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At a coverage of 5/3 monolayer �ML�, Pb adsorbed on Ge�001� forms a ground phase displaying a � 2 1
0 6

�
symmetry. This phase undergoes two reversible phase transitions � 2 1

0 6
�↔ � 2 1

0 3
�↔ �2�1� at the critical tempera-

tures Tc1
�178 K and Tc2

�375 K, respectively. We investigated the behavior of the relevant order parameters
at the critical temperatures by means of He and in-plane x-ray diffraction �HAS and XRD, respectively�. Both
phase transitions at the critical temperature put in evidence a clear order-disorder behavior, in agreement with
the universality class expected for the corresponding symmetry group transformation. The low-temperature
transition yields the critical exponent of the two-dimensional �2-D� Ising universality class, whereas the
three-state Potts’ critical exponents are found for the high-temperature transition. By out-of-plane XRD mea-
surements, the low-temperature phase transition is observed to be accompanied by a static surface distortion at
room temperature. A complementary HAS study of the temperature evolution of the surface charge corrugation
reveals that the complete � 2 1

0 6
�↔ � 2 1

0 3
� transition is of the displacive type. On the contrary, the high-temperature

phase transition does not show any change of the surface corrugation up to its irreversible decomposition, thus
pointing to a pure order-disorder character.

DOI: 10.1103/PhysRevB.72.045404 PACS number�s�: 68.35.Rh, 68.49.Bc, 61.10.Nz, 68.47.Fg

I. INTRODUCTION

The reconstructed semiconductor surfaces easily undergo
surface phase transitions because the large energy excess
produced by cutting a covalent crystal is only partially re-
leased by rehybridization of the dangling bonds. The most
common, i.e., less energetically expensive, transitions are the
order-disorder ones, which are triggered by dynamical fluc-
tuations of the atomic structure, separating domains of an-
tiphase order. Each domain is always in a ground structural
configuration and the energetically expensive change of hy-
bridization is confined to the domain boundary. When the
domain size is reduced to a single lattice unit by the prolif-
eration of domain walls, the interaction among structural
fluctuations increases and a correlation can set in, possibly
yielding a new stationary configuration of the surface elec-
tronic structure. In this case the transition is of the displacive
type, the order-disorder behavior being simply an intermedi-
ate stage.1 When the transition is driven by the electrons at
the Fermi level, the corresponding charge redistribution takes
the name of a charge density wave, CDW. In this case, atom
displacement eventually occurs due to the recalling force ex-
erted by the CDW on the ionic cores.

The possibility to induce charge density waves at metal/
semiconductor interfaces well below their melting point is a
subject of study in order to control the electronic properties
at the interfaces of layered systems.2 A viable route to this
goal may be achieved through surface charge injection
by submonolayer metal deposition. The most studied systems
are certainly the 1/3 ML phases of metals on the �111� sur-
faces of Si and Ge, which can display phase transitions close
to room temperature �RT�.3,4 Since the first claims of a sur-
face charge density wave at the 1/3 ML Pb/Ge�111�

surface,3 many studies have shown that a sharp classification
of the nature of these phase transitions is a difficult task. As
an example, the well-known �3�3�↔ ��3��3�R30° transi-
tion at Sn/Ge�111� is now accepted to display a clear order-
disorder character at the critical temperature of �220 K due
to dynamical fluctuations of the atomic structure,5–7 but its
behavior at a higher temperature is less clear. In fact, while a
soft phonon has been observed at RT and attributed to the
onset of a collective motion of the structural fluctuations,8

the system still preserves its ground electronic configuration
and local structure up to its irreversible decomposition at
�600 K.9 In addition, the thermodynamical behavior is
smeared by the perturbation of the surface charge density
due to point defects and their reciprocal interaction.10–12

Things are getting even more complicated when the Si�111�
substrate is considered.13–15 As a matter of fact, a compre-
hensive description of the 1/3 ML phase of metals on both
Ge�111� and Si�111� is still a matter of discussion.

