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Abstract

A new reversible temperature-dependent phase transition on Pb/Si(110) was found by photoemission spectroscopy
and low energy electron diffraction. The room temperature 1 · 1 surface was found to transit into low temperature 4 · 2
with a transition temperature of roughly 200 K. The phase transition does not induce a temperature-dependent varia-
tion in both the energy bands and the Si 2p and Pb 5d spectra. This indicates that the phase transition is close to an
order–disorder one.
� 2005 Published by Elsevier B.V.
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In comparison to three-dimensional solids, the
phase transitions on two-dimensional (2D) surface
overlayers show basically all universality classes
[1]. The phase transitions on 2D systems can be
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divided into (i) displacive transitions with at least
one soft phonon whose phonon frequency becomes
zero as a transition temperature (Tc) is approach-
ing [2] and (ii) order–disorder transitions related
to fluctuations such as lattice fluctuations above
Tc [3]. However, the classification has not been
trivial in various phase transitions on realistic 2D
systems [4–7]. In particular, thermal fluctuation at
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finite temperature makes it difficult to determine
whether the type of a phase transition is purely dis-
placive or not. In other words, this indicates that
any phase transition could include both displacive
and order–disorder behaviors at finite temperature.
Reversible temperature-dependent phase transi-

tions have been rarely observed on realistic 2D
systems, especially on semiconductor surfaces;
Ge(100) and Si(100) [8], Pb/Ge(111) and Sn/
Ge(111) [4], In/Si(111) [9,10], and Au/Si(557)
[11,12]. Among phase transitions on the surfaces,
a few of them could be assigned safely to be close
to one of purely displacive and order–disorder
types. The phase transition from room tempera-
ture (RT) In/Si(111)4 · 1 to low temperature
(LT) 8 · 2, accompanying a metal–insulator tran-
sition, was found to be close to a displacive transi-
tion due to the charge density wave (CDW)
mechanism [9,10]. On the other hand, a nearly
purely order–disorder transition was observed on
the phase transition from RT 2 · 1 to LT c(4 · 2)
on Ge(100) and Si(100), where the atomistic ori-
gin is the thermal flip-flop fluctuation of Si and
Ge dimers [8]. However, in most cases, the type
of a phase transition are still debated; for an exam-
ple, a phase transition from RT Sn/Ge(111)
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to LT 3 · 3 [4]. The phase transition was
suggested to be displacive, as due to the CDW
mechanism, from the existences of periodic lattice
distortion (PLD) and energy-gap openings [4].
Afterwards, in contrast, several experiments sup-
ported that the phase transition is order–disorder,
based on the thermal fluctuation of Sn adsorbates
[5–7,13].
To figure out the types of the phase transitions,

various experimental techniques have been used.
The existences of phase transitions on surface
overlayers have been reported by using diffraction
[14] and scanning tunneling microscopy (STM) [4]
experiments revealing translational symmetry in
momentum space and in real space, respectively.
For a displacive transition, resulting PLD can be
studied in detail by using X-ray diffraction [15]
and STM experiments [4]. In addition, the PLD
affects local bonds and consequently changes the
core-level spectra of corresponding elements [5].
In particular, displacive transitions such as the
CDW [16] and Jahn–Teller (JT) [17] mechanisms
drive variations of energy bands depending on
the mechanisms; energy-gap openings at Fermi
moments on the CDW mechanism and the split-
ting of degenerated bands on the JT mechanism.
In comparison, order–disorder transitions main-
tain an electronic structure because an electronic
transition is not accompanied and only lattice fluc-
tuations are involved [5]. In this letter, we report a
new reversible temperature-dependent phase tran-
sition, the (1 · 1)–(4 · 2) phase transition of Pb/
Si(110). It will be discussed that why the phase
transition is close to an order–disorder one rather
than a displacive one, whose atomistic origin is
suggested from our atomic structure models.
PES measurements were carried out at photon

energies of 90 and 140 eV using an undulator syn-
chrotron radiation at the beamline 7.0.1.2 of the
Advanced Light Source of the Lawrence Berkeley
National Laboratory. An electron energy analyzer
with high energy and angular resolutions was used
(SES-100, GammaData) [10]. The norminal energy
and angular resolutions were better than 15 meV
and 0.15�, respectively. Si 2p and Pb 5d spectra
were fitted using the spin-orbit-split Voigt func-
tions with Lorentzian widths of 0.085 and
0.15 eV, respectively. Gaussian widths, depending
on temperature, are larger than 0.35 and 0.28 eV
for Si surface and Si bulk components, respectively,
and 0.83 eV for Pb components. The temperature
of a sample was controlled accurately with a liquid
He cryostat and a build-in heater down to 20 K. A
clean Si(110)16 · 2 surface was prepared by the
repeated cycles of annealing at 700 �C and flashing
at 1200 �C, as confirmed from the well-defined
non-integer spots of 16 · 2. Pb atoms were depos-
ited from a Pb rod rapped with a tungsten filament.
As increasing Pb coverage on Si(110), the clean

