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Melting behavior of the b-PbÕGe„111… structure
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The two-dimensional phase transition of the ()3)) R30°-Pb/Ge(111) surface is analyzed using surface
x-ray diffraction. The critical exponentsb, n, andg have been determined. These exponents exhibit mean-field
behavior indicating a long-range interaction potential for the Pb atoms. Deviations from the mean-field behav-
ior, due to finite-size effects, occur at temperatures close toTc .
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I. INTRODUCTION

The nature of the two-dimensional~2D! melting transition
has received considerable attention because the charac
this transition in two dimensions is different from the me
ing in three dimensions. Critical fluctuations play a mo
important role in melting in lower dimensions. The meltin
transition is always a first-order process in a bulk solid, bu
can be continuous, or even of infinite order, in a 2D lay
This was pointed out by Kosterlitz and Thouless1 for a free
floating surface, where the long-range orientation orde
broken at the transition temperature. Several years later
ideas were extended by Halperin, Nelson, and Young.2 In the
presence of a~crystalline! substrate where long-range tran
lational order is present, the 2D phase transitions can
grouped in a few universality classes, such as the Ising
Potts models,3 based on the symmetry of the system. The
models predict the nature of the order-disorder transition
the critical exponents. Experimental validation of the the
ries is limited, because the investigated systems are n
completely two dimensional. Typical pseudo-tw
dimensional systems are monolayers supported on a
strate or crystal surface.4–7 The samples have to be as perfe
as possible, since defects and steps can easily influenc
critical behavior.8

We have studied the nature of the ‘‘2D’’ melting transitio
of a lead monolayer~ML ! on Ge~111!, which is a convenient
model system.9 The mutual solid solubility is negligible an
the system forms a well defined interface. In addition, le
has a low melting point as well as a low vapor pressure. T
phase diagram of the Pb/Ge~111! system has been exten
sively studied.9,10 We recently proposed a modification
high coverages.11 Two stable ()3)) R30° ~) in short!
phases can be formed on the surface, a low-densitya phase
at 1

3 ML and a denseb phase, which is stable at coverag
between 1.25 and43 ML. Here 1 ML is equal to a single
Ge~111! layer ~half a bilayer!, so 1

3 and 4
3 ML correspond to

one and four atoms per) unit cell, respectively. Thea
phase has a transition temperature near 400 °C. At this t
perature the desorption rate of Pb of the surface is so h
that experiments are very difficult. The melting temperat
of the b phase depends critically on the coverage, rang
from 180 to 270 °C. When more than43 ML of Pb is depos-
ited on the surface a metastableb8 phase forms.11 This phase
0163-1829/2003/67~16!/165423~5!/$20.00 67 1654
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has a structure which closely resembles the structure of thb
phase, but the excess Pb on the surface pins this structure
prevents it from melting. Here, we focus on the 2D pha
transition of theb phase. Because this system has th
equivalent) domains, it is expected to fall in the Pot
universality class withq53.

The structures of both the solid and the moltenb phase
have been investigated by several groups.9–11 It has been
found that the ‘‘liquid’’ phase at a coverage around 1.
ML’s has both solid and liquid character. The Pb atoms sp
a significant fraction of their time close to lattice sites. P
vious experiments on this system showed a peak broade
close to the transition temperature indicating a continu
transition, but the corresponding critical exponents were
determined.9,10

Here, we report an experimental analysis of the criti
exponentsb, n, andg of the melting transition of theb-Pb/
Ge~111! system. The critical exponents are determined us
surface x-ray diffraction~SXRD!, which is very suitable to
probe the long- and short-range order of the system.
show that the)→(131) phase transition is indeed con
tinuous. However, the critical exponents measured do
correspond to the expected three-state Potts exponents
stead they show a typical mean-field behavior.

II. EXPERIMENT

The SXRD experiments were performed in an ultrahi
vacuum environment~UHV! on the DUBBLE beamline
~ESRF, Grenoble!.12 The setup consists of a UHV chamb
which was modified to fit on the 213 circle
diffractometer.13,14 The base pressure of the system was
310210 mbar, during the surface preparation the press
never exceeded 131029 mbar. All data were measured at
wavelength of 1.13 Å, with a constant incoming angle of 1
The Ge~111! sample was heated using a filament, while t
temperature stability was monitored using a thermocou
The temperature was derived using the power of the fi
ment, which was calibrated against the bulk Pb melt
point. The absolute error in the critical temperature is610
K, but the relative error61 K.