This family of submonolayer metal on semiconductor
phases, while displaying a distinct metallicity at room
temperature,16,17 is characterized by a covalent bonding of
the metal atoms to the substrate.18 Moreover, the systems
with the lower degree of metallicity, like the Sn/Si�111�
one,16 do not undergo any phase transition at all.13 One might
argue that a weaker bonding of the metal atoms to the sub-
strate would probably be needed to allow the interface to
undergo a neat displacive thermodynamical behavior. Such a
configuration can be effectively obtained on the Ge�001� sur-
face by deposition of 5 /3 ML of Pb �where the coverage is
expressed in terms of substrate atom density�. This phase
was already observed by both scanning probes �STM� and
diffraction techniques �low-energy electron diffraction,
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LEED, and XRD� to correspond to an almost metallic over-
layer of Pb with a lateral atom density very close to that of a
bulk Pb�111� plane.19,20 This quasihexagonal Pb overlayer is
slightly distorted by the substrate corrugation, thus yielding a
commensurate lattice, whose structure was determined by an
extended XRD study.21 In particular, Bunk and co-workers
found that the 5/3 ML low-temperature, LT phase displays a
� 2 1

0 6
� ground symmetry, which transforms into a � 2 1

0 3
�, at RT.

From an analysis of the atomic anisotropic displacement pa-
rameters �which take into account both static and dynamical
disorder�, the transition was claimed to be driven by the
height fluctuations of two particular Pb atoms in the � 2 1

0 6
� unit

cell, as a consequence it was assigned to the order-disorder
type.

In the present study, we focus on the characterization of
the phase transition by studying the temperature dependence
of the relevant order parameters. In addition, by performing
detailed out-of-plane XRD measurements of a reference dif-
fraction peak that is not involved in the transitions, we have
determined whether its intensity variations are to be ascribed
either to static or dynamic distortion of the Pb lattice. The
resulting displacive character is found to be in agreement
with the observed change of HAS diffracted intensity, re-
flecting a change of the surface charge corrugation. Finally,
we have characterized also the � 2 1

0 3
�↔ �2�1� reversible tran-

sition at Tc2
�375 K.

II. EXPERIMENTAL

XRD measurements have been performed at the ALOISA
beamline installed at the Elettra Synchrotron �Trieste, Italy�.
Both in-plane and out-of-plane �rod scans� diffraction data
have been taken by keeping the surface at the critical angle.
The rod scans were measured with a photon energy of
7000 eV, whereas a 6500 eV photon energy was used for
azimuthal scans of the in-plane XRD peaks in a fixed �
−2� scattering geometry. The He diffraction measurements
have been performed with a HAS apparatus,22 which is cur-
rently attached to the branch line of ALOISA. The HAS
apparatus has a fixed scattering geometry ��in+�out

=110 deg� and the sample is mounted on a six-degrees-of-
freedom manipulator for measuring the diffraction patterns.
Most of the He diffraction patterns have been measured in
continuous beam acquisition, while time-of-flight, TOF, ac-
quisition has been used in a few cases to filter out the inelas-
tic scattering contributions. Real time HAS measurements
during deposition have been used for a fine tuning of the Pb
optimal coverage �reproducibility of �1% ML� and substrate
growth temperature. The same recipe has been also adopted
in the ALOISA end station by employing a reflection high
energy electron diffraction �RHEED� system and specular
x-ray reflectivity �XRR� for real time monitoring of Pb depo-
sition. Both ALOISA and HAS make use of the same type of
manipulator, thus allowing the exchange of sample holders
�hosting thermocouples and heating filaments� for a better
reproducibility of the preparation conditions.

The reciprocal lattice of the 5/3 ML phase is shown in
Fig. 1. Due to the nonsquare symmetry of the unit cell, frac-
tional spots at the 12th order appear along the main substrate

direction for the � 2 1
0 6

� ground phase �sixth-order spots for the
� 2 1

0 3
� RT phase, from which it was also termed the “�2�6�”

phase20�. Four equivalent domains are possible on the square
substrate lattice, each one rotated by 90 deg �see the lattice
construction from the first to the second panel in Fig. 1�.

To single out the best preparation procedure �the one
yielding the largest domains�, we have monitored in real time
the evolution of several HAS diffraction peaks during Pb
deposition. In fact, several ordered structures are formed at
RT by Pb on Ge�001� in the monolayer range, up to an in-
commensurate c�4�8�− i phase at the saturation coverage of
the first Pb layer, which is slightly larger than the 5/3 ML
phase. At higher coverage, clusters are formed, which are in
kinetic equilibrium with the c�4�8�− i phase, and layer-by-
layer growth can be only achieved at substrate temperature
lower than 140 K.23 The He diffracted intensity for a few
peaks is shown in the upper panel of Fig. 2 for Pb deposition
at RT. The optimal coverage for the 5/3 ML phase is wit-
nessed by the maximum intensity of the �1/2 ,0� and
�1/3 ,1 /3� peaks. The appearance of the �1/4 ,0� peak, char-
acteristic of the c�4�8�− i phase, is clearly seen at slightly
higher coverage. Thus, we have used the �1/3 ,1 /3� peak
�which is absent for all the other Pb/Ge phases of whatever

