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Phase transition of a Pb monolayer on Ge„111…
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We present an x-ray-diffraction structural analysis of theb-Ge~111!-(A33A3)R30°-Pb→131 phase
transition at;180 °C for a Pb coverage of 1.25 ML. We have studied the atomic structure below and above
the phase transition by measuring the distribution of diffracted intensities along integer-order rods of Bragg
scattering. Below the phase transition, theb phase has a saturation coverage of4

3 ML. We find that above the
phase transition the single layer of Pb gives rise to a ring of diffuse scattering indicative of a two-dimensional
liquid. However, of all the Pb geometries considered, an ordered layer with high in-plane thermal vibration
amplitude is found to provide the best agreement between calculated and measured structure factors. The Pb
layer thus has both liquid and solid properties.@S0163-1829~99!08019-4#
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I. INTRODUCTION

Solid-liquid interfaces are found in many areas, b
atomic-scale experimental data are scarce. Ultrathin liq
boundary layers are thought to affect properties such as fl
lubrication, and wear. Little is known about the interaction
liquid metals with solid surfaces in processes such as cas
molding of steel and alloys, soldering, welding, and sint
ing. In the process of liquid-phase epitaxial growth, semic
ductor surfaces are in contact with liquid metals.1 Most the-
oretical predictions on the liquid ordering at solid-liqu
interfaces have not been verified experimentally.

Liquid ordering in two dimensions is also of great fund
mental interest.2 Most experiments on two-dimensional sy
tems are not on a free layer of atoms, but consist of a t
dimensional layer supported by a substrate. An import
question in these systems is how the periodicity of the
layer is related to the periodicity of the substrate. The so
liquid interface that occurs during surface melting3 is of
equal fundamental interest, but here also the precise struc
of the liquid remains unknown.4,5

Pb monolayers adsorbed on Ge surfaces constitute
ideal two-dimensional metal. Since the mutual solid solub
ties are negligible over all temperatures for which lead d
not desorb, a well-defined interface is formed, without co
plications due to alloying or dissolution in the bulk. The P
can be easily removed and deposited again. Like most s
conductor interfaces, the Pb/Ge~111! system shows interest
ing atomic and electronic structures and it has therefore b
the subject of numerous investigations.6–29Here we focus on
the disordering transition of a (A33A3)R30° reconstruction
to a 131 phase at;180 °C.

Before studying a phase transition of an adsorbed la
one should know the exact atomic structure of the pha
above and below the transition. As a function of covera
PRB 590163-1829/99/59~20!/13301~8!/$15.00
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there are two different room temperature (A33A3)R30°
structures on Ge~111!: a dilutea phase and a denseb phase;
see Fig. 1. Thea phase has a coverage of1

3 ML, where 1
ML is defined as one chemisorbed atom per top layer
atom of the unreconstructed, ideal Ge~111!. The a phase is
well understood and consists of one atom per (A3
3A3)R30° unit cell chemisorbed on aT4 site on top of the
second layer of Ge.9,11,12,16The coverage and structure of th
denseb phase, however, has been debated for many yea

The main controversy about theb phase is the saturatio
coverage. From reflection high-energy electron-diffracti
~RHEED!, x-ray scattering, and low-energy electro
diffraction ~LEED! measurements, a structural model h
been proposed with a saturation coverage of4

3 ML ~four
atoms per unit cell!.7–9,14–16,26This structure is essentially
1% compressed close-packed Pb~111! layer rotated by 30°
with respect to the underlying Ge lattice. Per unit cell, thr
Pb atoms occupy the bridge sites betweenT4 and T1 sites,
with a small displacement to theT1 sites @therefore also
called off-centered~OC! T1 sites#, and one atom occupies a
H3 site. Scanning tunneling microscopy~STM! experiments
are consistent with a43 -ML structure, but here the Pb atom
were thought to be on OCT4 sites.20 The 4

3 -ML saturation
coverage was also found in a first-principles molecular
namics study, where a ‘‘chain’’ model has been propose19

Other LEED and STM measurements have reported
the saturation coverage for theb phase is 1 ML~three atoms
per unit cell!.6,21,22 Hwang and Golovchenko21 derived this
coverage with Rutherford backscattering. They propose
model consisting of three Pb atoms per unit cell, which
displaced from theT1 sites to form trimers around theH3
sites of the Ge substrate. First-principles calculations fi
that this trimer structure at 1-ML coverage is unstable19

An overview of the different models proposed is given b
13 301 ©1999 The American Physical Society
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13 302 PRB 59de VRIES, GOEDTKINDT, STEADMAN, AND VLIEG
Franklinet al.,26 from which we can conclude that most ev
dence points to a43 -ML saturation coverage.

