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Evolution of geometric and electronic structure in ultrathin In films on Cu (001)
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We have studied the initial growth and the evolution of the atomic and electronic structure of ultrathin In
films on CY001 at 110—-300 K by scanning-tunneling microscopy, low-energy electron diffraction, Auger-
electron spectroscopy, work-function measurement, and angle-resolved ultraviolet photoelectron spectroscopy.
While the deposition at 110—200 K results in the In adsorption ofdClx terraces, In atoms deposited at 300
K are initially incorporated into the topmost layer of the substrate. At coverages between 0.26 and 0.35 ML
(1 ML=1.53x10"° cm?), surface dealloying occurs and In atoms form an overlayer on top of tf@0Qu
terrace. A variety of phases, including seven long-range-ordered ones, are formed depending on the deposition
temperaturg110—-300 K and the In coverag€d—1 ML). When In is deposited at 110—200 K, the surface
shows two superstructures, which are metastable and transform irreversibly to other phases upon annealing.
When In is deposited onto @01) at 300 K, the surface exhibits three distinct superstructures different from
those obtained at 110-200 K, and two of them undergo reversible phase transitions upon the temperature
increase. For In deposition at 300 K, a surface resonance band is observed, whose intensity is highest around
the completion of a monolayer, indicating that the resonance has a large amplitude at the In-Cu interface.
Coverage-dependent photoemission data show that the resonance splits off from gel@nd at~0.3 ML
and shows a nearly free electron like dispersion similar to that of the €pub&nd. A similar interface
resonance state is observed for the surface grown at 110 K, while the dispersion is modulated due to the
unmatched interface structure. The mechanism of formation of the surface resonance and its relevance to the
evolution of the geometric structure is discussed.
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I. INTRODUCTION During the last decade, intensive studies with scanning
tunneling microscopy(STM) have revised the studies of

The electronic surface states in ultrathin metal films onthin-film growth. In particular, the alloy formation at initial
metal substrates and their induced properties have been afrowth stages is proven for many metal-on-metal
tracting increasing attention in recent yehis particular,  systems 21t will be shown below that in the present case
the discovery of the surface charge-density-wa@®W) the deposited In atoms initially substitute with Cu atoms in
states on metdls indicated the possibility that metal sur- the topmost layer but, with increasing coverage, dealloying
faces serve as a new field of the physics of low-dimensionairansition occurs which results in an In overlayer on top of
materials. On surfaces, the scanning-probe microscopies préhe Cu terrace. At higher coverages, a variety of phases are
vide local information of CDWs and associated lattice dis-formed according to coverage and temperature, which are
tortions, which is usually inaccessible for bulk materials. Theaccessed by STM and low-energy electron diffraction
interplay of the surface electronic statesrface resonances (LEED). From the electronic side, the evolution of two-
with the bulk electronic states of metal substrates woulcdimensional surface electronic structures on metal surfaces
cause substantial differences with the cases of bulk materiale#mains unclear in most systems. Angle-resolved ultraviolet
and semiconductor surfaces. We reported that the Fermi suphotoelectron spectroscopyARUPS probes the two-
face nesting for an adsorbate-induced surface-resonancmensional band structure of the surfaces, and has been ap-
band drives an order-order structural phase transition in thglied extensively to the study of, for instance, semiconductor
In monolayer on C(001).? In the present paper we give a surfaces. For metal-on-metal systems, several extensive
comprehensive account of the initial growth process of In orworks have been done for the alkali-metal adsorption on
Cu(001) in both atomic and electronic aspects. metal surface$>~" which in the present context is consid-