FIG. 1. �Color online� Upper panel: the unit cell of the � 2 1
0 6

�
phase in the reciprocal space. The open squares represent the sur-
face diffraction peaks of a single domain. Central panel: the � 2 1

0 6
�

phase has a fourfold degeneracy due to the presence of four 90°
rotated domains, shown with four different markers. Lower panel:
the � 2 1

0 3
� phase is characterized by the disappearance of one peak

every two along the �120� surface direction.
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coverage� as the reference peak for surface preparation. In
the ALOISA preparation chamber, the correct coverage for
the � 2 1

0 6
� phase was found, from a comparison with RHEED

patterns, to correspond to the first XRR intensity maximum
�as shown in the lower panel of Fig. 2 together with the He
specular reflectivity�.

Each deposition was followed by a short flash to 400 K
for annealing point defects. This procedure yielded the best
diffraction peaks for the LT � 2 1

0 6
� phase �in terms of both peak

width and intensity�, displaying reversible phase transitions
with no appreciable hysteresis, as can be seen in Fig. 3 for
the � 2 1

0 3
�→ �2�1� phase transition. Annealing at a tempera-

ture higher than 450 K has been observed to reduce the sur-
face quality. The last check of the surface quality was ob-
tained a posteriori by measuring the transition temperature,
since the best surface yields the highest critical temperature
Tc.

24 Variations of Tc within ±5 K have been routinely ob-
tained with our preparation procedure. Finally, the irrevers-
ible decomposition of the 5/3 ML Pb phase into a �1�5� is
observed at about 550 K, in agreement with previous
reports.19,20

III. RESULTS AND DISCUSSION

A. Surface symmetries

The temperature dependence of a few diffracted peaks
measured by HAS is shown in Fig. 4, which gives an over-
view of the phase transitions occurring at the 5/3 ML phase.
The specularly reflected, integer, and half-integer peaks
mainly display an intensity decrease due to Debye-Waller
attenuation. The observed small deviations of these peaks
from a regular exponential law will be discussed later, while
here we focus on the �5/12,1 /6� and �1/3 ,1 /3� peaks �char-
acterizing the � 2 1

0 6
� and � 2 1

0 3
� symmetries, respectively�, which

disappear, exhibiting a critical behavior �continuous and re-
versible intensity decrease accompanied by peak broadening�
at two different temperatures �the inflection points being dif-
ferent by �200 K�.

FIG. 2. �Color online� Upper panel: HAS intensity taken during
Pb deposition at Ts�300 K for a few off-specular diffracted peaks.
The coverage is expressed in terms of substrate surface atom den-
sity. The absolute Pb coverage has been calibrated a posteriori
on the maximum of the �1/3 ,1 /3� peak. The appearance of the
c�4�8�− i phase �first layer saturation coverage� is witnessed by
the maximum of the �1/4 ,0� peak. Lower panel: the specularly
reflected x-ray and He intensity are reported on the left and right y
axis, respectively. The XRR reflectivity coverage has been cali-
brated from LT layer-by-layer growth oscillations, according to Ref.
23.

FIG. 3. The �1/3 ,1 /3� peak intensity is shown across the � 2 1
0 6

�
→ �2�1� transition. Filled and open markers show the phase tran-
sition measured with increasing and decreasing temperature, respec-
tively, and evidence the absence of any detectable hysteresis. The
sample has been kept only a few minutes at 400 K, before decreas-
ing the temperature.

FIG. 4. �Color online� Temperature behavior of the He-
diffracted peaks. The peak intensity is reported on a logarithmic
scale to put in evidence the deviation from the Debye-Waller at-
tenuation of the �5/12,1 /6� and �1/3 ,1 /3� peaks, due to the phase
transitions. The specularly reflected �0,0� peak has been measured
with the �100� surface direction aligned in the scattering plane.
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At 400 K, the surface yields a �2�1� diffraction pattern,
which is the highest symmetry observed on the 5/3 ML
phase and probably reflects the Ge dimer reconstruction of
the substrate underneath. In fact, Bunk and co-workers de-
scribed the � 2 1

0 6
� phase as a Pb layer on top of a c�4�2�

dimer reconstructed substrate. The � 2 1
0 6

� phase thus results by
the occupation of one out of the six equivalent Ge�001� sub-
lattices that are obtained shifting the � 2 1

0 6
� lattice cell by a

vector �0,na�, where a is the substrate surface unit cell and
n=0,1 , . . . ,5. The energy cost of creating a defect corre-
sponding to a cell shift by na depends on the atomic struc-
ture of the Pb lattice cell, i.e., it is a function of n. The
temperature hierarchy of the two observed phase transitions
indicates that the n=3 defect type is the less expensive one.
By thermal excitation of n=3-type defects, domain bound-
aries between regions of opposite � 2 1

0 6
� order parameter are

formed, which drive the system through a continuous phase
transition into a � 2 1

0 3
� high symmetry phase. According to the

Landau’s symmetry rules, such a two-spin system should dis-
play the critical behavior of a 2D-Ising universality class.