Using RHEED, Ichikawa7,8 was the first to derive a phas
diagram for Pb/Ge~111!. Ichikawa reported that a Pb mono
layer on the Ge~111! surface undergoes a solid-to-liqu
phase transition at a temperature which depends critically
the coverage going from 192 to 333 °C. This phase transi
was thought to correspond to the melting of the Pb mo
layer. Using LEED, Me´tois and Le Lay6 found a reversible
(A33A3)R30° to 131 transition at 280 °C, which they
claimed is not an order-disorder transition, because of
sharpness of their 131 LEED pattern at 300 °C. LEED did
not show any rings of diffuse scattering. Therefore, Me´tois
and Le Lay described it as a solid-solid structure change

A thorough investigation of the phase diagram was do
by Grey,13 showing that below a coverage of4

3 ML a low-
temperature phase transition to the 131 phase occurs aroun
;180 °C. Above4

3 ML a high-temperature phase transitio
occurs around;330 °C. For convenience, the phase diagr
proposed by Grey is shown in Fig. 1.

Grey et al.17 studied the phase transition from theb-
(A33A3)R30° phase to the 131 phase at a temperature
180 °C and a coverage of 1.25 ML. From their experimen
x-ray observation of a diffraction ring, they concluded th
the Pb forms a two-dimensional, modulated liquid. Howev
Hwang and Golovchenko21,22 proposed an alternative expla
nation for this phase on the basis of STM observations. T
claimed that theb phase breaks up into very small domai
at the transition temperature of 180 °C with the Pb atoms
a state of greatly agitated motion.

FIG. 1. Phase diagram of Pb/Ge~111! proposed by Grey~Ref.
13!. The dashed lines mark the different temperatures at which

monitored the fractional-order (2
3

2
3 0.1! reflection during Pb depo

sition ~see Fig. 2!.
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In order to resolve this controversy, we have measured
intensity along crystal truncation rods~CTR’s!30 above and
below the phase transition. These rods are tails of diff
intensity connecting the bulk Bragg peaks in the direct
perpendicular to the surface. The intensity along a CTR
given by the interference sum of the bulk and surface c
tributions. Such integer-order positions in reciprocal spa
are insensitive to the antiphase disorder that Hwang
Golovchenko claimed to be the origin of the phase transit
at ;180 °C. If at this temperature only the domain size
changing, no change in the CTR intensity is expected. On
other hand, a transition to a two-dimensional liquid shou
have a profound effect on the CTR’s.

II. EXPERIMENT

The x-ray-diffraction measurements were performed
station 9.4 of the Synchrotron Radiation Source, Daresb
Laboratory, United Kingdom.31 Monochromatic x rays with
a wavelengthl of 0.92 Å ~13.5 keV! were used, with both
the primary and diffracted beams collimated by slits. All da
were taken with a constant outgoing angle of 1° and vary
incoming angles, thereby keeping the detector resolu
constant. The sample was mounted in an ultrahigh-vacu
chamber32 coupled to a five-circle diffractometer.33 A Knud-
sen effusion cell was used for Pb deposition at a rate
;0.003 ML/sec.

The polished single crystal Ge~111! sample (838
32 mm3) had a miscut smaller than 0.1°. The sample w
cleaned by repeated cycles of sputtering~600-eV Ar1, 10
mA min) and annealing (700 °C for 15 min!. Ge has a
diamond-type lattice which has anABC stacking of bilayers
along the^111& direction. Expressed in conventional cub
lattice vectors, the primitive lattice vectors$ai% spanning the
surface unit cell are given by

a15
1

2
@1 0 1̄#cubic, a25

1

2
@ 1̄ 1 0#cubic, a35@1 1 1#cubic,

~1!

with

ua1u5ua2u5
1

2
A2 a0 , ua3u5A3 a0 ,

anda0 the lattice constant of bulk Ge~5.658 Å!. The corre-
sponding reciprocal-lattice vectors$bi% are defined byai•bj
52pd i j .