In, with a 4d*%s?5p’ valence configuration, has a low ered to be a prototypical system for the modified metal sur-
melting temperaturel,,=430 K, indicating a relatively low faces. In contrast to semiconductor surfaces, however, the
cohesive energy, and a face-centered tetragonal structusemplexity of substrate bands near the Fermi level and the
with a=b=4.59 A andc=4.95 A which can be regarded hybridization of adsorbate and substrate bands which results
as a deformed fcc structure. The large lattice mismatchin broad resonance states tends to make the interpretation of
(~30%) between Cuy3.62 A) and In plays a role in the the data ambiguous. Thus a lot of aspects are still left un-
initial growth as well as in the formation of ordered phasesknown about how the surface electronic states evolve in the
as discussed below. There is also a large surface energy dfisrmation of metal-metal interfaces, which is desirable to get
ference between Cu (2.0 J/) and In (0.7 Jm?),>which  a clue for the search of new surface materials with novel
may suggest that deposited In wets the Cu surface rather thamoperties.
forming 3D islands. Cu and In are known to be miscible in  This paper is constructed as follows. After the experimen-
the bulk, and have some alloy phaSes. tal details are described in Sec. Il, the results of AES, LEED,
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work-function measurement, STM, and ARUPS for the In 110-200 K c(3V2>fDR45°  (542x542)R45°
grthh at 110, 200, and 300 K are ShOWﬂ n SeC. “l A. The 300 K (9J5X2ﬁﬁl4x4) (JE W)ngl““/(m X\/Z_O)R63‘4u

initial In deposition at 110 K results in isolated In adatoms
scattered on the surface due to the limited mobility. At 200
K, In adatoms form two-dimensional islands. At 300 K, ini-
tial In deposition leads to the incorporation of In atoms into 0.0 0.5 1.0 1.5 2.0
" : 14
the topmost layer. Upon further In deposition, a dealloying
transition occurs which leads to an In overlayer on top of the
Cu surface. In Sec. 1l B, we summarize a variety of phases 1.2
observed by LEED and STM as a function of temperature
and coverage. In Sec. Il C, we describe the ARUPS results
for the evolution of electronic surface resonance on In/
Cu(001). At 300 K, the In-induced resonance appears at the
coverage corresponding to the dealloying transition and
shows significant dispersion even in the disordered phase at
low coverages. The dispersion of the surface resonance band
mimics the edge of the projected Cu bulk bands. On the
other hand, the resonance band observed at 110 K shows a
different dispersion. In Sec. IV, we discuss on the growth of
In on CU001). After the absolute coverage calibration for In
is given based on the compilation of different experimental 0.2
data, the phase diagram for the In(GD1) system is de-
duced. The detailed account is given for the alloying- 0.0
dealloying transition observed in submonolayer coverages. 0O 10 20 30 40 50 60 70 80
The nature of the electronic surface resonance is discussed in
terms of the bond formation at the Cu-In interface.

In Coverage (ML)

0.8 0.6

B Cu (310K)
O In (310 K)

® Cu (110K)

0.6 0.4

K3

AES Intensity (arb. units)

0.4 0.2

0.0

In Deposition Time, £, (min)

FIG. 1. CuMVYV AES intensity as a function of In deposition
time, t,,, for deposition at 110 and 310 K. blMM AES intensity
is also shown for deposition at 310 K. Note that the data for 110 K