To denote the surface structure, we use a 131 surface
unit cell for Ge~111!, whose lattice vectors are expressed
terms of the conventional cubic lattice bya15 1

2 @101̄#, a2
©2003 The American Physical Society23-1
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5 1
2 @ 1̄10#, anda35 1

2 @111#. The coordinates are in units o
the germanium lattice constant~5.66 Å at 300 °K!. The cor-
responding reciprocal-lattice vectorsbi are defined byai•bj

52pd i j . The momentum transferQ, which is the difference
between the incoming and outgoing wave vectors, is deno
by the diffraction indiceshkl in reciprocal space:Q5hb1

1kb21 lb3 . The indices~hk! refer to the in-plane compo
nent of the momentum transfer andl to the perpendicular
component.

The polished Ge~111! crystals were cleaned using re
peated cycles of sputtering and annealing until ac(238)
reconstruction was observed. The miscut of the crystals
;0.2°, which corresponds to an average terrace width
;900 Å. A Knudsen effusion cell was used for the depo
tion of Pb. The deposition rate was calibrated by observin
diffraction peak from the) reconstruction, and was typi
cally 0.03 ML/min. The)-Pb/Ge surface is obtained as fo
lows. First a little over43 ML Pb is deposited on the surface
230 °C, which is above the lowest transition point at 180
but below the melting point of theb phase, resulting in a
metastableb8 phase.11 Subsequently this phase is annea
at 330 °C and cooled to room temperature, resulting inb
phase with a coverage of 1.28 ML’s~in the two-dimensional
layer!. At this point the surface consists of a two-dimension
Pb layer having ab structure and a few large three
dimensional Pb islands. The total coverage is still abov4

3

ML. There appears to be no exchange between the Pb isl
and the surface, because the coverage in the two-dimens
layer does not reach the value of4

3 ML for the ideal b
phase.11

To obtain the critical exponents, the~2
3,

2
3, 0.3! reflection is

monitored over a wide temperature range. This reflect
originates exclusively from the two-dimensional) surface,
thus the three-dimensional islands are ignored. Meas
ments are performed at both increasing and decreasing
peratures and on different samples and preparations. At e
temperature the surface was allowed to equilibrate until
changes in peak height and width were observed and
thermocouple showed a stable readout. Wide rocking sc
~63.5°! are performed to obtain accurate background inf
mation and the detector slits were set fully open~60.2°! in
order to obtain a fairly complete integration in this directi
~a full integration of the Lorentzian line shapes is nea
impossible!.15 A typical example of a rocking scan is show
in Fig. 1.

FIG. 1. Rocking scan of the~ 2
3,

2
3, 0.3! reflection at 440 K. The

log scale shows the very long tails of the Lorentzian line profile
16542
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III. DATA ANALYSIS

At low temperatures theb-Pb/Ge~111! surface consists o
three equivalent) domains with equal occupancy and wi
a domain size that is limited by defects and steps. This is
longest length scale in our system. When approaching
melting point, small domains develop within the large d
mains. At the critical temperature the small domains form
connected network, while the initial long-range-order d
mains have disappeared. The small domains give rise to c
cal scattering, which reaches a maximum at the critical te
perature and vanishes at higher temperatures.

Thus the total scatteringS(q,t) consists of a long-range
order, a critical scattering, and a background scattering te

S~q,t !5I long~ t !F long~q!1Fcrit~ t,q!1I bg. ~1!

Hereq is the distance to the measured fractional-order refl
tion and t5uT2Tcu is the difference from the critical tem
peratureTc . The first term, describing the long-range ord
is the product of an intensityI long(t) with a line shape
F long(q). In this case of three equivalent domains and a m
surement of a fractional-order reflection, the line shape
expected to be Lorentzian,16 and that is indeed what we find
There is no true long-range order; the constant peak widt
determined by steps and defects. For a continuous trans
I long(t) behaves likeAI long}tb, whereb is the critical expo-
nent of the order parameter. At temperatures aboveTc ,
I long50.

The second term describes the short-range fluctuati
i.e., the critical scattering. AboveTc , this is the only remain-
ing term, apart from the background scatteringI bg. The criti-
cal scattering is approximated with a Lorentzian line sha

Fcrit~q,t !5x~ t !
1

s214q2 , ~2!

wherex(t) denotes the susceptibility ands is the full width
at half maximum~FWHM!, which is inversely proportiona
to the correlation lengthj. The susceptibility depends on th
critical exponentg, according tox5x0utu2g, while the cor-
relation length behaves likej5j0utu2n.