The momentum-transfer vectorQ is the difference be-
tween the outgoing wave vectorkout and the incoming wave
vector kin (ukoutu5ukinu52p/l), and is denoted by diffrac-
tion indices (hkl) in reciprocal space:

Q5hb11kb21 lb3 . ~2!

Here the diffraction-index pair (hk) refers to the in-plane
component, and the indexl to the perpendicular componen
of Q. For CTR’s, which are labeled by (hk), the indicesh
andk have integer values, whereasl is unconstrained.

Integrated intensities at various values ofl along a diffrac-
tion rod are determined by rotating the crystal about the s
face normal and measuring the number of diffracted photo
Structure factors are obtained by dividing the measured

e
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PRB 59 13 303PHASE TRANSITION OF A Pb MONOLAYER ON Ge~111!
tensity by the Lorentz factor, the polarization factor, and
area correction factor, and taking the square root.34 The area
correction factor for the variation of the x-ray footprint o
the sample is calculated numerically by assuming a Gaus
beam profile with a full width at half maximum~FWHM! of
2.1 mm in the horizontal direction and 1.6 mm in the vertic
direction. The error in the individual structure factors w
determined from the counting statistics. Symmet
equivalent reflections were measured as well, from which
estimate for the systematic error was derived,35 varying be-
tween 7 and 12% for the different data sets.

III. RESULTS AND DISCUSSION

A. Saturation coverage of theb phase

First we investigate the deposition of Pb on Ge~111!. In

Fig. 2 the intensity of the (hkl)5( 2
3

2
3 0.1) fractional-order

reflection that is sensitive to the (A33A3)R30° structure is
shown during Pb deposition at three different substrate t
peratures. These curves~marked by the dashed lines in Fig
1! beautifully confirm the phase diagram as proposed
Grey.13 At a substrate temperature of 125 °C@Fig. 2~a!#, well
below the low-temperature phase transition, the inten

FIG. 2. The (hkl)5( 2
3

2
3 0.1! fractional-order reflection during

Pb deposition at three different Ge~111! substrate temperatures. Th
arrows indicate the starting and stopping of the Pb deposition

~b!, the completion of thea phase after 105 sec of deposition (1
3

ML !, and theb phase after 420 sec (4
3 ML !, are indicated by arrows

as well.
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rises constantly after starting the Pb deposition. First thea
phase is formed. After a deposition of1

3 ML this phase is
completed and theb phase starts to form as well. Bot
phases have a (A33A3)R30°structure, and therefore th
transition from one to the other is not visible in this sca
Because of both the strong scattering of Pb atoms~compare
ZPb582 andZGe532) and the increase in domain size, t
intensity rises quite dramatically. After the deposition w

made a transverse in-plane scan of the (2
3

2
3 0.1) reflection.

By measuring the peak full width at half maximumDQFWHM
we can derive the correlation lengthL52/DQFWHM .36 For
deposition at 125 °C we find a correlation length of 1650

In Fig. 2~b!, the same experiment is shown for a substr
temperature of 275 °C, which is well above the low
temperature phase transition. From the intensity it is clea
which moment thea and b phases are complete. First th
intensity rises when thea phase is formed. Since thea phase
is known to be completed after deposition of1

3 ML, we can
estimate from this figure at which moment we have dep
ited 1

3 ML. The arrow indicates this position, which is afte
105 sec. After exactly four times this amount, 420 sec, thb
phase is completed~second arrow!. In between the intensity
goes back to zero, because of the low-temperature ph
transition around 180 °C for a coverage just below4

3 ML.
Assuming that no desorption occurs, theb phase thus has a
saturation coverage of43 ML. From Fig. 2~b! it becomes
clear that the phase transition to the 131 phase critically
depends on the coverage. Below43 ML it occurs around
;180 °C, and above4

3 ML around 300 °C. Also here we

measured a transverse in-plane scan of the (2
3

2
3 0.1) reflec-

tion, for which we found a resolution limitedDQFWHM
>0.731023 Å 21, which means the correlation length
larger than 2500 Å . The domains are thus exceptional
large. Note that the completion of theb phase coincides
exactly with the break in the deposition curve shown in F
2~a!.