STM and ARUPS experiments were performed in differ-are shifted upward. The coverage regions where LEED patterns are
ent chambers. The operating pressures wexel® '* and  observed are also indicated.
1x 10 1° Torr in the STM and ARUPS chambers, respec-
tively. Both chambers are equipped with LEED optics, whichln-covered surfaces, the ARUPS observation of thé0G1)
were used also as retarding field analyzers for AES, and iosurface states a¥l (Refs. 18—21 and X,%? and the STM
sputtering facilities. A variable-temperature STMIxford In-  observation of no impurities. In was evaporated from
strumentswas used to obtain images at sample temperature§nudsen-cell-type alumina crucibles that were carefully out-
from 100 to 450 K. All the STM images shown below were gassed before the use. The In coverage was monitored by the
taken in the constant-curreftopographi¢ mode. For wide work-function measurement and AES. To specify the amount
scan STM images, bias voltages between 300 and 500 m¥f deposited In, the In deposition timig,, and the coverage,
and tunneling currents between 1 and 2 nA, corresponding t®,, are used below, where 1 ML is defined as the number
the tunneling gap resistance of 100—-5002Mwere used. density of Cu atoms on thé01) surface. As discussed in
For high-resolution images, the gap resistance was decreas8ec. IV A, the In uptake rate was determined to be 0.025
to 0.2-5 M so that the tip-surface distance gets closer.=0.001 ML/min based on the direct counting of the number
The ARUPS experiments were done with ARUPSMG of In adatoms per unit area.
Microtech. Unpolarized He | and He Il radiation were used.
The energy resolution of the analyzer was set at 60 meV and
the angle of acceptance at 1.0°. The systematic error in the
determination of peak positions was estimated to be A. Initial growth
<5 meV. The In 4 core-level photoelectron spectra were
measured by using He Il, with the light incidence normal to
the surface and the emission angle of 45°. The work function In this section, we show the experimental results relevant
was determined from the width of photoelectron spectra withto the initial growth mechanism of In on Q@01). Let us
the sample biased at6.30 V. The experimental error in the begin with the AES uptake curve.
work-function measurement was within 20 meV. Figure 1 shows the variation of the GlVV (60 eV) AES

The Cuy00l1) crystals were mechanically and electro- intensity as a function of the In deposition tintg,, where
chemically polished and then cleaned in ultrahigh vacuum byhe sample was maintained at 110 and 310 K during the
repeated cycles of Ar ion sputtering and annealing at 700-€eposition. For the deposition at 310 K, the variation of In
770 K. The cleanness of the samples was checked by AEEMM (402 eV) is also shown(For 110 K, In AES was not
the LEED observation of the sharp patterns of the clean antheasured in order to avoid contaminatjon.

II. EXPERIMENT

IIl. RESULTS

1. AES
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For the deposition at 310 K, simultaneous breaks are ob-
served for both the Cu and In curvestgt=20 min (®,,
=0.50 ML), and less significant ones arounti,
=40 min (©,,=1.0 ML). The first break points occur
when the Cu signal is attenuated to 0.54 of the initial value.
The second ones correspond to the Cu signal attenuation by
a factor of 0.30 0.54). This appears to be consistent with
the layer-by-layer growth of In on top of Qu0J).

The behavior of the Cu AES intensity at 110 K is quali-
tatively similar to that taken at 300 K as shown in Fig. 1.
This indicates that the 3D island growth of In is hindered
also at 110 K. At 110 K, however, the breaks are not signifi-
cant and the attenuation of the Cu AES intensity appears to
be consistent with the continuous, exponential decay, indicat-
ing that the growth mode may slightly deviate from the ideal
layer-by-layer growth

While no considerable difference is found in the AES up-
take curves at the initial stage<(0.5 ML), the microscopic
growth mechanism up to the completion of the first ordered
layer depends strongly on the sample temperature during the
In deposition, as will be shown in the following sections.

2. STM measurement at 200 K

In this and the following subsections, the STM results for
the growth of In at sample temperatures of 200 and 300 K,
respectively, are summarized. The growth at temperatures
lower than 200 K was not studied by STM due to an instru- FIG. 2. Atomically resolved STM images taken at 130 K after
mental limitation. In deposition at 200 K for(@ ©,,=0.03 ML (90x90 A?V,

deposition at 200 K. The STM image taken &, show incorporated In atoms in both the upper and lower terrace, and