At a higher temperature the more expensive type of de-
fects n=1,2 also starts to proliferate, reducing the � 2 1

0 3
� long-

range order. By symmetry arguments, we can neglect the
underlying � 2 1

0 6
� structure hidden in the RT phase, and, pro-

vided that these defects have the same energy cost, the � 2 1
0 3

�
phase can be mapped onto a three-spin system. Another
order-disorder phase transition can thus take place, which
should follow the three-state Potts’ critical behavior at the
critical temperature Tc2

.

B. Critical behavior

In order to check the hypothesis of two second-order
phase transitions of the order-disorder �OD� type, we have
studied the temperature behavior of the relevant long-range
order parameters by means of surface diffraction. According
to the reciprocal lattice shown in Fig. 1, the low symmetry
vectors Gi of the 3rd, 6th, and 12th fractional order are char-
acteristic of the surface symmetry in the LT and RT phases.
In case of a second-order phase transition, the diffraction
intensity for parallel momentum exchange K close to Gi can
be approximated by25

I�K,T� = �2�T���K − Gi� + ��K − Gi,T� , �1�

where � stands for the order parameter, which only depends
on the temperature, and � represents the susceptibility ac-
counting for the order fluctuations. In proximity of the criti-
cal temperature Tc, all the thermodynamical quantities scale
as a power law of the reduced temperature t= �Tc−T� /Tc.
The order parameter vanishes at Tc as �� t� and the suscep-
tibility diverges as ���t�−�. The Fourier transfrom of the
susceptibility, which dominates the diffraction peak close to
Tc, has a Lorentzian line shape, i.e., the peak width is in-
versely proportional to the fluctuations correlation length �,
which also diverges at Tc as ���t�−	. For an equilibrium
phase transition of the OD type, the critical exponents � ,	 ,�
are univocally determined by the surface symmetry. In par-
ticular, �=1/8, 	=1, and �=7/4 are predicted for the 2-D

Ising model and �=1/9, 	=5/6, and �=13/9 for the three-
state Potts’ one.26

From an experimental point of view, the determination of
the critical exponents from the study of the diffraction peaks
is often hindered because of the smearing of the phase tran-
sitions at Tc due to finite size effects27–29 and point
defects,30,31 so that power law behaviors are hardly observed
for more than one decade in the logarithm of the reduced
temperature. Moreover, an accurate analysis of the order pa-
rameter intensity behavior is complicated by the concurrent
attenuation due to the Debye-Waller thermal fluctuations. In
the case of HAS measurements, the diffracted intensity is
also strongly affected by the occurrence of point defects
�such as vacancies or impurities�, since they have a very
large cross section for thermal energy He atoms.32 On the
contrary, the width of the diffracted peaks �inversely propor-
tional to the corresponding domain size� is unaffected by
randomly distributed point defects. As a consequence, the
determination of the critical temperature from the analysis of
the fluctuation correlation length �exponent 	� is the most
reliable one with diffractive techniques.

For HAS diffraction, the Lorentzian contribution to the
peak broadening due to the order parameter fluctuations is
convoluted with the instrumental peak profile �which is as-
sumed to be Gaussian�. Thus, the angular profiles taken at
each temperature have been fitted to a Voigt function, where
we have kept the width of the Gaussian component fixed to
the value obtained by a fully free fit to the peak measured at
the lowest achieved temperature. The resulting width of the
Lorentzian component has been fitted to a power law for
extracting the critical exponent. In the figures, we have also
subtracted the value of the Lorentzian width obtained at the
lowest temperature �which simply reflects the preexisting do-
main size distribution in the ground phase� to better highlight
the broadening due to the domain wall proliferation. The
temperature behavior of the �1/2 ,1 /4� HAS diffracted peak,
characteristic of the LT � 2 1

0 6
� phase, is shown in Fig. 5. From

a comparison with similar diffraction experiments on other
surfaces, it is worth noting the low degree of the rounding
effect at Tc1