Pb deposition at 350°C is shown in Fig. 2~c!. Only thea
phase is formed, because we are above the high-temper
phase transition. In the remainder of this paper, we will lo
at the atomic structure of 1.25 ML of Pb below and abo
the phase transition at;180 °C. Theb phase is studied at a
temperature of 125 °C and the 131 phase at 260 °C. Note
that the temperature values used here are not very acc
~the absolute error is about 50 °C), but that we can reprod
ibly locate the phase transitions with the help of Fig. 2.

B. Atomic structure of the b phase

In order to determine the atomic structure below a
above the phase transition we measured two integer-o
CTR’s, as well as a number of in-plane reflections. As
reference we measured these rods for the clean sta
sample at room temperature as well. The clean Ge~111!-
c(238) reconstruction has been studied before with surf
x-ray diffraction.37,38 Our data is consistent with the struc
tural model of Van Silfhoutet al.38

In Fig. 3 the measured structure factor amplitudes for
b phase along the~0 1! and ~0 2! CTR’s are shown togethe
with model calculations as a function of perpendicular m
mentum transferl, expressed in reciprocal-lattice units. W

In
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13 304 PRB 59de VRIES, GOEDTKINDT, STEADMAN, AND VLIEG
have started our analysis with the model proposed
Feidenhans’let al.,9 where one Pb atom is placed on anH3

site, and the other three Pb atoms on the bridge sites betw
the T1 and T4 sites. One fitting parameter is used to allo
these three atoms to move off-center to theT1 or T4 site. For
the height of the Pb atoms, two fitting parameters were u
for the two different sites (H3 and bridge sites!. With a glo-
bal scaling parameter, a surface fraction parameteru ~frac-
tion of surface that adopts the model surface structure!, and
in-plane and out-of-plane Debye-Waller parametersBpar and
Bperp for the Pb atoms, the total number of free fitting para
eters used in ourx2 minimization was 7. For the Ge atom
an isotropic Debye-WallerB parameter was fixed at the roo
temperature bulk value of 0.58 Å2.39 All Ge atoms were
fixed at bulk positions, because no significant improvem
to the fit was found by allowing them to relax. The best
has a reducedx2 value of 1.3.

A schematic of the model structure is shown in Fig. 4
~a! top and~b! side views. One Pb atom is positioned at
H3 site, and three atoms are displaced from the bridge
toward theT1 sites, as indicated by the arrows. In~b! the
distances between atoms and the Pb~covalent! radius are
drawn to scale.

The solid curves in Fig. 3 show our best-fit model calc
lation. The fit parameters are shown in Table I together w
the atomic coordinates. From the surface fraction param
u we find a coverage of 0.893 4

3 51.19 ML, which is close to
our estimated deposition of 1.25 ML. Since the coverage
below 4

3 ML, it could be that one of the sites is less occupie
However, by taking a surface fraction 1 and fitting the occ
pancies of theH3 and OCT1 sites, the reducedx2 went up
from 1.3 to 1.8. Thus the (A33A3)R30° domains appear to
have locally a coverage of43 ML.

FIG. 3. Structure factor amplitudes along the (hk)5(0 1) and
~0 2! crystal truncation rods. Measured structure factors are i
cated by open circles. The solid curve represents our best-fit m
calculation. For comparison calculations for the models propose
Refs. 21~dash-dotted line!, 20 ~dashed line!, and 16~dotted line!
are also shown.
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We find that the bridge atoms are displaced toward theT1
site ~OC T1) by an amount of 0.39 Å from the bridge cente
in agreement with earlier x-ray~0.35 Å! and LEED measure-
ments~0.43 Å!.9,16 We find a large in-plane Debye-Walle
factor of 6.3. The parameterB is related to the mean-squar
thermal vibration amplitudêu2& by B58p2^u2&. We thus
have an in-plane root-mean-squared thermal vibration am
tude of 0.28 Å. The perpendicular Debye-Waller parame
remains small, but our fit is not significantly affected by th
parameter. The total amplitudêu2&5^upar

