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A surface phase transition on In/@®1) with In coverage of 0.63 was studied. The structural analysis shows
that the reversible phase transition at 405 K between the high-temperatyr2) (&nd the low-temperature
(2\/§><2\/§)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-wa®CDW) 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 growingn terms of a local-bonding picture. The band gap, which
interest since the report of a two-dimensio2D) charge- corresponds to a bonding-antibonding splitting in the
density-wave(CDW) transition on Pb/G@11).> The works  chemical-bond language, is hence expected to be maintained
in such class of materials are motivated in part by their poin the HT phase.
tential importance in the materials physics in nanometer The understanding of any CDW transition should, hence,
scale. be based on the knowledge of both geometric and electronic

The current view of the CDW transitions in quasi-low- structures. For surface transitions, the former can be studied
dimensional systems is well documented in the literafite. by complementary means: structure factors in reciprocal
It is important to classify the CDW's according to the space by low-energy electron diffractidthEED) and real-
strength of the electron-phonoe-ph) coupling, which de- space arrangements of individual atoms by scanning-
termines crucially the characteristics of the transitidiihe  tunneling microscopySTM). As to the electronic structure,
difference between weak- and strong-coupling CDW’s hasingle-resolved photoelectron spectroscOBRPES can re-
often been dismissed in the studies of surface CDW's, whiclyea| the complete band structure of 2D systems, and has
in some cases resulted in unnecessary confyskimona-  peen applied to several quasi-lD and quasi-2D CDW
diabatic limit, the weale-ph coupling causes a smaless  systemg-15The works for the incommensurate CDW phase
than a characteristic phonpn energy, ie. .s'everal tens SmTe (Ref. § and a commensurate one or(ars ML)/
meV) _band gap at th_e Fermi Ieve_l, which stabilizes the CD_WCu(001) (Ref. 14 showed imperfect nesting of the Fermi
state if the electronic energy gain due to the gap format'o%urface and the gap anisotropy in momentum space, ML rep-

overcomes the loss in elastic energy. Upon raising the tem-
9y. ©p 9 rgsents monoloyer.

perature, the thermal excitation of electrons across the ban In this paper, we show the combined experimental results
he CDW ili I i h T
gap degrades the C stability and eventually drives t a phase transition on the (63 ML)/Cu(001) surface.

system to a normal-metal state, in which the band crosses tﬁ r O
y 18he results of LEED and STM show that the transition is

Fermi level and constitutes the Fermi surfa@eS). The ; )
structural transition in this case should be categorized into 4na@mbiguously of order-disorder—type and ARPES shows

displacive type. On the other hand, for adiabatic CDW’s withdirectly a large CDW gap in LT phase. These results imply
a stronge-ph coupling”®’ the phase fluctuation of the that the transition is driven by the lattice entropy and should
frozen-in phonon mode sets in, with its amplitude being stillbe categorized into short-coherence-length strong-coupling
large, at a temperature well below that required for the elecCDW (SCDW).® However, the temperature-dependent mea-
tronic excitation across the gap. This leads the free-energgurement of the gap shows that the gap decreases with in-
surface to have a multiminimum shape, and the system toreasing temperature and disappears at the transition tem-
undergo an order-disorder—type phase transition. In this casperature, which is a characteristic behavior for weak-
the electronic structure in both the low-temperat(fE) and  coupling CDW's (WCDW'’s). Thus, the CDW transition
the high-temperaturéHT) phases should be well described cannot be classified only according to the strength of the
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FIG. 2. STM images for(a (2xX2) (Vs=-50 meV, I,
=10 nA, image size58x58 A1), and (b) (2\2x2\2)R45°
(Vs=—20 meV],=10 nA, image size 58x58 A"1). The inset
in (@) shows the model for (22x 2y2)R45° domains in antiphase
relation with each other.
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contamination due to residual gasses and intermixing of In

with substrate atoms. The Auger electron spectroscopy

shows no detectable changes olLIMM or CuMVV Auger

signals for heating-cooling cycles, and LEED, STM, or

ARPES shows no indication of contamination or the degra-

dation of structural order even after several days of experi-

ments so long as the temperature is maintained below

ek ~450 K.