16 · 2 phase was found to change sequentially into
7 · 2, well-defined 1 · 1, and streaky 1 · 1 (with
streaks along ½�110�) by low energy electron diffrac-
tion (LEED) experiments, whose optimized anneal-
ing temperatures depend on each phase. This is
consistent with the previous experiment [18], but
the temperature dependence of the phases was not
reported up to now. Among the phases, we have
focused on the well-defined 1 · 1 phase, prepared
at 270 �C, which exhibits a phase transition at LT
(Fig. 1). As lowering temperature, the non-integer



Fig. 1. LEED patterns of (a) Pb/Si(110)1 · 1 (300 K) at a
beam energy of 88 eV and of (b)–(c) 4 · 2 (130 K) at beam
energies of (b) 88 and (c) 117 eV, respectively, where the unit
cells of 1 · 1 and 4 · 2 are drawn by the dotted and solid
rectangles, respectively. The first Brillouin zones of 1 · 1 and
4 · 2 are drawn by the dotted and solid rectangles, respectively,
in (d).

Fig. 2. Representative energy bands of (a)–(c) Pb/Si(110)1 · 1
at 300 K (above Tc = 200 K) and of (b)–(d) 4 · 2 at 50 K (below
Tc) along (a)–(b) C–X (ky, [001]) and (c)–(d) C

0
–M

0
(kx, ½�110�)

among extensive bands, which were measured using a photon
energy of 90 eV. Detailed crystalline indexes related to the
directions are shown in Fig. 1, and the variations of the bands
are guided by gray solid lines. The edges of the bulk band
projected onto the surface Brillouin zone are drawn by black
solid lines.

Y.K. Kim et al. / Surface Science 596 (2005) L325–L330 L327

SU
RFA

CE
SCIEN

CE

LETTERS
spots of 4 · 2 become visible below Tc � 200 K,
whose intensities nearly saturate at 150 K. The dif-
fused non-integer spots near Tc become sharper at
lower temperature, which indicates an enhanced
coherent length at lower temperature. In addition,
the streaky non-integer spots reflect anisotropic
coherent lengths: they are relatively diffused along
[001] but sharp along ½�110�. The 4· ordering along
½�110� is thus more coherent in comparison to the ·2
ordering along [001]. Similar streaky LEED pat-
terns were also observed for the phase transitions
from RT In/Si(111)4 · 1 [10] to LT 8 · 2 and from
RT Si(100)2 · 1 [8] to LT c(4 · 2), where the
anisotropy originates from In chains on In/
Si(111) and Si-dimer chains on Si(100). For Pb/
Si(110), the anisotropy may be related to Si p-bond
chains along ½�110� of Si(110) [19].
Detailed energy bands were thus measured to

get further insight into the origin of the phase tran-
sition. Extensive energy bands of 1 · 1 at 300 K
within the 1 · 1 surface Brillouin zone (SBZ) were
measured. Fig. 2(a) and (c) show representatively
the energy bands of 1 · 1 at 300 K along C–X
and C

0
–M

0
, respectively, of the 1 · 1 SBZ. No

noticeable intensity was observed from the Fermi
level down to the binding energy (BE) of 0.25 eV,
which indicates that the surface is not metallic.
These spectra shows various spectral features with
small and large dispersions. To distinguish
between surface bands and bulk bands, the bulk-
band gap (black solid lines in Fig. 2) is projected
onto the 1 · 1 SBZ. Moreover, the dispersions of
the features within the bulk-band gap are com-
pared with those observed on other Si(110) sur-
faces [20,21]. Along C–X (along [001], see
Fig. 2(a)), we identify three surface states with
characteristic dispersions, obviously located within
the bulk-band gap, at BE�s of 0.5–1.5 eV; S1, S2,
and S3 with BE�s of 0.66, 0.98, and 1.30 eV, respec-
tively. Another feature with a strong dispersion
near C is a well-known bulk (B1) band [22]. Along