=0.03 ML is shown in Fig. @) and Fig. Zc). The bright (® ©n=0.08 ML at 200 K (6565 A V=9 mv, I
dots condensed at step edges have an apparent height of° N4). Wide-scan STM images taken at 130 K after In deposi-
~2.6 A, which is larger than that of monolayer steps ontlOn at 200 K for: (c) ®'“:A9'93 ML (1000 1_000 A (d O,
Cu(001), 1.8 A, and are interpreted as In atoms. These im—_o'15 ML_(1500<_1500 ); © ®'”2_0'45 ML (1500
T e %1500 A); (f) ®,=0.88 ML (950x950 A?).
ages indicate that In atoms initially nucleate on terraces and
at step edges. This suggests the limited mobility of In on
terraces at 200 K, while the diffusion along steps is fast agondensed at the step is observed. The average distance be-
indicated by the complete decoration of steps at this covertween neighboring In atoms is3.3 A, which is close to the
age. It is noted that a small amount of isolated In atoms isiearest-neighbor distance in bulk In, 3.25 A. However, any
found inside terraces. The apparent height difference beordered structure does not appear at this coverage.
tween these bright In atoms and the surrounding Cu terrace Figure 2d) shows a wide-scan STM image fd®,,
is only 0.3—0.5 A, which suggests that the bright atoms are=0.15 ML. The steps are completely decorated with 2D In
not In atoms on top of the terrace but the ones incorporategslands. It is also found that 2D islands with sizes of 50—-100
into the topmost layer of the substrate. The incorporated I are formed on terraces. The apparent height of the 2D
atoms are found within the vicinity~20 A) of steps in islands are~2.6 A, which is the same as that for In atoms
both the upper and lower terraces, indicating that the incoreondensed at steps. Although the incorporation is possible at
poration of In is caused only by the exchange process asteps, the rate of incorporation is very low at 200 K. Figure
steps. This result is in good agreement with the previoug(e) shows a wide-scan STM image fér,,=0.45 ML. The
observatiorf® It should be noted that the exchange process a2D islands are completely percolated while no 3D islands are
steps are sometimes supposed to take place between an atfamed.
tom on the lower terrace and an atom in the upper terrace, As shown later, the first In layer is completed @,
which results in the incorporation of the foreign atom only in=0.5 ML. The wide-scan STM image fd®,,=0.88 ML
the upper terrace. The observation of incorporated atoms ifFig. 2(f)] indicates that the surface is free from 3D islands.
the lower terrace suggests that another exchange processNste also that few 2D islands are observed on terraces,
operating, in which an atom in the lower terrace is involved.which suggests that the 2D In island growth is hindered on
This process might be similar to that found for Re ontop of the In layer because of the low migration energy of In
Ir(001).%4 on In2° Thus In grows on C{®01) surface according essen-
Figure 2b) shows an atomic-resolution STM image neartially to the step-flow growth mode at 200 K after the first

a step for®,=0.08 ML. The 1x1 terrace with In atoms layer is completed.
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FIG. 3. (@ Wide-scan STM image of clean Cu(001)-(1  FIG. 4. (a Atomically resolved STM image of clean
x1) (1100<1100 A2). (b)—(f) Wide-scan STM images taken at Cu(001)-(1x1) (9595 A%2Vs=8 mV,I;=6 nA). (b)—(f)
300 K after In deposition at 300 K fofb) ®,,=0.13 ML (1800  Atomically resolved STM image of GQ01) after In deposition at
%X 1800 A); () ©,=0.50 ML (1500<1500 A); (d) O, 300 K [grids indicate the Cu(001)»11 lattice]: (b) ©,,=0.13
=0.65 ML (1500<1500 A2); (e) ®,,=1.0 ML (930x930 A?); +0.03 ML taken at T=300 K (53x53 A2V,=5 mV,l,

(f) ®,=2.5 ML (15001500 A%). =30 nA); (c) 0,=0.13+0.03 ML taken atT=130 K (70
xX70 A2,V,=—100 mV],=20 nA); (d) 0,,=0.26-0.05 ML
3. STM measurement at 300 K taken at 300 K (6%67 A2V.=—4 mV,,=17 nA); (e) O,