, which is indicative of a very good surface qual-
ity with low defect density. In fact, the peak broadening
starts at a temperature where the intensity �i.e., the order
parameter� is strongly reduced, unambiguously indicating the
occurrence of an OD phase transition. The resulting critical
exponent has been determined with good accuracy to be 	
=1.04±0.08 and the critical temperature Tc1

=179±2 K, con-
firming the assignment of the � 2 1

0 6
�↔ � 2 1

0 3
� phase transition to

the 2D Ising universality class.
It should be remarked that the �1/2 ,1 /4� diffraction peak

stems from the contribution of two kinds of equivalent sur-
face domains, rotated by 180°, as can be seen from the cen-
tral panel in Fig. 1. The OD critical exponents are not ex-
pected to be affected by this overlap, since they are
independent from the direction along which the diffraction
peak is collected.33 As a check, we have also analyzed the
�5/12,1 /6� HAS peak �shown in Fig. 6� which is originated
by a single domain �see the central panel in Fig. 1�. In this
case, we have found a strong inelastic contribution �phonons�
to the tails of the peak profile. As a consequence, we have
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acquired its line shape in the TOF detection mode in order to
retain the mere elastic contribution to He scattering. This
choice has the drawback of a strong intensity decrease of the
He beam, due to the low transmittance �0.5%� allowed by the
chopper for TOF detection. Notwithstanding worse statistics,
the so-obtained critical temperature Tc1

=174±5 K and criti-
cal exponent 	=0.99±0.27 yield almost no discrepancy with
respect to the �1/2 ,1 /4� peak.

The same analysis has been applied to the diffraction
peaks involved in the high-temperature �HT� phase transition
� 2 1

0 3
�↔ �2�1�. The intensity and width of the �1/3 ,1 /3�

peak, as measured by HAS, is shown in Fig. 7. The smearing
of this OD phase transition is further reduced with respect to
the LT one. We found a critical exponent 	=0.84±0.11 at a
critical temperature Tc2

=375±2 K, confirming the three-
state Potts’ model. To check the homogeneity of this critical

exponent, we have also studied the temperature behavior of
the �4/3 ,1 /3� peak. For this peak, we show in Fig. 8 the
intensity and width as measured by in-plane XRD. While the
HAS angular profiles were taken by radial scans of the dif-
fracted peaks, azimuthal scans have been collected for x-ray
diffraction �XRD� measurements. For each temperature we
have taken an azimuthal scan of the sample while keeping
fixed the photon energy and the scattering geometry. In this
way no instrumental broadening of the diffraction peak may
take place and the angular profile of the diffraction peak is
always found to be a pure Lorentzian. Fitting the width to a
power law yields 	=0.84±0.03 at Tc2

=362±1 K, in excel-
lent agreement with the predicted 	=5/6 value.34 It is worth
noting that in this case the power law behavior is found to
extend for more than one decade of the peak width �see the
right y axis of Fig. 8�.

Both phase transitions, at the corresponding critical tem-
perature, display a very neat order-disorder character. In par-
ticular, it is very tempting to associate the � 2 1

0 6
�↔ � 2 1

0 3
� tran-

sition with the c�4�2�↔ �2�1� of the clean Ge�001�
surface. The latter also belongs to the 2D Ising class and was

FIG. 5. Temperature dependence of the �1/2 ,1 /4� He diffrac-
tion peak taken along the �210� surface direction. The surface tem-
perature during the acquisition of each point was kept constant
within 0.2 K. The peak intensity �open squares, left y axis� and the
Lorentzian FWHM �open circles, right y axis� were obtained by
fitting the data to a Voigt function with a fixed Gaussian width of
0.1° due to the instrumental peak broadening. A Lorentzian width of
0.18°, as obtained for the lowest temperature, has been subtracted to
better highlight the broadening due to the proliferation of domain
walls. The full and shaded line is a fit to the Lorentzian width with
the power law, as described in the text.

FIG. 6. Temperature dependence of the �5/12,1 /6� He diffrac-
tion peak taken along the �520� surface direction. A constant Gauss-
ian width of 0.13° was used in the Voigt fit. The Lorentzian width at
the lowest temperature was 0.12°. The same notation as in Fig. 5.

FIG. 7. Temperature dependence of the �1/3 ,1 /3� He diffrac-
tion peak taken along the �110� surface direction. A Gaussian width
of 0.17° was used in the Voigt fit. The Lorentzian width at the
lowest temperature was 0.09°. The same notation as in Fig. 5.

