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Dual nature of a charge-density-wave transition on InÕCu„001…
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A surface phase transition on In/Cu~001! with In coverage of 0.63 was studied. The structural analysis shows
that the reversible phase transition at 405 K between the high-temperature (232) and the low-temperature
(2A232A2)R45° phases belongs to an order-disorder type. The angle-resolved photoemission experiment
shows that the low-temperature phase is stabilized by the partial gap formation at the Fermi surface, indicating
that the transition is due to the Peierls-type Fermi-surface nesting. While the above observations point to a
strong-coupling charge-density-wave~SCDW! scenario, the temperature-dependent behavior of the gap is in
better agreement with the weak-coupling CDW theory. Thus, the results serve the first experimental charac-
terization of the CDW transition driven cooperatively by electronic and lattice entropies.
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Phase transitions in ultrathin films have attracted grow
interest since the report of a two-dimensional~2D! charge-
density-wave~CDW! transition on Pb/Ge~111!.1 The works
in such class of materials are motivated in part by their
tential importance in the materials physics in nanome
scale.

The current view of the CDW transitions in quasi-low
dimensional systems is well documented in the literature2–5

It is important to classify the CDW’s according to th
strength of the electron-phonon (e-ph! coupling, which de-
termines crucially the characteristics of the transitions.~The
difference between weak- and strong-coupling CDW’s h
often been dismissed in the studies of surface CDW’s, wh
in some cases resulted in unnecessary confusion.! At nona-
diabatic limit, the weake-ph coupling causes a small~less
than a characteristic phonon energy, i.e., several ten
meV! band gap at the Fermi level, which stabilizes the CD
state if the electronic energy gain due to the gap forma
overcomes the loss in elastic energy. Upon raising the t
perature, the thermal excitation of electrons across the b
gap degrades the CDW stability and eventually drives
system to a normal-metal state, in which the band crosse
Fermi level and constitutes the Fermi surface~FS!. The
structural transition in this case should be categorized in
displacive type. On the other hand, for adiabatic CDW’s w
a strong e-ph coupling,4,6,7 the phase fluctuation of th
frozen-in phonon mode sets in, with its amplitude being s
large, at a temperature well below that required for the e
tronic excitation across the gap. This leads the free-ene
surface to have a multiminimum shape, and the system
undergo an order-disorder–type phase transition. In this c
the electronic structure in both the low-temperature~LT! and
the high-temperature~HT! phases should be well describe
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in terms of a local-bonding picture. The band gap, wh
corresponds to a bonding-antibonding splitting in t
chemical-bond language, is hence expected to be mainta
in the HT phase.

The understanding of any CDW transition should, hen
be based on the knowledge of both geometric and electr
structures. For surface transitions, the former can be stu
by complementary means: structure factors in recipro
space by low-energy electron diffraction~LEED! and real-
space arrangements of individual atoms by scanni
tunneling microscopy~STM!. As to the electronic structure
angle-resolved photoelectron spectroscopy~ARPES! can re-
veal the complete band structure of 2D systems, and
been applied to several quasi-1D and quasi-2D CD
systems.8–15 The works for the incommensurate CDW pha
in SmTe3 ~Ref. 8! and a commensurate one on In~0.5 ML!/
Cu~001! ~Ref. 14! showed imperfect nesting of the Ferm
surface and the gap anisotropy in momentum space, ML
resents monoloyer.

In this paper, we show the combined experimental res
for a phase transition on the In~0.63 ML!/Cu~001! surface.
The results of LEED and STM show that the transition
unambiguously of order-disorder–type and ARPES sho
directly a large CDW gap in LT phase. These results im
that the transition is driven by the lattice entropy and sho
be categorized into short-coherence-length strong-coup
CDW ~SCDW!.6 However, the temperature-dependent me
surement of the gap shows that the gap decreases with
creasing temperature and disappears at the transition
perature, which is a characteristic behavior for wea
coupling CDW’s ~WCDW’s!. Thus, the CDW transition
cannot be classified only according to the strength of
©2003 The American Physical Society01-1
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e-ph coupling. We discuss the importance of the pecu
dimensionality of the metallic ultrathin films on metals.