The STM images for the G001 surface deposited with =0-37+0.05 ML taken at 300 K (5857 A% V,=—6 mVI,
In at 300 K are shown in Figs. 3 and 4. The STM image of =24 NA): (f) ©,=037:0.05 ML taken at 300 K (67
the clean C(00)) surface[Fig. 3(@)] exhibits wide terraces x67 A2 V=9 mV,1,=40 nA).
(~500 A) and nearly straight steps. The high-resolution im-
age[Fig. 4(@] shows the X1 structure with a lattice con- horizontal noises, and some of the embedded In atoms are
stant ofag=2.56 A and an apparent corrugation amplitudeimaged as the bars elongated alddd0] direction. This is
of 0.1-0.3 A. The height of the steps on Cu(001}-Lis 1.8  due to the diffusion of the embedded In atdfas can be
A, which we used for the calibration of the height. observed by time evolution of high-resolution imagest
Figure 3b) shows a wide-scan STM image fd®,,  shown.
=0.13 ML. No isolated adatoms or islands are observed on Figure 4c) shows a high-resolution image fo®
terraces. While the steps appear to be wavy as compared0.13 ML measured after the surface was quenched to 130
with those on the clean surface, the contrast difference olK in order to reduce the mobility. The embedded In atoms
served at original step positions at 200[Kig. 2(d)] is not  are imaged as round-shaped protrusions with small noises,
observed(i.e., the height of steps is 1.8)Aindicating that indicating that the embedded In atoms do not significantly
the wavy steps are not due to the In condensation. In a higlmove at this temperature.
resolution imagéFig. 4(b)], we observe many bright protru- One may want to compare the apparent height difference,
sions, which are located on the X11) lattice positions and 0.3-0.5 A, observed here with the perpendicular shift of In
have an apparent height higher than surrounding Cu atongtoms embedded in @@01), 0.45-0.05 A, deduced by the
by 0.3—-0.5 A . We assigned these bright protrusions to the lanalysis of low-energy ion scattering dafdt is noted, how-
atoms embedded in the topmost surface layer. The embeddester, that the apparent height observed in STM cannot be
In atoms are scattered on the surface and no significant dedirectly related to the real atomic positions. Actually, the
sity differences were observed depending on the distandaeight (contrast difference between embedded In and sur-
from steps. rounding Cu is observed only with low bias voltages and
As is seen in Fig. &), the high-resolution images for the high tunneling currents, which correspond to small tip-
In-incorporated surface are associated with considerableurface distances. The STM images for the surface of Figs.
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In Coverage (ML) The surface exhibits a disordered structure at coverages of
0.0 0.5 1.0 15 2.0 0.3-0.35 ML. An STM image taken at 130 K fd®,
AT o T =0.37 ML is shown in Fig. &). We could not get any STM

i images containing Cu atoms at this In coverage under any
tunneling conditions. The surface appears to be composed of
] two types of domains with different structure: a squarelike
lattice with its sides aligned alor{d.00] and parallel chains
along[110]. The distance between the neighboring atoms in

Work function (eV)

o K_ the squarelike domains is-3.6 A, being close to the
second-nearest-neighbor distance of th& 11 structure
Ty 200K (\/2ay), meaning that the squarelike structure forms a local
. Tt c(2x2) periodicity. In the chain structure, the distance be-
a1r e 110K] tween the nearest-neighbor atoms varies in the range of 3.1—
o B 3.8 A, which does not agree withy, or 2a,, but is close to
0 10 20 30 40 50 60 70 80 the metallic diameter of In, 3.25 A. This indicates that the

spacing in the chain structure is determined mainly by the
interaction between In atoms. Consequently, the protrusions
FIG. 5. Work-function change at 110, 200, and 300 K as ain the STM images do not agree with the<1 mesh. The
function of deposition timet,,. The curve shows the result of the surface shows no long-range order, which agrees with the
fitting of the Topping's formula to the initial decrease in the 110 K LEED pattern without any superstructure spots but with the
data(see text high background intensity near half-order positions. The
structural features of this surface are similar to those of an
ordered structure formed @t,,=0.5 ML (shown latey, and
hence they are understood as embryos of the long-range or-
der. From the viewpoint of the initial growth mechanism, it

In Deposition Time (min)