2 &1^uperp
2 & corre-

sponds to a Debye temperature of the Pb monolayerTD
;55 K.40 The bulk Pb Debye temperature isTD581 K.

i-
el
in

FIG. 4. Schematic projections of our structural model in~a! top
view and~b! side view. The (A33A3)R30° unit cell is indicated
by the dashed lines. One Pb atom is positioned at anH3 site, and
three atoms are displaced from the bridge site towards theT1 sites,
as indicated by the arrows. In~b! the distances between atoms a
the Pb~covalent! radius are drawn to scale.

TABLE I. Best-fit parameters and atomic coordinates for t
structural model for theb phase. The atom positions in the surfa
unit cell are given byr5xa11ya21za3 , with $ai% the fundamental
translation vectors as defined in Eq.~1!. Fixed values are indicated
by an asterisk (* ).

Fit parameter

u surface fraction 0.89~2!

OC T1 displacement~Å! 0.39~4!

Height H3 atom ~Å! 2.88~17!

Height OCT1 atoms~Å! 2.76~4!

Debye-WallerBpar (Å 2) 6.3
Debye-WallerBperp (Å 2) 1

Atom x y z

H3 Pb 0.333* 0.667* 0.377
OC T1 Pb 20.223 1.223 0.365
OC T1 Pb 1.447 1.223 0.365
OC T1 Pb 0.777 1.554 0.365
Top Ge 0.667* 0.333* 0.083*
2nd Ge 0.000* 0.000* 0.000*
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Even lower values, however, for a Pb monolayer were fou
by photoemission measurements (TD541 K!,10 x-ray
standing-wave measurements (TD532 K!,26 and predicted
by molecular dynamics (TD534 K!.23

There has been some debate about the height of the o
layer Pb atoms with respect to the top layer Ge atoms.41 For
these vertical distances Huanget al.16 found 2.22 Å and 2.70
Å for the lower ~at H3) and upper~betweenT1 andT4) Pb
layers, respectively. Devet al.14 found 1.55 and 2.85 Å for
these values. In our analysis these distances are 2.88
2.76 Å. So in our determination the atoms on theH3 sites are
the upper atoms. This was also found in Ref. 20, wh
authors estimated the relative height difference between
H3 and OCT1 to be 0.15 Å, which comes close to our valu
of 0.12 Å. However, our error bar on the height of theH3
atom is rather large~0.17 Å!, so we cannot be very definitiv
about this issue. In ab initio molecular-dynamics
calculations19 it was found that the Pb atoms all have abo
the same height,;2.7 Å above the Ge surface.

In earlier x-ray measurements no out-of-plane positio
were given,9 but our in-plane atomic coordinates are
agreement with these measurements as well as with
LEED measurements of Huanget al.16 As mentioned above
however, our model gives other height parameters for the
atoms. The dotted line in Fig. 3 shows a calculation for
model of Huanget al. Especially for the positive part of th
~0 1! CTR the predicted distribution differs significantly from
our measured structure factors. The model proposed in
20 agrees with ours on the out-of-plane coordinates, but
fers in the way the bridge atoms are placed. In the mode
Ref. 20 these Pb atoms occupy OCT4 sites, instead of OC
T1 sites. This corresponds to changing the sign of the
plane displacement in our model. Then we obtain the das
curve, which is clearly not consistent with our data. Fro
our measurements shown in Fig. 2, we have already c
cluded that models favoring three atoms per unit cell can
excluded. From our CTR measurements this is confirm
when we compare our data with the model proposed
Hwang and Golovchenko,21 that consists of a trimer with the
T1 Pb atoms displaced towards theH3 sites by 0.3 Å~dash-
dotted curve!.