Fig. 3. Si 2p and Pb 5d spectra of Pb/Si(110)1 · 1 at 300 K and
of 4 · 2 at 50 K, measured using a photon energy of 140 eV at
the normal emission, where components are filled by different
colors.
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C
0
–M

0
(along ½�110�, see Fig. 2(c)), we find two sur-

face states within the bulk-band gap. The two sur-
face states can be assigned as S2 and S3 from the
similarity with those observed along C–X . Within
the bulk band, we observe another feature with a
flat dispersion, where its dispersion indicates that
it is a surface state. Since the surface state is not
related to the S1–S3 states observed along C–X ,
the surface state is assigned as another one S4.
The surface states are flat along both directions
with band widths of 0.1 and 0.2 eV along C–X
and C

0
–M

0
, respectively. This means that electrons

on the 1 · 1 surface are quite localized along both
directions but relatively delocalized along ½�110�.
Fig. 2(b) and (d) are the energy bands of 4 · 2 at

50 K (far below Tc) along C–X and C
0
–M

0
, respec-

tively, where a surface photovoltage effect, shifting
whole energy bands toward the higher binding
energy side, was calibrated by the Si bulk band.
Except the rigid shift of BE�s of surface states by
the surface photovoltage effect, we find that the
four surface states, observed on RT 1 · 1, are also
located nearly at the same BE�s on 4 · 2 along
both directions. Moreover, the dispersions of the
states are also nearly maintained on 4 · 2 while
their intensities are slightly changed. This result
clearly indicates that the electronic structure of
Pb/Si(110) is nearly invariant upon the (1 · 1)–
(4 · 2) phase transition. On the 4 · 2 surface below
Tc, the S1–S4 states are expected to follow the
4 · 2 translational symmetry. Along C–X and
C

0
–M

0
, it is not obvious whether the S1–S3 states

follow the ·2 and 4· translational symmetry,
respectively, because of their flat dispersions. Nev-
ertheless, along C

0
–M

0
, the S2 and S3 states look

symmetric at the 4· SBZ.
The Si 2p and Pb 5d spectra provide another

view of the (1 · 1)–(4 · 2) phase transition. We
measured the Si 2p and Pb 5d spectra as lowering
temperature from 300 K down to 50 K. The upper
Si 2p and Pb 5d spectra (300 K) in Fig. 3 are of
1 · 1. The Si 2p spectrum at 300 K was fitted well
with two surface components, SC1 and SC2 with
surface core-level shifts of 0.27 and 0.85 eV,
respectively, and one bulk (BC) component. On
the other hand, the Pb 5d spectrum at 300 K was
fitted well with two components, larger SC3 and
smaller SC4 with BE�s of 18.2 and 18.65 eV,
respectively. The smaller SC4 component is not
expected to be the intrinsic component of 1 · 1
but may be due to extrinsic effects such as defects
because of its small intensity. The existence of
the single SC3 component in the Pb 5d spectrum
indicates a unique adsorption site of Pb adsor-
bates. The line shapes of the Si 2p and Pb 5d spec-
tra of 1 · 1 are maintained on 4 · 2 even at 50 K.
Independent of temperature, the core-level spectra
were thus fitted well with identical components
with nearly the same BE�s and intensities; the
SC1, SC2, and BC components for Si 2p spectra
and the SC3 and SC4 components for Pb 5d spec-
tra. Here, we note that the variations of the surface
components of the Si 2p spectra are not obvious
because the bulk component dominates the Si 2p
spectra. The temperature independence of the
core-level spectra suggests that the configurations
of Si–Si and Si–Pb bonds are similar on both RT
1 · 1 and LT 4 · 2.
Now, we need to introduce possible mecha-

nisms for the (1 · 1)–(4 · 2) phase transition. A
displacive transition accompanies the change of