FIG. 8. Temperature dependence of the �4/3 ,1 /3� peak taken
by in-plane XRD. Azimuthal scans have been performed with a
6500 eV photon energy, while keeping the sample at the critical
angle of 0.4°. The peak intensity and the Lorentzian FWHM were
obtained by fitting the data to a pure Lorentzian function. The
Lorentzian width at the lowest temperature was 0.197°. The same
notation as in Fig. 5.
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reported to occur at a critical temperature of 240 K,35 where
the Ge dimers can flip the orientation of their buckling angle,
i.e., losing the ground phase correlation, where adjacent
dimers order with opposite buckling orientation.36,37 Accord-
ing to the structural model by Bunk and co-workers, the Pb
overlayer can be regarded as a sheet of Pb atoms standing at
a large mean height above the weakly interacting dimer re-
constructed substrate, as depicted in Fig. 9. In fact, only two
Pb atoms per unit cell �labeled A and B in Fig. 9� are found
in correspondence of a substrate high symmetry site �the
pedestal site, coordinated to four Ge atoms�, thus suggesting
a stronger �possibly covalent� interaction.21 In this case, the
manifestation of a n=3 type of defect �antiphase domain wall
for the � 2 1

0 6
� phase� might be triggered by the flipping of the

substrate dimers, which only affect the Pb atoms interacting
more strongly with Ge atoms. The lower critical temperature
for the 5/3 ML Pb/Ge system can be simply attributed to the
larger instability of the dimer correlation in the c�4�2�
phase, when covered by the Pb sheet. Still, this model, drawn
on the basis of the long-range order parameter analysis, does
not exclude the occurrence of a late stage displacive charac-
ter due to the onset of a collective motion of the fluctuations.

C. Displacive character

The � 2 1
0 3

� phase is best suited to pursue an investigation in
search of static distortions, since it is well confined between

the lower and upper limits of the two critical temperatures. In
their XRD study, Bunk and co-workers already found a
change of the intensity for a few rod scans taken on XRD
peaks that are present in both the LT and RT phases.21 From
their fittings, these changes were attributed to an increase
�from LT to RT� of the vertical anisotropic displacement pa-
rameter, ADP, associated with the Pb atoms at the apex of the
� 2 1

0 3
� unit cell �labeled A and B in Fig. 9�. As a consequence,

the two Pb atoms A and B, simply differing by their vertical
height in the ground phase at low temperature, can flip be-
tween the up and down positions, thus originating a defect of
the n=3 type in the � 2 1

0 6
� surface lattice.

The ADP adopted by Bunk and co-workers is an effective
parameter accounting for both static and dynamical disorder
at the corresponding coordination site, thus it is not well
suited to detect the onset of a displacive character in the Pb
height fluctuations. The set of experimental data and fitting
parameters presented by Bunk was already so large that a
refinement of the structural investigation does not seem a
viable route to achieve the discrimination between the static
and dynamical models. We followed a different approach by
restricting our XRD study to the detailed comparison of a
few XRD rod scans, not involved in the transitions, as taken
at different temperatures. The rod scans probe the vertical
structure of the substrate and any deviation from a regular
bulk-truncated atom periodicity gives rise to an L modulation
of the rod. Disorder, either static or dynamic, does not
change the average position of the atoms and only produces
a diffracted intensity decrease. On the contrary, a change of
the rod scan modulation is expected when the atom fluctua-
tions driving the OD transition are accompanied by a dis-
placement of the equilibrium atom positions. The direct com-
parison between rod scans taken at two different
temperatures is not straightforward because of the Debye-
Waller attenuation along the rod �
e−DW·T·L2

�, strongly
smearing the data at large L values.

The �3/2 ,2 ,L� rod is well suited for a detailed XRD
study since it displays a well defined feature at large L val-
ues, where the sensitivity to a vertical distortion is higher. In
the upper panel of Fig. 10, the integrated intensity along the
rods is reported for three temperatures 173 �LT�, 273 �RT�,
and 373 K �HT�, representative of the � 2 1

0 6
�, � 2 1

0 3
� and �2

�1� phases, respectively. The LT rod scan displays a differ-
ent L dependence with respect to the RT and HT ones. The
latter two mainly differs at large L values, i.e., where a stron-
ger DW attenuation factor dominates. For a better compari-
son, the rod scans have been divided by an effective expo-
nential attenuation. The latter was obtained from the ratio
between the RT and HT rod scans in the limited range 4
�L2�9. In fact, the �3/2 ,2 ,L� rod is almost unchanged in
the � 2 1

0 3
� and �2�1� phases; thus the logarithm of the ratio

has a smooth linear dependence on L2, whose slope yields
DW=0.7�10−3. We have divided for this attenuation the LT
rod scan as well. In fact, the DW coefficient is not expected
to change dramatically for the LT phase transition �as can be
seen from the smooth behavior of all the He-diffracted peaks
shown in Fig. 4�, and the strong attenuation of the rod scan
with L can be effectively taken into account.

