plotted as
a function of the simulation time. By contrast, the Pb
rms displacement perpendicular to the surface remains
smaQ, (u2„)~ = 0.30 L, showing that the disordering
effects are essentially confined to the plane of the over-
layer, i.e., the disordering transition is truly 2D. From
((r(t) —rp~s) we estimate a 2D Pb surface diffusion co-
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FIG. 2. Mean-square displacement as a function of time
along our MD simulation for the Pb atoms in the overlayer
and the Ge substrate. The Srst 6 ps correspond to our
low Trun (see text). -

efficient D = (1.2+ 0.3) x 10 s cm2 js, which is about
half the value of the bulk diffusion coefficient of liquid
Pb at the melting temperature (TM 600 K). Analysis
of the singly resolved Pb displacements ~r;(t) —r,

~

indi-
cates the occurrence of correlated motions where several
Pb atoms displace almost simultaneously to neighboring
sites. This correlation is most likely an eH'ect of the high
atomic density in the overlayer. For a pair of Pb atoms
the motion is so highly correlated as to suggest the forma-
tion of a dimer. This dimer remains surprisingly stable as
it moves over the surface, the average distance of the two
Pb atoms involved being 3.20 60.25 A. at T = 800 K (the
calculated T = 0 bond length of an isolated Pb dimer is
2.86 A.). In our run we have also observed the forma-
tion of a vacancy in the Pb overlayer, with the concomi-
tant appearance of an adatom just above the defective
monolayer. Events of this kind are frequently observed
in MD simulations of metal surfaces near the bulk melt-
ing temperature, where they are identified as the main
mechanism of surface disordering. Here the creation of
the adatom-vacancy pair does not appear to play a cru-
cial role, as this event takes place when the disordering
of the overlayer is already well established.

In Fig. 3 we show the in-plane atomic trajectories of
the Pb atoms at four instants of our run. The symbols
indicate the three symmetry sites (Tq, T4, and Hs) of the
ideal Ge surface. It appears that the in-plane di8'usion of
the Pb takes place preferentially along [112] directions,
i.e., perpendicularly to the T = 0 Pb chains, and that,
while diffusing, the Pb atoms still spend an important
f'raction of time close to symmetry sites. The overall
qualitative character of the diffusion, however, is neither
clearly j»mplike, as in the presence of significant activa-
tion barriers, nor continuous, as expected for a 2D liquid
(where barriers should be of the order of kT). In the fol-
low'ing we shall often use the word "jump" to describe the
motion of the Pb atoms, even in cases where this may not
be perfectly appropriate. By defining conventional occu-
pations of Tq, T4, and Hs, s in our high-T MD run we
find that, out of the 16 Pb atoms in our supercell, on the
average 9.3 occupy TI sites, 2.2 occupy T4 sites, and 4.5
occupy H3 sites. The average time spent close to a T~
site is 58'%%up, close to a T4 site is 14'%%up, and close to a Hs
site is 28%%up. Thus Tz is by far the preferred residence site
also at high T, while the high occupation of Hs can be in
part understood by taking into account the low energetic
cost of registry shifts of the overlayer. From the analy-
sis of the Pb trajectories when diH'usion starts, it appears
that (i) atoms initially in OC T4 sites tend to jump to (or
close to) Tq sites, either directly or passing through an Hs
hollow site; and (ii) atoms initially in OC Tq sites either
jump to a nearest TI site (possibly passing through Hs)
or spend some time in Hs or (but less frequently) in T4
sites. From Fig. 3, it also appears that a few Pb atoms
never jump away from their initial equilibrium sites, but
always fiuctuate (even if with large rms displacements)
around these. This indicates that the relaxation times in
the system are very long and the time duration of our
simulation is not enough to allow for a complete equili-
bration (see also Ref. 17). On the other hand, we also
observe that some Pb atoms are able to make a few jumps
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FIG. 3. Trajectory plots
showing motions of Pb adatoms
projected in the (z, y) plane, su-

perposed with ideal sublattice
sites. Triangles, circles, and
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H3 sites of the Ge surface, re-
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during the length of our run, e.g. after a first jump they
spend some time (a few to several picoseconds) near a
symmetry site, and then move to another site. These
observations suggest that the picture offered by Fig. 3,
where both diffusing and nondifFusing Pb adatoms are
present, should represent a typical configuration of the
system, confirming that diffusion in the overlayer is not
a purely 2D liquidlike diffusion but has important lattice-
gas-like (i.e., jumplike) features. We expect that nonliq-
uidlike features should be comparatively more important
at the typical experimental temperatures, 200 C, i.e.,
300 'C lower than in our simulation. As a rough estimate,
residence times at T 200'C should be enhanced with
respect to those observed in our run by a factor ranging
from 10, for diffusion barriers Eg 0.2 eV, to 100,
for Es 0.5 eV (this holds if the diffusion mechanisms
do not change with temperature, as it seems reasonable
to assume). The former value of Es represents a typical
value for the diffusion barriers in our system, that we
infer &om the residence times in our simulation, while
Eg 0.5 eV should be an upper bound. These esti-
mates indicate that residence times at T 200 C should
be of the order of nanoseconds, so that these motions are
much too fast to be resolved by STM.