4(b) and 4c) measured at sample bias 6f300 mV and
tunneling current of 1 nA show no contrast difference be-

tween 'dr?ﬁa”d Cu. Thle (|:I|fferenceh|n tge image _con'irast b_géhould be emphasized that the random substitutional surface
tween different metal elements has been previously attribz; . \ith a 1x 1 average translational symmetry transforms

uted to several mechanisf’s2° In our case, the chemical betweer®,,= 0.26 and 0.37 ML to the structure in which Cu
contrast is reproducibly observed and does not require any;oms arenremoved and In atoms do not occupy thel 1
special tip condition, which excludes the role of impurity |attice sites.

atoms at tip apex. Since the work-function change induced A wide-scan STM image fo®,,=0.5 ML is shown in

by small amounts of In atoms is negligible as shown latefrig. 3(c). The surface is flat and no islands are observed. At
(see Fig. , at least the electrostatic part of the barrier heightthis In coverage the atoms on the surface are stable, and we
should be negligible to explain the chemical contrast. Whilecan easily obtain atomically resolved STM images at room
Cu(001) has a Schockley type surface state near the Fermiemperature as shown in a later section. Wide-scan STM im-
level?? the chemical contrast is observed both at negativeyges for®,,=0.65 and 1.0 ML shown in Figs(8) and 3e),

and positive bias voltages, which excludes the possibilityespectively, also show flat terraces, while steps get wavy at
that the surface state induces the chemical contrast. Wg =1.0 ML. Figure 3f) shows an STM image of the sur-
therefore consider that the chemical contrast observed herefigce at®,,=2.5 ML, where steps wander in a length scale
due to the difference in the density of state near the Fermyt <100 A. While the average terrace width is still large
level in the tip-surface systems. (~500 A), some small 2D islands appear, indicating that

An atomically resolved STM image of the surface atthe growth mode is gradually switching from the step-flow to
0,,=0.26 ML is shown in Fig. &). There exist many 3p island growth.

bright protrusions together with some dark onese the
upper-left cornex Both types of protrusions are aligned on
the X1 mesh. Although the X 1 structure due to Cu atoms
is blurred compared to the surface 105,=0.13 ML [Fig. Figure 5 shows the work-function variations as a function
4(b)], the image indicates that the top layer is composed of &f t,, at 110, 200, and 300 K. For deposition at 110 K, the
1X1 Cu layer embedded with In atoms. Another STM imagework function initially decreases steeply, and then the slope
for the same surface with a different tunneling condition isdecreases gradually. The curve shows a distinct break at
shown in Fig. 4e), in which In atoms are clearly imaged ~20 min (®,=0.5 ML), beyond which the work function
though Cu atoms are hardly recognized. All the In atoms arghows again a steep decrease followed by gradual saturation
located on the X1 lattice positions as shown by the grid in at 4.1 eV, which is near the work-function value of polycrys-
Fig. 4(e). Two types of local order of In atoms are recog- talline In3° The break may correspond to the completion of
nized: the In atoms are arranged irc@x2) symmetry or the first layer.

form close-packed chains alonffl10] with a nearest- The initial steep decrease is understood by the image di-
neighbor spacing of-2.6 A. Although the surface alloy is pole formation due to the charge transfer from In adatoms to
confined in the X1 structure, it is likely that the surface the Cu substrate. The gradual decrease of the slope upon the
stress increases greatly due to the large size mismatch. increase of In coverage is apparently in agreement with the

4. Work-function measurement
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depolarization of the induced image dipole due to the electrievhich coincides with the disappearance of top-layer Cu at-
field formed by the surrounding dipoles. For alkali-metal ad-oms in the high-resolution STM images fér,,=0.35 ML
sorption, where adatoms are scattered uniformly on the suffig. 4(f)].