As can be seen in the lower panel of Fig. 10, the rod scans
taken at LT and RT display a large difference for L�0.5, a

FIG. 9. �Color online� Top view of the structural model pro-
posed in Ref. 21 for the � 2 1

0 6
� phase. Pb atoms are represented by the

large grey circles, the underlying Ge atoms are represented by the
small filled circles, and the surface unit cell is also drawn �the
lozenge with thick lines�. The brighter and darker circles �labeled A
and B, respectively� are the only Pb atoms in high symmetry sites
and, according to Bunk and co-workers, their vertical height differs
by �1.5 Å.
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significant shift ��L�−0.2� of the feature at L�2.7 and the
disappearance of the LT shoulder at L�2.2. On the contrary,
the RT and HT rod scans, taken with the same temperature
increase �T=100 K, are very similar and the only difference
is a narrowing of the main feature at L�0.3. We remark that
the observed variations of the �3/2 ,2 ,L� rod are not simply
related to the intensity, but rather to the position and shape of
the rod features, i.e., they indicate the occurrence of a verti-
cal structural distortion in the � 2 1

0 3
� phase, which is also pre-

served in the �2�1� phase.
The �3/2 ,2 ,L� rod scans, while sufficient to assign a dis-

placive character to the � 2 1
0 6

�↔ � 2 1
0 3

� phase transition, yield
little information about the second transition. Even if the rod
scan does not change between RT and HT, the transition
might still be a displacive one, whose observation failed ei-
ther because the temperature for the rod scan was not high
enough, or because the eventual structural distortion does not
yield any contribution to the present rod. To better address
this issue, we have obtained complementary information
about the change of the surface charge corrugation by the
analysis of the temperature variation of the off-specular HAS
diffraction.

Due to its extreme surface sensitivity, HAS is well suited
to detect a redistribution of surface charge density, be it with
or without any accompanying structural distortion. From this
point of view, the envelope of the HAS-diffracted peaks

maps the surface charge corrugation in the reciprocal space
like STM topography does in the direct space. A remarkable
difference between the two techniques is the very short in-
teraction time of HAS ��10−10 s� with respect to STM
��10−6 s�, which is relevant in the present case to discrimi-
nate between static and dynamical distortions. In a semiclas-
sical approach, the He-surface potential can be approximated
by a corrugated hard wall �i.e., the attractive part of the po-
tential is neglected, as well as the occurrence of a potential
well�, then the He-diffracted intensity simply reflects the unit
cell form factor.32 Any change of the surface charge corru-
gation should appear as a change in the relative peak inten-
sity. The relative intensity of the high symmetry peaks, com-
mon to the LT, RT, and HT phases, is shown in Fig. 11. By
visual inspection, each peak in the logarithmic scale displays
a segmented behavior with temperature. For a given struc-
ture, this linear behavior is expected since each diffraction
peak undergoes a slightly different Debye-Waller attenuation
due to different vertical momentum transfer of the He beam.

We have fitted the linear segments of the logarithm of the
peak intensity to straight lines, whose extrapolation puts in
evidence the change of slope in passing from one phase to
another. The LT � 2 1

0 6
� and RT � 2 1

0 3
� phases clearly display a

change of the line slopes for all the peaks, but the �1, 0�. The
change of slope does not occur at the critical temperature
ODTc1

�178 K of the 2-D Ising transition, but some 50 K
higher. The variation of the Debye-Waller attenuation is due
to a change of the root mean square displacement of the
surface atoms, hence the DW change of slope really marks a
change of the surface charge corrugation. We remark that in
the scattering geometry of our HAS apparatus, there is an
enhanced coupling between the He beam and the vertical
displacement of the surface atoms.38 The observed variation
of the surface charge corrugation can thus be consistently
associated with the vertical distortion of the surface structure
that has been put in evidence by the rod scan analysis.

The change of the corrugation at a temperature higher
than the OD transition reflects the fact that the � 2 1

0 6
� order

FIG. 10. �Color online� The XRD �3/2 ,2 ,L� rod scans are
shown for three surface temperatures: 173 K open squares, 273 K
filled circles, and 373 K open triangles. Upper panel: the integrated
intensity along the rod is shown after simple correction for the
ALOISA scattering geometry. Lower panel: the same rod scans are
shown after correction for the Debye-Waller attenuation �see the
text�.