The disordering of the Pb overlayer is re8ected in the
change with temperature of the structure factors. Since
the small size of our surface supercell allows us to sample
only a rather coarse mesh of wave vectors C in recipro-
cal space, we are not able to make a detailed comparison
with the structure factor obtained in the x-ray diffrac-
tion experiment of Ref. 10. We can instead make con-
tact with the XSW data of Franklin et aL, as shown
in Table I, where the coherent fraction I"~ (modulus)

and position Pc, (phase) of the experimental XSW struc-
ture factors for G—= (1, 1, 1) and (1, 1, 1) are compared
with our calculated values. We remark that the exper-
imental data show little variation &om below to above
the (~3 x ~3) m (1 x 1) transition. This has been in-
terpreted as an indication that the transition is of the
order-disorder type. Moreover, the slight increase of F»z
with temperature has led to the suggestion that at higher
temperature there is a higher degree of correlation with
the Ge substrate than at room temperature. The overall
behavior of the experimental data is well reproduced by
our results. This indicates that the small variation of the
XSW factors &om below to above T, does not exclude
the presence of difFusive motion in the HT (1 x 1) phase.
In particular, we find a good agreement with the exper-
iment for the temperature dependence and the absolute
values of Fgg), Pygmy, and Fqq~. For Pqqq we Bnd a slight
decrease with increasing T, in contrast with the experi-
ment, where a slight increase is observed (note, however,
that this increase is smaller than the error bars in the
experimental P~~i value). There are a few possibilities
which may account for this difFerence, most noticeably
the difference in temperature between our run and the
experiment, and/or the fact that, as mentioned previ-
ously, our system may not be sufficiently equilibrated.

To make contact with RHEED (Ref. 1) and LEED
(Ref. 9) data, in Fig. 4 we show the low- and high-
T peak intensities I(q), where q is the surface wave
vector along the (ll) reciprocal space direction. As a
simple approximation, we use for I(q) the expression

I(q) =
~ P,. f;(q) exp(iq. R;)e "~* "l~, where f; are the

atomic form factors of individual (Pb and Ge) atoms,
and R, are the positions of the atoms inside the unit
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FIG. 4. Calculated LEED structure factors. For clarity, the
intensity of the (1/3, I/3) diffraction peak has been multiplied

by 20.

cell. The exponential weight simulates the probing depth
of the scattering electrons, where A = 4.5 L is typical
for low-energy electron penetration. At low-T we find
a strong (2/3, 2/3) peak (which is one of the most char-
acteristic features of the P phase), a weaker (1,1) peak
(originating &om the substrate), plus an extremely weak

(1/3, 1/3) peak, consistent with experiments where it ap-
pears to be two orders of magnitude smaller in intensity
than the (2/3, 2/3) peak. At high temperature, the (l, l)
peak dominates the structure factor, in qualitative agree-
ment with experiments. The (2/3, 2/3) peak, although
strongly reduced in intensity, is still visible, suggesting
some persistence of 2D ordering in the Pb overlayer.

To obtain some insight into the character of this order-
ing, in Fig. 5 we show the Pb-Pb radial distribution func-

tions gpb pb(r) at low (solid line) and high (dashed line)
temperatures, together with the experimental pair corre-
lation function for bulk liquid Pb (/-Pb) at T = 340 'C.2r

The calculated HT correlation function has features in-
termediate between the lower-T and the l-Pb results.
The two calculated curves are quite similar up to 6
A. , which include the first two neighbor shells, but show
significant differences at larger distances. The agreement
between our high-T gpb pb(r) and the experiment for l-
Pb is rather good in the whole range considered, but in
our result the peaks are somewhat sharper, indicating a
higher degree of ordering.

The similarity between the low- and high-T local struc-
ture is confirmed by the behavior of the Pb vibrational
spectral density (Fig. 6), that we obtain from the tem-
poral Fourier transform of the time-averaged velocity-
velocity correlation function. At both low and high T
the spectrum is dominated by a sharp peak at 5 meV,
arising &om z-polarized Pb-Ge stretching modes. On the
low- and high-frequency sides of this peak there are z, y-
polarized in-plane modes. At low T, the low-&equency
shoulder of the 5 meV peak can be associated with the
motions which disrupt the T = 0 Pb chains. This feature
is strongly suppressed at high T, but at the same time the
spectrum acquires a finite zero-frequency value related to
the Pb in-plane di6'usion. The features associated with
the high-&equency z, y modes become broader but do not
show any substantial change at high T. Overall, the HT
spectrum is quite difFerent &om that of a typical liquid,
suggesting instead a resemblance (except for the finite
zero-&equency value) to the vibrational density of states
of a hot solid.