Experiments were performed in several ultra-high vacu
chambers. A variable temperature STM~Oxford Instruments!
was used to obtain atomic images in the constant-cur
~topographic! mode. The ARPES experiment was main
performed at beam line 7.0 of the Advanced Light Sour
Berkeley. The energy resolution was 50 meV. While the
strumental angular resolution was small (;0.1°), the sys-
tematic error in aligning spectra from different experimen
runs was larger (;2°) in the experimental geometry em
ployed. We therefore repeated the same experiment by u
an high-angular-precision (,0.5°) electron spectrometer t
confirm that the temperature-dependent behavior of the
face resonance band reported below is reproducible. The
mapping was performed at beam line 7B of Photon Factory,
Tsukuba, with the energy resolution of 200 meV and
angle of acceptance of61°. The In/Cu~001! surface was
prepared by deposition of 0.8–1.0 ML In and subsequ
annealing at 550 K for 3 min, which gave homogeneo
STM images and well-contrasted LEED patterns of
(2A232A2)R45° @c(434)# structure at room temperature
The coverage for this surface was determined previousl
be 0.6560.04 ML.16 This surface is ultrastable against bo

FIG. 1. LEED patterns with the primary energy of 60 eV
In~0.63 ML!/Cu~001! at ~a! 450 K, ~b! 300 K, and~c! integrated
LEED intensities and~d! peak widths as a function of temperatur
~e! LEED I -V curves measured atT5450 K ~solid curves! and at
T5145 K ~dashed curves!, which, for the sake of visual compar
son, are normalized to those at 300 K by the Debye-Waller fac
The RP values between the two curves are given.
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contamination due to residual gasses and intermixing o
with substrate atoms. The Auger electron spectrosc
shows no detectable changes of InLMM or CuMVV Auger
signals for heating-cooling cycles, and LEED, STM,
ARPES shows no indication of contamination or the deg
dation of structural order even after several days of exp
ments so long as the temperature is maintained be
;450 K.

The surface exhibits a sharp and well-contrasted (2A2
32A2)R45° LEED pattern at 300 K as shown in Fig. 1~a!.
Upon heating, the surface undergoes a transition to a
32) phase, whose LEED pattern is shown in Fig. 1~b!. The
intensity of the~1/4 1/4! spot due to the (2A232A2)R45°
domains exhibits a steep decrease in concomitant with
rapid increase of the width as shown in Figs. 1~c!,1~d!. The
transition temperature is estimated to beTc5405 K. Upon
further heating, the surface successively transforms
;500 K to a (131) phase, as indicated by the behavior
the ~1/2!th order spots due to the (232) symmetry. The (1
31) LEED pattern is associated with high background,
dicating that the surface is disordered.

Figure 2~a! shows a high-resolution STM image taken
450 K, which exhibits a square-net structure with its u
length of ;5 Å along the@110# direction, while the indi-
vidual atoms are not resolved. The structure is consis
with the (232) periodicity observed by LEED. At 300 K
STM shows a (2A232A2)R45° periodicity, as shown in
Fig. 2~b!, where the ‘‘monomers’’ and ‘‘tetramers’’ of protru
sions are arranged regularly.

The In coverage, 0.6560.04 ML, is in good agreemen
with the square (2A232A2)R45° periodicity. The density
of the protrusions in the STM image is 5/8, resulting in
nominal coverage of 0.63 ML. On the other hand,this cov-
erage is not consistent with any long-range orders of a
riodicity of (232), which should be associated with a co
erage of n/4 ML with n an integer. An extensive STM
observation at 450 K indicates that the surface is uniform
covered with the (232)-In layer, which gives rise to the
STM image shown in Fig. 2~a!. In order to compare quanti
tatively the local structure of the (232) and (2A2
32A2)R45° phases, we took LEED intensity versus acc
eration voltage (I -V) curves for integer- and half-integer
order spots at 150 and 450 K@Fig. 1~f!#. The peak positions

r.

FIG. 2. STM images for~a! (232) (Vs5250 meV, I t

510 nA, image size558358 Å21), and ~b! (2A232A2)R45°
(Vs5220 meV,I t510 nA, image size558358 Å21). The inset
in ~a! shows the model for (2A232A2)R45° domains in antiphase
relation with each other.
1-2
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are in a good agreement between HT and LT surfaces.
very small Pendry’s reliability factor,17 RP50.13 between
two surfaces suggests that the local structures within the
32) unit cell in the two phases are essentially the same

The above arguments suggest the disordered nature o
HT phase. The (232) STM images should be due to th
time average of the temporally fluctuating surface. A poss
model for the ‘‘disorder’’ is as follows. Figure 2~a! shows
two (2A232A2)R45° domains in antiphase relation wit
each other. If the structure fluctuates between these two
figurations in a time scale shorter than that of the STM sc
ning, the resulting image would be the one where the ima
from two antiphase domains are superimposed. The im
shown in Fig. 2~a! may be understood as due to such a d
namical fluctuation. On the other hand, if the spatial exte
of the (2A232A2)R45° domains are much smaller than t
transfer width of LEED (;100 Å), one should observe th
(232) LEED pattern due to the interference between
tiphase domains.

In the paragraphs below, the electronic origin of the ph
transition is discussed. In Fig. 3~a!, we show the 2D FS
mapped at 450 K. The outer circlelike feature comes fr
the In derived surface resonances,16 while the inner features
are due to the emission from the bulk Cu. The 2D FS
constituted of nearly free-electron-like surface resona
bands ~lower bandS1 and upper bandS18).