[zt " M AT The surface exhibits a sharp and well-contrasteq22

100 200 300 400 500 O 50 100 150 200 250 X 2\/2)R45° LEED pattern at 300 K as shown in Figal
Temperature (K) i (s} Upon heating, the surface undergoes a transition to a (2

FIG. 1. LEED patterns with the primary energy of 60 eV of _XZ) phase, whose LEED pattern is shown in Fign)1The
In(0.63 ML/CU(00D) at (a) 450 K, (b) 300 K, and(c) integrated  intensity of the(1/4 1/4 spot due to the (22X 22)R45°
LEED intensities andd) peak widths as a function of temperature. domains exhibits a steep decrease in concomitant with the
(e) LEED I-V curves measured at=450 K (solid curves and at ~ rapid increase of the width as shown in Figéc)1i(d). The
T=145 K (dashed curv@swhich, for the sake of visual compari- transition temperature is estimated to Bg=405 K. Upon
son, are normalized to those at 300 K by the Debye-Waller factorfurther heating, the surface successively transforms at
The Rp values between the two curves are given. ~500 K to a (Ix 1) phase, as indicated by the behavior of

the (1/2)th order spots due to the §2) symmetry. The (1

e-ph coupling. We discuss the importance of the peculiar<1) LEED pattern is associated with high background, in-
dimensionality of the metallic ultrathin films on metals. dicating that the surface is disordered.

Experiments were performed in several ultra-high vacuum Figure 2a) shows a high-resolution STM image taken at
chambers. A variable temperature ST®Ixford Instruments 490 K, which exhibits a square-net structure with its unit
was used to obtain atomic images in the constant-curred@ngth of ~5 A along the[110] direction, while the indi-
(topographi¢ mode. The ARPES experiment was mainly vidual atoms are not resolved. The structure is consistent
performed at beam line 7.0 of the Advanced Light SourceWith the (2x2) periodicity observed by LEED. At 300 K,
Berkeley. The energy resolution was 50 meV. While the in-STM shows a (2/2x22)R45° periodicity, as shown in
strumental angular resolution was smat@.1°), the sys- Fig. 2(b), where the “monomers” and “tetramers” of protru-
tematic error in aligning spectra from different experimentalsions are arranged regularly.
runs was larger £2°) in the experimental geometry em-  The In coverage, 0.650.04 ML, is in good agreement
ployed. We therefore repeated the same experiment by usingith the square (2% 22)R45° periodicity. The density
an high-angular-precision<{(0.5°) electron spectrometer to of the protrusions in the STM image is 5/8, resulting in a
confirm that the temperature-dependent behavior of the supominal coverage of 0.63 ML. On the other hatiuis cov-
face resonance band reported below is reproducible. The FSage is not consistent with any long-range orders of a pe-
mapping was performed at beam linB Bf Photon Factory, riodicity of (2X2), which should be associated with a cov-
Tsukuba, with the energy resolution of 200 meV and theerage of M4 ML with n an integer An extensive STM
angle of acceptance of 1°. The In/C{001) surface was observation at 450 K indicates that the surface is uniformly
prepared by deposition of 0.8—1.0 ML In and subsequencovered with the (X2)-In layer, which gives rise to the
annealing at 550 K for 3 min, which gave homogeneousSTM image shown in Fig.@). In order to compare quanti-
STM images and well-contrasted LEED patterns of thetatively the local structure of the ¢22) and (2/2
(22 22)R45° [c(4% 4)] structure at room temperature. X 2,/2)R45° phases, we took LEED intensity versus accel-
The coverage for this surface was determined previously teration voltage V) curves for integer- and half-integer-
be 0.65-0.04 ML.%® This surface is ultrastable against both order spots at 150 and 450][ig. 1(f)]. The peak positions
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are in a good agreement between HT and LT surfaces. The
very small Pendry’s reliability factdrf, Rp=0.13 between
two surfaces suggests that the local structures within the (2
X 2) unit cell in the two phases are essentially the same.