face, the so-called Topping’s depolarization formitia? The asymptotic values of the work function are estimated
to be 4.0, 4.1, and 4.3 eV for deposition at 110, 200, and 300
1 *47ugn K, respectively. The difference in the work function is attrib-
Ad= 4mey 1+ 9an3?’ (1) uted to the difference in the degree of surface roughness at

different deposition temperatures. For higher deposition tem-
is known to explain the initial work-function change w&ll. peratures, the surface is expected to become flatter, which
Here €y denotes the static dielectric constant of the vacuumleads to higher work function.
o the initial dipole momentg the polarizability, andh the

density of adsorbates. It is empirically known that the polar- ¢ | fuence of In growth onto the intrinsic surface state

izability, @, deduced by fitting the equation to the experimen- on Cu(001)
tal data is almost the same as the atomic polarizability, or ] .
smaller by within a factor of~2, than the atomic The surface state on @01J) in the projected bulk band

polarizability>*~3 The fitting of Eq.(1) by using the atomic gap around thévl point has been thoroughly studied previ-
polarizability of In, 10.2 &,* to the work-function change ously. Its origin is explained as the,z_,2-derived band
for In adsorption at 110 K yielded the solid line shown in pushed out of the bulk continua by the Coulomb repulsion
Fig. 5 and the initial dipole moment of 0.42 D. While the due to excessp electrons at the surfac& ' [Note that the
initial steep slope is well reproduced, the actual work-x andy axes are defined as the nearest-neighbor directions on
function change beyond,,>3 min (0,,>0.08 ML) is Cu(001).] Since this surface state is localized at the topmost
much more moderate than that expected by @y.Chang- layer, it is sensitive to the change of charge density caused by
ing the value ofa within a factor of 2 does not considerably adsorbates, and hence the change of growth modes can be
reduce the deviation. We suggest that the deviation is duprobed by the surface stef®.
predominantly to the condensation of In atoms on the sur- For clean C(001), the surface state at thd point is
face, which is indicated by the LEED observation of an or-observed at binding energies of 1.78, 1.80, and 1.81 eV rela-
dered structure, as shown below, at arotjpet 10 min. The  tive to the Fermi level at 110, 300, and 400 K, respectively.
condensation of adatoms leads to the direct overlap of the In Fig. 6(a) the spectra for the surface state are shown for
wave functions of neighboring In atoms, which is associatedhe surface deposited with In at 110 K. In deposition results
with the reduction of the adatom-substrate charge transfer.in the decrease in intensity and the shift to higher binding
As compared with the result for 110 K, the work-function energies, reaching 1.83 eV @&,=0.25 ML, which is as-
decrease at 200 K is more moderate, in particular, at theribed to the local disorder introduced by isolated In ada-
initial stage. We observed an almost linear increase up teoms. As shown in Fig. @), the intensity at ©,,
t,,=20 min (©®,,=0.5 ML), which is not consistent with =0.25 ML is ~15% of the initial value, which indicates
the depolarization picture for uniformly scattered adatomsthat In atoms are initially adsorbed randomly as isolated ada-
As observed by STMFig. 2), In atoms deposited at 200 K toms and gradually agglomerate during deposition to form
form 2D islands, which suggests that the local environmenfsjands. This agrees with the interpretation of the work-
around an individual In atom is constant irrespective of thefunction change at 110 K.
total coverage and therefore the dipole moment associated Upon In deposition at 200 K, a moderate change in the
with an In adatom does not change. In this case, the workurface state of GQ001) is found as shown in Figs.(6) and
function should be the average of those for cleaf00W),  6(d). The intensity of the surface state decreases almost lin-
¢cu, and the In monolayewp,, , early and disappears @x,,~0.63 ML. The shift of the peak
position is very small €10 meV), which is in accordance
& @ with the STM observation of the 2D-island formation on top
Cus of the CU00)) terrace.