The models of Seehofer and of Hwang and Golovche
are based on STM measurements. In a later paper, See
et al.25 demonstrated that theb phase has a rather comple
appearance in STM images that depends on both the
voltage and the tunneling current. Depending on the tun
ing parameters they observed one, three, or four protrus
per (A33A3)R30° unit cell. By comparing the results wit
the closely related incommensurate phase at a slightly hig
Pb coverage, they identified both substrate- and adsorb
induced features, and therefore ruled out that the pattern
three protrusions per unit cell, as seen by Hwang a
Golovchenko, matches the arrangement of the adsorbe
atoms. Their measurements illustrate the fact that it is g
erally not possible to obtain reliable structural informati
on the basis of STM data alone.

C. 131 phase: a two-dimensional solid or liquid?

For the same Pb coverage, we have heated the substr
260 °C, well above the transition temperature to the 131
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phase. We have confirmed the observation of Greyet al.17

that a diffraction ring appears, characteristic of a tw
dimensional liquid phase. Radial scans perpendicular to
ring in the directions@hk#5@21#, @32#, @41#, and @11# are
shown in Fig. 5. Although the count rates are very low
these scans~the beam conditions were not optimal!, at a
temperature of 260 °C the appearance of the ring of diff
scattering is visible@Fig. 5~b!#. It is hard to obtain the peak
width and position of the ring, but the peak position we fi
is very close to the position reported by Greyet al. at Q
52.05 Å21, which is marked by the dashed line in the fi
ure. This diffuse ring of scattering is thus evidence that
Pb monolayer indeed behaves partly as a two-dimensio
liquid. For a genuine two-dimensional liquid, the value
2.05 Å21 corresponds to a nearest-neighbor distance of 3
Å .13

Figure 6 shows the distribution of measured structure f
tors along the~0 1! and ~0 2! rods for this phase~filled
circles! together with the data for theb phase~open circles!.
The effect of the phase transition on the~0 1! rod is hardly
visible, while the change in the~0 2! rod is more dramatic.
The dashed curve is a calculation for a simple bu
terminated Ge~111! crystal ~unreconstructed!, and for the
~0 2! rod the measured structure factors follow this cur
quite well. This rod is very sensitive to the (A33A3)R30°
structure, and above the transition there seems to be no
dered Pb visible at all. Apparently, the Pb layer has b
liquidlike and solidlike properties. Next we will quantify thi
by discussing various models of the high-temperature ph

There are two types of models: one with a (A3
3A3)R30° unit cell and vanishing correlation length, th
other with a genuine 131 cell. The liquid ring or the van-
ishing correlation lengths point to a high mobility. For th
reason, we assume the surface to be uniform~i.e., the surface
fraction equals 1! and allow for coverages below43 ML by

FIG. 5. Radial scans in the directions@hk#5@21#, @32#, @41#,
and@11# ~a! below and~b! above the phase transition. In~a! the@11#

direction is omitted, because of the huge (2
3

2
3 ) peak at Q

52.09 Å21. The dashed line marksQ52.05 Å21 where Grey
et al. ~Ref. 17! found the maximum of the diffraction ring.
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13 306 PRB 59de VRIES, GOEDTKINDT, STEADMAN, AND VLIEG
varying the occupancies of the different possible sites.
start our analysis by taking a 131 unit cell and allowing the
Pb atoms to occupy any of the three high-symmetry sitesT1 ,
T4, or H3 on the surface. When we do our fit procedure
find that theT4 site is not significantly occupied~less than
15%!, and therefore we do not consider this position a
further. This is consistent with the low-temperature mo
and the conclusions of others.23,26 When we allow only the
T1 andH3 sites we find in our best-fit model that theT1 site
is 89% occupied and theH3 site 29%~see Table II, column
‘‘1 31’’; and Fig. 7, solid curve!. This corresponds to a tota
coverage of 1.17 ML, consistent with our estimated Pb c
erage of 1.25 ML. In molecular-dynamic simulations done
Ref. 23, it was proposed that the Pb overlayer becomes
fusive above the phase transition, but that the Pb atoms

FIG. 6. Structure factors along the~0 1! and ~0 2! crystal trun-
cation rods. Measured structure factors are indicated by open ci
for the b phase at 125 °C, and filled circles represent the data
the 131 phase at 260 °C. The dashed curves give calculations
the flat bulk-terminated Ge~111! surface.