The above arguments suggest the disordered nature of the
HT phase. The (22) STM images should be due to the
time average of the temporally fluctuating surface. A possible
model for the “disorder” is as follows. Figure(d shows
two (2/2%22)R45° domains in antiphase relation with
each other. If the structure fluctuates between these two con-
figurations in a time scale shorter than that of the STM scan-
ning, the resulting image would be the one where the images
from two antiphase domains are superimposed. The image
shown in Fig. 2a) may be understood as due to such a dy-
namical fluctuation. On the other hand, if the spatial extents
of the (22 2\/2)R45° domains are much smaller than the
transfer width of LEED (100 A), one should observe the
(2X2) LEED pattern due to the interference between an-
tiphase domains.

In the paragraphs below, the electronic origin of the phase
transition is discussed. In Fig.(@3, we show the 2D FS
mapped at 450 K. The outer circlelike feature comes from
the In derived surface resonancésyhile the inner features
are due to the emission from the bulk Cu. The 2D FS is
constituted of nearly free-electron-like surface resonance
bands (lower bandS, and upper bands;).>* While the
surface has a (2) periodicity, the spectral weight is con-
centrated on the extended-zone-scheme dispersion due to a
photoemission structure factor effé€t. ® 121416 121416 1.0 1.2 1.4

Figure 3c) shows ARPES spectra alodgM, where the k, )
S, band crosses the Fermi level at 1.44%both in the HT
and in the LT phases. Alonj-M no significant differences FIG. 3. (a) Fermi surface for the (2 2) surface mapped at 450
in the band structure are observed during the transition< With hv=22.8 eV and the photon polarization in(@10 plane,
Along line (d), theS; band crosseE at 450 K, while in the and(b) its schematic drawinggray line and SBZ_ for 1x 1 (solid),
LT phase theS, band backfolds belovEs towards higher (2%?2) (dashedl and (2/2x 22)R45° (dotted line. The arrows

binding energies. While thg100] component of the HT- (c)—(e) are the path along which the gpectra shown in the bottom
phase Fermi wave vectoke ,=1.35 A1, deviates slighty We'e taken(c)—(€) ARPES band mappings taken at 140, 300, and
from the surface Brilloui';(l z0ne(SB2) boundary K, 460 K with h»=280.0 eV along the paths indicated above.

=1.30 A1) of (2¢/2x 2.2)R45°, the backfolding point at

i?otr}?e“esH'?n tr;]e SBZ bpur_l(;jary. AI\Ionglj I|r(e).,tr:/v h&rekpé WCDW transitions. According to the WCDW theory, the

o phase coincides —closely - wi € temperature dependencedfis described by the same equa-
X 2,2)R45° SBZ boundary, the ARPES spectra taken forij,n ‘a5 that given by the BCS theory for the superconductiv-
the LT phase also show backfolding on the e ity. At temperatures well beloW,, A is almost independent
><2\/§)RA_,5° SBZ boundary. The region where the energyof the temperature and gradually approaches zefb-ad,
gap atEg is formed in the LT phase is restricted around line€Sgom pelow. On the other hand, in the SCDW regime, the
(d) and(e), where the (2/2x22)R45° SBZ boundary and |attice entropy dominates the temperature dependence of the
the HT FS are located within-0.1 A™*. For the other part  free energy and hence the band gajs not considered as an
of the (242X 2/2)R45° SBZ boundary closer tB-M, only  order parameter. In this cask,corresponds to the bonding-
a very small band gap<(100 meV) is formedbelow E-. antibonding splitting of the local chemical bonds and hence
Thus, the ARPES results indicate that the transition is assds almost constant up to a much higher transition temperature
ciated with the partial nesting of the 2D FS and hence isT,>T..*® For T>T,, one expects to find a perfect long-
categorized into the Peierls-type CDW transition. The formatange order with an ungapped spectrum, while at intermedi-
tion of the commensurate CDW state rather than the incomate temperatures, one expects a gapped spectrum with short-
mensurate one indicates that #h matrix element effects range spatial and temporal | attice fluctuations. This order-
play a significant rolé®?°A weak metallic band is also seen disorder-order transition described by the SCDW theory is
below the transition temperature along lingy and (e), supported by our LEED and STM results.
which may be due to the local §£2) domains remnant on Our temperature-dependent ARPES results contradict this
the surface. picture, however. The spectra measured at 460 K show that