At T!Tc the critical scattering can be neglected and
only term contributing to the scattering is the long-rang
order term with a single Lorentzian line shape. The width
the profile remains constant and is fixed at the lo
temperature value during the fitting procedure. Figure 2~a!
shows a typical example of such an experimental curve. F
ure 2~b! shows a profile at a temperature just belowTc . Here
both terms contribute to the scattering. This profile can
fitted with a two-component line shape, a sharp peak for
long-range order~with a fixed width! and a wider peak for
the critical scattering. At temperatures aboveTc , the critical
scattering is the only remaining contribution@Fig. 2~c!# and
the experimental profile can again be fitted with a sin
Lorentzian.

This analysis of the experimental profiles resulted in
data set ofI long, x, ands as a function of temperature. T
obtain the corresponding critical exponentsb, g, andn these
order parameters are fitted simultaneously. The tempera
3-2
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MELTING BEHAVIOR OF THE b-Pb/Ge~111! STRUCTURE PHYSICAL REVIEW B67, 165423 ~2003!
Tc is included as a fit parameter. The experiments are
formed at a constant coverage of 1.28 ML’s. The excess
available on the surface was found not to be in equilibri
with the two-dimensional lead monolayer,11 and thus the ex-
periments are not performed at constant chemical pote
m. Therefore the exponents measured are effective expon
and they have to be Fisher renormalized,17

bn5
b

12a
, nn5

n

12a
, and gn5

g

12a
. ~3!

wherea is the specific-heat exponent, which equals1
3 in the

case of a three-state Potts model and 0 in case of mean
behavior.

IV. RESULTS AND DISCUSSION

The resulting values forI long, x, ands are plotted in Fig.
3 and show the expected behavior at the phase transi
I long drops to zero atTc , while the susceptibility shows a
peak at the transition temperature wheres has a minimum.
The scatter~and thus the error! in the values is quite small
demonstrating that the data are good enough to reliably

FIG. 2. Broadening of the~ 2
3,

2
3, 0.3! reflection at different tem-

peratures.~a! The profile measured atT5440 K ~dots!, which is
equal toF long(q). The solid curve is a Lorentzian fit.~b! Profile
measured belowTc at 510 K, the solid line is a fit composed of tw
Lorentzian line shapes, the long-range-order contribution~dotted
line! and the critical scattering~dashed line!. ~c! Profile measured
aboveTc at 526 K, where only the critical scattering is present,
solid line is a single Lorentzian fit.
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compose the profiles in two Lorentzians. In earlier expe
ments on different systems the critical scattering belowTc
was never observed.4–7 The value found for the width of
F long(q) is 0.05°, which corresponds to a domain size
1100 Å. The critical temperature found in the fit procedu
was 520610 K.

Theoretically, the susceptibility and correlation length d
verge atTc , resulting in ad profile, but in practice these
values are bound by finite-size effects. To eliminate th
effects the data forx ands at an intervalDT aroundTc are
omitted from the fit. The value forDT was determined by
increasing it until no changes ing, n, and Tc were found.

FIG. 3. I long ~top!, x ~middle!, ands ~bottom! plotted on a log
scale as a function of the temperature differenceT2Tc . The critical
temperatureTc is 520 K. The solid lines are best-fit calculation
giving values ofb50.23,n50.51, andg51.05. The dashed lines
are calculations with fixed three-state Potts exponents.
3-3
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This yieldedDT565 K. The values ofg andn determined
by this procedure were 1.05 and 0.51, respectively. Figu
shows the corresponding best fits~solid lines!. The data forx
deviate at high temperatures, which is probably due to
sorption of Pb from the surface.