FIG. 11. �Color online� The temperature dependence of the HAS
diffraction peaks is shown after normalization to the specular �0,0�
peak, as taken with the same azimuthal orientation of the corre-
sponding diffraction peak. As a guide to the eye, the linear fits to the
logarithm of the relative intensity are superimposed to the data to
highlight the change of slope.
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parameter correlation length has reached its minimum �com-
pare with Fig. 5�, where an interaction between antiphase
boundaries �n=3-type defects� can set in, and structural dis-
placement occurs.1,39 The microscopic mechanism claimed
to drive this transition �height fluctuations of two nonequiva-
lent atoms in high symmetry sites21� closely resembles that
of the �3�3�↔ ��3��3�R30° transition at 1 /3 ML
Sn/Ge�111�.6 In the latter case, the Sn height fluctuations
were found to determine an OD critical behavior at Tc
�220 K,5 and to evolve into a collective motion �phonon� at
room temperature.8 Still these fluctuations do not evolve into
a static change of the surface bond hybridization, since the
average height of the individual Sn atoms does not change
up to the temperature of decomposition ��600 K� of the
��3��3�R30° phase.8,9 The present system is exceptional in
the manifestation of a displacive character below room tem-
perature, since much higher temperatures are usually re-
quired to induce a static modification or breaking of the co-
valent bonds in semiconductor systems. For comparison, a
change of surface corrugation on the clean Ge�001� surface
was reported by HAS for the �2�1�↔ �1�1� transition at
�950 K.35

The interpretation of the HAS peak intensity at the
� 2 1

0 3
�↔ �2�1� phase transition is not straightforward. A step-

like increase of the relative intensity is observed for a few
peaks just below the critical temperature ODTc2

�375 K, but
the same linear slope of the RT phase is recovered to within
�20 K. Since the RT Debye-Waller coefficient is recovered
at the disappearance of the order parameter, we do not asso-
ciate the increase of the relative peaks with a variation of the
surface structure, but rather to a multiple scattering effect.

On a corrugated surface, such as the � 2 1
0 3

� one, there are
many diffraction channels that can be coupled with multiple
scattering events at the repulsive potential wall and with
multiple hopping in the potential well. When the � 2 1

0 3
�↔ �2

�1� phase transition takes place, most of these channels are
turned off and the corresponding scattered intensity is redis-
tributed among the remaining diffraction channels. The semi-
classical approximation, where the relative peak intensity re-
flects the surface corrugation, breaks down and full quantum

scattering calculations with a reliable He-surface interaction
potential are required to correctly describe the He scattered
intensity.40 This kind of calculations is far from being settled
for a complex system like the present one, however, our
interpretation is consistent with the fact that the steplike in-
crease of the relative intensity occurs at the disappearance of
the order parameter and not at temperature higher than
ODTc1

, as would be expected in case of a displacive phase
transition. In fact, a similar increase of the peak intensity at
the disappearance of the surface order parameter was already
observed for a pure 2-D-Ising OD phase transition on a dif-
ferent system.41

The � 2 1
0 3

�↔ �2�1� phase transition at 5 /3 ML
Pb/Ge�001� thus appears as an order-disorder one, even if
we cannot exclude the manifestation of a structural distortion
beyond 450 K, where our measurements are hindered by the
degradation of the 5/3 ML Pb phase. Finally, the fact that the
Debye-Waller attenuation is the same in the RT and HT
phases confirms the validity of the procedure used to extract
the DW coefficient from the rod scans.

IV. SUMMARY

Deposition of 5 /3 ML of Pb on Ge�001� yields a � 2 1
0 6

�
ground phase that undergoes a reversible phase transition to
a � 2 1

0 3
� symmetry at Tc1

�178 K. A second reversible phase
transition into a �2�1� symmetry is observed at Tc2
�375 K. From the study of the relevant order parameter
correlation length, the two phase transitions are assigned to
the order-disorder 2D Ising and three state Pott’s universality
class, respectively. In between the two critical temperatures,
the 5/3 ML phase is also found to be affected by a distortion
of its atomic structure and corrugation of the surface charge
density, while preserving the � 2 1

0 3
� symmetry. As a conse-

quence, the � 2 1
0 6

�↔ � 2 1
0 3

� transition must be regarded as a dis-
placive phase transition with an intermediate order-disorder
stage.
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