The band gap & serves as the order parameter of
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the band gap diminishes along li@) and a much reduced sionality of the present system. For ultrathin films metal
band gap of~0.2 eV is observed along ling). (In the latter  surfaces, the electron system of the substrate should play a
case it is not clear if there is actually a gap, since the spectrable. For bulk materials, irrespective of whether these have
weight is rather high even &g at the backfolding point.  quasi-1D or quasi-2D FS, the transition is characterized by a
The k width of the metallicS; band at 460 K is rather small single energy parameterA2 which determines the conden-
(~0.05 A1), indicating that the coherence length exceedssation energy of CDW’s and governs the electronic entropy
100 A. The facts that the large band gapA(21.2 eV) of the CDW phases. The former is true also in metal-surface
formed in the LT phase and that the gap diminishes adgve systems. However, the electronic excitation from the bulk
suggest that a considerable electronic energy gain is assodiand nearEg to the resonance band above the gap should
ated with the CDW formation and that, in addition to the occur in these systems, which increases the electronic en-
lattice entropy, the electronic entropy contributes signifi-tropy at temperatures much below that where the excitations
cantly to the temperature dependence of the free energy. Thaross the CDW gap (®) are possible. While the energy
situation is qualitatively in much better accordance with theseparation, betweerEr and the upper band minimum is, at
WCDW picture. the moment, not known in the present system, it can be much
We believe that the seemingly conflicting results providesmaller thanA because the nesting vector is deviated from
an evidence for the dual nature of a 2D CDW phase transithe Fermi wave vector. Thus, it is possible to hypothesize
tion driven concertedly by electronic and lattice entropiesthat the dual nature of the CDW transition in the present
Note that the present case cannot be considered as “intermsystem is a consequence of the coexistence of two energy
diate” between strong- and weak-coupling limits, because irparameters: & and §,; the former governs the CDW en-
this case the gapping should be incomplete at the structurdéhalpy and the latter the electronic entropy. Further experi-
transition temperature. It should be considered that twamental examinations, particularly for the critical behaviors of
mechanisms coexist in the present surface. The nature of ttgtructural and electronic properties ndar, are desirable in
transition is also seen in the temperature dependence of tleeder to examine the hypothesis.
2A value belowT.. At 140 K, the binding energy of the
lower band §;) maximum,§,, is slightly k dependent and A part of the work was performed under the approval of
varies from 0.59 to 0.63 eV, and| decreases to 0.53—0.54 the Photon Factory Program Advisory Commit{€rant No.
eV at 300 K. The ratiod (300 K)/5,(140 K)~0.9 can be PF-PAC No. 2001G017The Advanced Light Source is sup-
compared with that expected forA2from the WCDW ported by the Director, Office of Science, Office of Basic
theory, 0.78, foiT =405 K. The deviation may be addressed Energy Sciences, Materials Sciences Division, of the U.S.
to the interplay of the electronic entropy with the lattice en-Department of Energy under Contract No. DE-ACO03-
tropy. 76SF00098 at Lawrence Berkeley National Laboratory.
Let us finally discuss the effects of the peculiar dimen-HWY was supported by KOSEF through ASSRC.
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