TABLE II. Best-fit parameters, reducedx2 values, and Pb
nearest-neighbor distances for the structural models for the h
temperature 131 phase of 1.25-ML Pb on Ge~111!. Fixed values
are indicated by an asterisk (* ). The 131 model is equivalent to
the model proposed by Franklinet al. ~Ref. 26! ~see text!.

Fit parameter 131 b model b fit Trimer

In-plane displacement~Å! 0* 0.39* 0.83 0.50
Height H3 atom ~Å! 2.90 2.88* 2.91 2.93
Height ~OC! T1 atoms~Å! 2.70 2.76* 2.72 2.76
H3 occupancy 0.29 0.59 1* 0.51
~OC! T1 occupancies 0.89 1 1* 0.59
Debye-WallerBpar (Å 2) 35 24 35 6.3*
Debye-WallerBperp (Å 2) 1 1 1 1*

x2 0.3 2.4 0.3 0.7
Pb nearest-neighbor distance~Å! 2.32 3.07 2.65 1.82
e

y
l

-

if-
till

spend an important fraction close to symmetry sites. T
average time spent close to aT1 site was 58%, close to aT4
site 14%, and close to anH3 site 28%. They showed that th
diffusion in the overlayer is not purely two-dimensional liq
uidlike, but has lattice-gas-like features. These calculati
were done for a higher temperature, and the authors of
23 speculated that for temperatures around;200 °C the
non-liquid-like features should be comparatively more i
portant. This is consistent with our observations.

Hwang and Golovchenko21 proposed that at the phas
transition the long-range order of the (A33A3)R30° recon-
struction is destroyed by thermal fluctuations. The (A3
3A3)R30° domains become very small, but in principle t
structure stays the same. Since we have shown that
trimer model is not consistent with our data, we have tried
fit our high-temperature data with our structural model
the b phase. In its extreme form, this model would pred
the (A33A3)R30° reflections to disappear while th
integer-order ones remain constant, because these are i
sitive to the antiphase domain disorder. The data in Fig
show that this is not true. So instead we tried to fit the hig
temperature data keeping the displacements fixed and v
ing only the occupancies and Debye-Waller parameters.
do not find a good fit to our data in this way~see Table II,
column ‘‘b model’’; and Fig. 7, dashed curve!.

Thus during the phase transition, some of the structu
parameters vary. If we fit the displacements in theb-phase
model we obtain a fit to our data that is as good as th
31 fit ~see Table II, column ‘‘b fit’’; and Fig. 7, dash-dotted
curve!. The OCT1 atoms are displaced much closer to theT1
sites than in the low-temperatureb phase. If the in-plane
displacement equals 1.15 Å, the atoms are exactly onT1
sites. This is the model proposed by Franklinet al.,26 who
suggested that at the phase transition the symmetry of
ideal Ge~111! surface is thus restored. For the integer-ord

les
r

or

FIG. 7. Structure factors along the~0 1! and ~0 2! crystal trun-
cation rods at a substrate temperature of 260 °C. Measured stru
factors are indicated by filled circles. The curves are model ca
lations ~see text!.
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rods we can measure, this model gives the same results a
131 model, because for these rods one site out of three
is fully occupied in a (A33A3)R30° unit cell is equivalent
to all sites with a1