5,16 While the
surface has a (232) periodicity, the spectral weight is con
centrated on the extended-zone-scheme dispersion due
photoemission structure factor effect.18

Figure 3~c! shows ARPES spectra alongḠ-M̄ , where the
S1 band crosses the Fermi level at 1.44 Å21 both in the HT
and in the LT phases. AlongḠ-M̄ no significant differences
in the band structure are observed during the transit
Along line ~d!, theS1 band crossesEF at 450 K, while in the
LT phase theS1 band backfolds belowEF towards higher
binding energies. While the@100# component of the HT-
phase Fermi wave vector,kF,x51.35 Å21, deviates slightly
from the surface Brillouin zone~SBZ! boundary (kx

51.30 Å21) of (2A232A2)R45°, the backfolding point a
140 K lies on the SBZ boundary. Along line~e!, wherekF,x

of the HT phase coincides closely with the (2A2
32A2)R45° SBZ boundary, the ARPES spectra taken
the LT phase also show backfolding on the (2A2
32A2)R45° SBZ boundary. The region where the ener
gap atEF is formed in the LT phase is restricted around lin
~d! and~e!, where the (2A232A2)R45° SBZ boundary and
the HT FS are located within;0.1 Å21. For the other part
of the (2A232A2)R45° SBZ boundary closer toḠ-M̄ , only
a very small band gap (,100 meV) is formedbelow EF .
Thus, the ARPES results indicate that the transition is as
ciated with the partial nesting of the 2D FS and hence
categorized into the Peierls-type CDW transition. The form
tion of the commensurate CDW state rather than the inc
mensurate one indicates that thee-ph matrix element effects
play a significant role.19,20A weak metallic band is also see
below the transition temperature along lines~d! and ~e!,
which may be due to the local (232) domains remnant on
the surface.
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The band gap 2D serves as the order parameter
WCDW transitions. According to the WCDW theory, th
temperature dependence ofD is described by the same equ
tion as that given by the BCS theory for the superconduc
ity. At temperatures well belowTc , D is almost independen
of the temperature and gradually approaches zero asT→Tc
from below. On the other hand, in the SCDW regime, t
lattice entropy dominates the temperature dependence o
free energy and hence the band gapD is not considered as a
order parameter. In this case,D corresponds to the bonding
antibonding splitting of the local chemical bonds and hen
is almost constant up to a much higher transition tempera
To.Tc .4,6 For T.To , one expects to find a perfect long
range order with an ungapped spectrum, while at interme
ate temperatures, one expects a gapped spectrum with s
range spatial and temporal l attice fluctuations. This ord
disorder-order transition described by the SCDW theory
supported by our LEED and STM results.

Our temperature-dependent ARPES results contradict
picture, however. The spectra measured at 460 K show

FIG. 3. ~a! Fermi surface for the (232) surface mapped at 45
K with hn522.8 eV and the photon polarization in a~010! plane,
and~b! its schematic drawing~gray line! and SBZ for 131 ~solid!,
(232) ~dashed!, and (2A232A2)R45° ~dotted lines!. The arrows
~c!–~e! are the path along which the spectra shown in the bott
were taken.~c!–~e! ARPES band mappings taken at 140, 300, a
460 K with hn580.0 eV along the paths indicated above.
1-3
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the band gap diminishes along line~d! and a much reduced
band gap of;0.2 eV is observed along line~e!. ~In the latter
case it is not clear if there is actually a gap, since the spec
weight is rather high even atEF at the backfolding point.!
The k width of the metallicS1 band at 460 K is rather sma
(;0.05 Å21), indicating that the coherence length excee
100 Å. The facts that the large band gap (2D;1.2 eV)
formed in the LT phase and that the gap diminishes aboveTc
suggest that a considerable electronic energy gain is as
ated with the CDW formation and that, in addition to th
lattice entropy, the electronic entropy contributes sign
cantly to the temperature dependence of the free energy.
situation is qualitatively in much better accordance with
WCDW picture.

We believe that the seemingly conflicting results prov
an evidence for the dual nature of a 2D CDW phase tra
tion driven concertedly by electronic and lattice entropi
Note that the present case cannot be considered as ‘‘inte
diate’’ between strong- and weak-coupling limits, because
this case the gapping should be incomplete at the struc
transition temperature. It should be considered that
mechanisms coexist in the present surface. The nature o
transition is also seen in the temperature dependence o
2D value belowTc . At 140 K, the binding energy of the
lower band (S1) maximum,d l , is slightly k dependent and
varies from 0.59 to 0.63 eV, andd l decreases to 0.53–0.5
eV at 300 K. The ratiod l(300 K)/d l(140 K);0.9 can be
compared with that expected for 2D from the WCDW
theory, 0.78, forTc5405 K. The deviation may be address
to the interplay of the electronic entropy with the lattice e
tropy.

Let us finally discuss the effects of the peculiar dime
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