Fig. 4. Tentative atomic structure models of 4 · 2 with
hPb = 0.25 (a) and 0.5 ML (b), where black- and gray-filled
circles denote Pb and Si atoms, respectively, and the unit cells of
4 · 2 are drawn by solid rectangles.
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an atomic structure and the consequent variation
of an electronic structure, which can be observed
by core-level spectra and energy bands. For exam-
ples, energy-gaps open at Fermi moments on
CDW�s and degenerate bands are split due to JT
PLD�s, as mentioned above. The invariance of
the energy bands upon the (1 · 1)–(4 · 2) phase
transition is not compatible with the displacive
phase transition. Upon an order–disorder transi-
tion, lattice fluctuations are involved without an
electronic transition. The invariance of the energy
bands during the (1 · 1)–(4 · 2) phase transition is,
thus, matched with the characteristics of an order–
disorder transition. In particular, as temperature
increases and approaches Tc, short-range interac-
tions become dominant in comparison to long-
range interactions on an ordered phase. However,
local structures should be maintained regardless
of the short- and long-range interactions. This
requires that the configurations of the Si–Si and
Si–Pb bonds of Pb/Si(110) should be kept upon
the order–disorder transition if the Pb/Si(110) sur-
face does not melt. Thus, the invariance of the Si
2p and Pb 5d spectra upon the (1 · 1)–(4 · 2) tran-
sition is also satisfied with the characteristics of an
order–disorder transition.
To ascribe the (1 · 1)–(4 · 2) phase transition

to an atomistic origin, we suggest primitive struc-
tural models of 4 · 2 with Pb coverage (hPb) of
0.25 (Fig. 4(a)) and 0.5 (Fig. 4(b)) monolayer
(ML), based on the bulk-terminated 1 · 1 struc-
ture. Here, hPb of 4 · 2 was calibrated to be
roughly between 0.25 and 0.75 ML by an intensity
ratio of Si 2p and Pb 5d spectra. The Si p-bond
chain structure of the bulk-terminated 1 · 1 sur-
face has been adopted as a basic building block
of various atomic structures on Si(110) such as
clean Si(110)16 · 2 [19,22] and Sb/Si(110)2 · 3
[23]. Moreover, it is noticeable that Sb/
Si(110)2 · 3, based on the Si p-bond chain struc-
ture, also have similar surface bands with Pb/
Si(110) [20], where first-principles total energy cal-
culations revealed that the Si p-bond chain struc-
ture of Sb/Si(110)2 · 3 is energetically favorable
for metal adsorption and reproduces well experi-
mental results [23]. Pb adsorbates are expected
to prefer a threefold site saturating three dangling
bonds of the Si p-bond chain (see Fig. 4), as
known on Pb/Si(111)
ffiffiffi
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[24]. Moreover,
the single component of Pb 5d spectra requires
an unique Pb adsorption site. Fig. 4(a) shows a
4 · 2 structure model with hPb = 0.25 ML, where
Pb adsorbates saturate all dangling bonds of the
Si p-bond chain with minimum hPb. On the other
hand, Fig. 4(b) shows another feasible 4 · 2 struc-
ture model with hPb = 0.5 ML, where Pb adsor-
bates occupy all threefold sites. In both structure
models, Pb adsorbates are displaced alternatively
from the ideal threefold site to satisfy 4 · 2 trans-
lational symmetry. Pb adsorbates were reported to
be mobile even at RT on Si(111)7 · 7 [25]. Thus,
disorder upon the (1 · 1)–(4 · 2) phase transition
could originate from the high mobility of Pb
adsorbates on 1 · 1 above Tc. Thermal hopping
of a Pb adsorabate into the nearest neighbor
threefold site on the structure model with hPb =
0.25 ML and thermal displacement within a three-
fold site on the structure model with hPb = 0.5 ML
could generate disorder 1 · 1.
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In summary, we first found a reversible temper-
ature-dependent phase transition on Pb/Si(110).
As lowering temperature, RT Pb/Si(110)1 · 1
was observed to transit into 4 · 2 below a transi-
tion temperature of 200 K by LEED experiments.
The three surface bands of RT 1 · 1 with BE�s of
0.66, 0.98, and 1.30 eV were found to be invariant
on LT 4 · 2 even at 50 K. In addition, the config-
urations of Si–Si and Si–Pb bonds were also found
to be maintained upon the phase transition from
the temperature-independent line shapes of Si 2p
and Pb 5d spectra except thermal broadenings.
From the invariance of the energy bands and the
local bonds upon the (1 · 1)–(4 · 2) phase transi-
tion, we suggest that the phase transition is close
to an order–disorder one rather than a displacive
one. Further experiments and theoretical calcula-
tions are required to figure out exactly the atomic
structure of 4 · 2 and the atomistic origin of the
(1 · 1)–(4 · 2) phase transition.
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