Turning finally to the electronic properties, we recalls
that, while the T = 0 chain structure is found to exhibit
a small ( 0.1 eV) gap, no gap is present at RT, where
the system is metallic. Such metallic character is main-
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FIG. 5. Pair correlation function gpb pb(r), for the Pb
atoms in the overlayer at low (full line) and high (dashed line)
temperature. For r ) 6 A, gpb pb(r) is extrapolated from our
data following the procedure in Ref. 28. Filled squares show
the experimental pair correlation function for liquid Pb at
T = 340 C, taken &om Ref. 27.

FIG. 6. Vibrational density of states for the Pb overlayer
obtained from the Fourier transform of the velocity-velocity
correlation function. The full and dashed curves refer to low
and high T, respectively. Labels indicate the main polariza-
tion character of the modes contributing to the spectrum.
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trusions is present, in agreement with the results of Refs.
6, 31, and 32. As discussed in Ref. 8, the reason why
only three out of four Pb atoms per ~3 cell show up
in the charge density map is that these states have p
character, and thus a node at the OC T4 Pb adatom site.
At high T, we have calculated the STM images by aver-
aging over the I DOS's of 10 independent configurations
generated during the MD run and using again states at
about 007 eV below the top of the valence band. Our re-
sults [Fig. 7(b)] suggest a rather ordered, Pb-terminated
(1 x 1) surface structure in qualitative agreement with
the STM images of Ref. 6 several degrees above the
transition temperature. In spite of the diffusive behav-
ior of the Pb overlayer, STM images show an apparent
0 = 1 structure, quite similar to a thermally disordered
(1 x 1) Ge surface. Evidently, only the orbitals with p,
(or s + p, ) character, that describe the bonding (or an-
tibonding) states between the Pb adatoms and the Ge
surface, are able to show up in these images, the contri-
bution of other orbitals either being insignificant or being
anyway averaged out during the thermal motion of the
Pb atoms.

tained at HT. The peak of Pb-induced states at 007 —1
eV below E~, which is also discussed in Ref. 8, although
broader, is well defined also at high temperature. Us-

ing the simplest approximation, we obtain "theoretical"
STM images from the local density of states (LDOS)
p(r, E~ —eV)—:P, ~@;(r)~2h(E —(E~ —eV)), where the
4;(r) are the single-electron Kohn-Sham orbitals. The
calculated low-temperature STM image resulting from
filled states at 0.7 eV below the top of the valence
band is shown in Fig. 7(a). An array of trimerlike pro-
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FIG. 7. Theoretical STM images of the high-coverage
phase of Pb/Ge(111) from topographic maps of constant local
density of states (see text). The images are taken at 2.5
A above the Pb layer. The underlying Ge lattice is always
shown, while for better clarity Pb atoms (indicated by the
big dots) are shown only in the upper panels.

In this paper we have presented first principles MD
simulations of the room- and high-temperature phases of
a Pb monolayer on the Ge(ill) surface. This approach
allows us to take fully into account the connection be-
tween electronic structure and atomic dynamics, but re-
stricts us in a number of ways. The main limitations
of our calculations are the small size of the system, the
short duration of our runs, and finally the fact that only
two temperatures could be studied. In spite of this, the
agreement of our results with the available experimental
information is remarkable.

One of the main characteristics of the calculated RT
(~3 x ~3) phase is the occurrence of very large in-plane
fluctuations of the Pb atoms around their equilibrium
sites. Taking properly into account these fluctuations
turns out to be very important for a comparison with
experimental data, as shown by the results in Table I.

The picture of the high-temperature (1 x 1) phase
which emerges from our calculations is characterized by
two main features. On the one hand, the Pb monolayer
shows a diffusive in-plane motion with a diffusion coef-
ficient of the order of that of /-Pb, which is suggestive
of a 2D liquidlike layer, similar to the model proposed
by Grey et al. On the other hand, a strong correla-
tion with the Ge solid substrate is maintained, resulting
in preferential residence sites for the Pb atoms and the
persistence of local order in the overlayer up to medium-
range distances. This is consistent with the models ' '

for which correlations with the substrate play a domi-
nant role in determining the structure of the HT phase of
Pb/Ge(ill). The character of the diffusion process that
we can infer from the analysis of the atomic trajectories
is intermediate between a jumplike mechanism charac-
teristic of a lattice-gas model and a continuous diffusion
typical of a 2D liquid. Considering that the temperature



50 LOW- AND HIGH-TEMPERATURE PHASES OF A Pb. . . 15 165

used in our simulation is rather elevated in comparison
to experiment, we expect that at the usual experimen-
tal temperatures lattice-gas features should be more pro-
nounced. However, since typical difFusion barriers in this
system are rather small, we believe that diffusion is an
important characteristic of the (1 x 1) phase observed
experimentally, as well as an essential mechanism of the
(~3 x ~3) ~ (1 x 1) disordering transition.
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