3 occupancy.
The in-plane Debye-Waller parameterBpar of 35 corre-

sponds to an in-plane rms vibrational amplitude of 0.67
Franklin et al. found an in-plane rms vibrational amplitud
of 0.60 Å. These vibrational amplitudes are huge, althou
consistent with the greatly agitated state of the Pb atoms
in STM pictures21 and with molecular-dynamics
calculations.23 Unfortunately, we only have two complet
CTR’s, so we cannot observe the effect of the Debye-Wa
factor over a large range in parallel momentum transfer.
see whether it is possible to find a good fit to our data w
out the large vibrational amplitudes, we tried several mod
while fixing the Debye-Waller parameters to the valu
found for theb phase. Note that from the Debye temperatu
TD;55 K mentioned above, the temperature rise from 1
to 260 °C should result in an increase ofA^u2&50.30 Å to
0.35 Å. The only model for which we obtain a good fit to o
data, is a model where trimers of atoms onT1 sites are dis-
placed toward theH3 center by 0.5 Å. This model is simila
to that proposed by Hwang and Golovchenko,21 except that
we also have a Pb atom in the middle of the trimer at theH3
site. The occupancies found for the two sites are 0.51
0.59 for theH3 andT1 sites, respectively~see Table II, col-
umn ‘‘Trimer’’; and Fig. 7, dash-dotted curve! correspond-
ing to a visible coverage of only 0.76 ML. The remaining 0
ML do not follow the Ge~111! lattice, and could therefore b
liquid-like.

The models for the high-temperature phase all predict
prisingly small nearest-neighbor distances for the Pb ato
compared to the covalent distance of 2.94 Å. The 131 ~and
Franklin! model gives 2.32 Å, theb-fit model 2.65 Å, and
the trimer model 1.82 Å. Differences in height cannot s
nificantly change this. From our data we know for sure t
the 131 phase has a different structure than theb phase,
which does have the expected bond distance. The bo
length argument thus favors theb-fit model and essentially
rules out the trimer model. The 131 model yields a 20%
decrease in nearest-neighbor distance, which seems unli
A large change in bond distance is only expected if the ph
transition simultaneously modifies the electronic structure

On the basis of our data we cannot fully decide whet
the 131 phase consists of very small domains of (A3
3A3)R30° structure as proposed by Hwang a
Golovchenko,21 or of an ordered phase where all Pb ato
occupy high-symmetry sites with a high diffusion betwe
these sites, as was proposed in Ref. 23. When the dom
size becomes very small, a large fraction of the Pb atom
located at domain boundaries. This may lead to additio
relaxations that we only model on average in the structur
our model unit cells.

The bond lengths favor theb-fit model, in which a snap-
shot would closely resemble the low-temperature struc
shown in Fig. 4. The atoms on OCT1 sites are in theb-fit
model closer to theT1 sites ~see the ‘‘solid’’ Pb atoms in
Fig. 8!, which could well be caused by the fact that on a
erage the number of nearest neighbors is reduced comp
the
at
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to the saturation coverage. Size hindrance prevents the a
from occupying the exactT1 sites. Because of diffusion, a
atoms rapidly change positions, and on average allH3 sites
will have the same occupancy, while all three equivalent O
T1 sites will also be equally occupied~see the ‘‘dashed’’ Pb
atoms in Fig. 8!. These occupancies are less than1

3 , since the
atoms can also be found on nonlattice sites, as evidence
the liquid ring. The fact that the phase transition occurs fo
coverage of 1.25 ML is consistent with this picture a
points to alattice-gas model. When more Pb atoms are add
more sites are occupied and there is no room for diffus
left. Therefore, at a coverage of4

3 ML the Pb adlayer is
forced to the (A33A3)R30° reconstruction. This recon
struction melts at a temperature of;330 °C, which is close
to the bulk melting point of Pb of 327.5 °C.

IV. CONCLUSIONS

We have determined that theb phase has four atoms pe
unit cell, and therefore the saturation coverage is4

3 ML. Our
model, consisting of three Pb atoms on OCT1 sites and one
Pb atom on anH3 site, is consistent with other LEED an
x-ray scattering studies.

The phase transition to the 131 phase was found to be a
order-order transition, and disagrees with a strictly tw
dimensional liquid interpretation. To explain our measu
ments, large in-plane thermal vibration amplitudes are
quired. The picture that emerges is that of rapidly diffusi
atoms that spend a significant fraction of their time close
lattice sites. More theoretical work is necessary to recon
this with the simultaneous observation of liquid diffractio
rings.
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FIG. 8. Schematic top view of our ‘‘b-fit’’ structural model.
The ‘‘solid’’ Pb atoms are placed in one (A33A3)R30° domain,
and can be considered as a snapshot of the surface. The ‘‘das
Pb atoms indicate the positions where the Pb atoms on average
also be found, forming other domains~see the text!.
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