Omitting the data nearTc is a rather crude, but often
used,8,18,19way to correct for finite-size effects. The preci
consequences of finite-size effects are not known for
system, but to some extent we may account for these eff
by convoluting the critical scattering with a profile represe
ing the finite-size effects. While also imperfect, this yields
alternative method to derive the critical exponents and t
provides an additional error estimate as well. AtTc the the-
oretical profile ofFcrit is ad function, and thus the measure
profile at Tc yields the width and height of the finite-siz
smearing function. For convenience, we then use the foll
ing relations:

1

xexp
5

1

x th
1

1

xfin. size
, ~4!

sexp
2 5s th

2 1sfin. size
2 , ~5!

wherexexp andsexp are the measured values,x th ands th are
the values expected theoretically, and wherexfin. size and
sfin. size take into account the finite-size effects. From t
profile atTc , we findxfin. size5800 andsfin. size50.1°. Using
this, we find for the critical exponentsn50.44 and g
50.90. In the course of the analysis, we have also calcula
the results of using a convolution of two Lorentzians or
two Gaussians, and found that the critical exponents
similar to the ones obtained from the simple method.

The critical exponentsn andg show large deviations from
the values expected for the three-state Potts model; see T
I. For comparison, a fit is shown in Fig. 3 with fixed Pot
exponents~dashed lines!. Instead, the values found forn and
g are close to the values expected for mean-field behavi

The exponentb is derived from theI long data. When all
data, including the points nearTc , is included, we findb
50.23. This does not agree with the three-state Potts m
~see Fig. 3!, but also not with the mean-field value ofb
50.5. In order to explore the behavior ofI long, the data are
plotted on a linear scale as function oft in Fig. 4. This
representation should result in linear behavior in case

TABLE I. Theoretical and experimental values for the critic
exponents. The best-fit values are calculated omitting the data c
to Tc ~see text!.

n g b

Best fit 0.51~3! 1.05~5! 0.48~4!a

Finite-size convolution 0.44~3! 0.90~5!

Three-state Potts model 5
6 '0.83 13

9 '1.44 1
9 '0.11

Three-state Potts model,
Fisher renormalized

5
4 51.25 13

6 52.17 1
6 '0.17

Mean-field model 0.5 1 0.5

aWhen the data close toTc is included a value ofb50.23 is found.
16542
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mean-field behavior. The data indeed follow a straight line
temperature differences larger than 4 K, but deviations oc
at temperatures closer toTc . Note that this is the same rang
as estimated for the finite-size effects in the other expone
When these data are omitted from the fit a value ofb
50.4860.04 is found, which agrees with the mean-fie
model. Table I summarizes the exponents found using
different methods.

Apparently, the long-range scattering and the critical sc
tering data exhibit a mean-field-like behavior when da
close toTc are omitted. This implies that for such temper
tures we are in a regime where the correlation lengthj(T) is
smaller than both the system sizeL and the effective poten
tial rangeR. This points to a rather long-range interactio
between the Pb atoms, which is compatible with the h
density of Pb atoms in this phase.10,11Possibly, the Pb atoms
on the surface have such an interaction owing to the form
tion of covalent chains.20 When temperatures closer than 4
to Tc are included a difference between the critical scatter
data and the long-range scattering data is observed. For
cal scattering the exponentsn andg directly cross over from
mean-field to finite-size behavior. This suggests that for th
temperatures and data one hasj(T)'L,R. On the other
hand, the long-range scattering data, when analyzed clos
Tc , yield an exponentb50.23, which is in between the
values expected for mean-field~0.5! and the three-state Pott
model ~0.17 when Fisher renormalized!. Apparently the ef-
fective potential rangeR̃ for the order parameter is differen
in such a way that the inequality above is replaced byj(T)
'L'R̃.

It would be interesting to compare the critical expone
of the b phase with those of thea phase. This phase has
low density with a coverage of13 ML, and does not show
metallic behavior at temperatures above 213 K.21 Similar
behavior has been observed for the He-graphite syst
where, depending on the preparation, both mean-field22 and
three-state Potts23 values for the exponenta were found.
However, due to the higher transition temperature of
a-Pb/Ge~111! structure, the measurement of these expone
is very difficult.

V. CONCLUSIONS

We have examined the 2D phase transition of the)-Pb/
Ge~111! phase. The exponents correspond to the values

se

FIG. 4. Peak height ofI long vs t. The data follow a straight line
~solid line! showing mean-field behavior, but close toTc a deviation
from this line is visible. The dashed line is a fit of the comple
data, including the data close toTc giving a b exponent of 0.23.
3-4
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pected for mean-field behavior. Deviations for the susce
bility and correlation length occur at temperatures close
the critical temperature, which are due to finite-size effe
The data forI long show a deviation close toTc , which is
probably due to a crossover from mean-field behavior
three-state Potts behavior. The mean-field behavior of
surface shows that the atoms have a long-range interac
potential.
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