The spectral change upon In deposition at 300 K is shown
where@f,}) denotes the In coverage at the completion of thein Fig. 6(c) and the intensity of the surface state is plotted in
first layer. This is in good agreement with the work-function Fig. 6(d), where the result obtained by using the He Il radia-
change up td,,~20 min (®,,~0.5 ML). After the break at tion is also shown. The agreement between the results ob-
tn~20 min (©,=0.5 ML), work function decreases tained by He | and He Il indicates that the decay is not due to
monotonically with the slope decreasing gradually, and apthe final state effect, but reflects the reduction of the density
proaches the saturation value4.1 eV. of surface state. The intensity of the surface state decreases

For In deposition at 300 K, the work function is almost steeply with increasing In deposition time at 300 K. The
constant up td,,~10 min, then decreases linearly to 4.35 initial slope is almost the same as that for 110 K. While the
eV with increasing coverage. The initial period where thedecrease at 110 K gets moderatefgi>0.13 ML, the de-
work function does not change corresponds to the In incorerease at 300 K is almost linear, and the intensity vanishes
poration into the topmost layer of the substrate as found byaround®,,=0.15 ML. The peak position is shifted to higher
STM [Figs. 4b) and 4c)]. After the initial period, the work binding energies upon In deposition, reaching 1.88 eV at
function starts to decreasetgi~10 min (®,,~0.25 ML), ©0,=0.13 ML. These changes indicate that impinging In

_On (O
¢_ @fr})g{)m
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FIG. 7. LEED patterns observed at 110 and 200 K for In/
Cu(001) surface:(a) c(3v2X \2)R45° (primary electron energy,
E,=103 eV);(b) (5v2x542)R45° (E,=114 eV).

Photoelectron Intensity (arb. units)
S
F
S

arranged alon010] with a spacing of 3.6 A (2a,). The
STM image shows that there are two types of protrusions
with different contrasts. The apparent height difference is
T T Y ST R YR T RET: 0.05 A. The unit cell obtained by STM ix(3+2
Binding Energy (eV) X \2)R45° in agreement with the LEED result, which is
marked with the white lines in Fig.(8). A possible model
structure deduced from the STM image is presented in Fig.

o
o
>

0.00
L

—_
@D

In Coverage (ML)

0.00 0.25 0.50
1.0 B 8(b), in which the higher In atoms are placed on bridge sites
- N 1 while the lower ones on hollow sites. The In atoms constitute
0) f’:, b 1 a 1D chainlike structure alon@10] direction. The nearest-
5 < . neighbor distance is estimated to be2.9 A, considering
€ o5l 'O' . T i the corrugation. This model suggests the ideal coverage of
S ge + | 0,,=2/3 ML.
;:’3 | o % | Upon further In deposition on the(3\/§>< \/E)R45° sur-
£ WoKg  Teflok 200K face, the LEED pattern changes to one shown in Filg) &t
I D
00 L1331 1a 11 11l I:Fl 11
0 5 10 15 20 25
@ In Deposition Time (min)

FIG. 6. (a) Angle-resolved photoelectron spectra taken with
He-I radiation atM for clean and In-covered @@01). The deposi-
tion was made at 110 Kb) The same aga) except that the depo-
sition and measurement were made at 20qdK.The same asa)
except that the deposition and measurement were made at 300 K.
(d) The intensities of Cu @ Tamm state peak measured with He-I
radiation at different deposition temperatures: 11(iked circles;
200 K (crossey 300 K (open circleg Also shown is the intensity
obtained with He Il at 300 Kopen squargs

atoms distribute statistically on the surface upon adsorption
at 300 K in agreement with the STM result.

IFIFIID
@ CHOO@ R
Y. -

B. Ordered phases and transitions
PP IO

o
1. Phases formed upon deposition at 120000 K "Y‘ ‘[‘ ‘:.Y‘ Yk "“\"‘ y

Two ordered phases are observed by LEED successively - x. A\ X. I' "\ YN In
with increasing®,, upon deposition at 110 K. A weak COX XS X X O O
c(3V2x \2)R45° LEED pattern appears @,,~0.25 ML, 1ol CCR PRI C 0
increases in intensity, and is most strongly observe® at WAVIVIVIVIVIVAY,
=0.65+0.03 ML as shown in Fig. (3. At ®,, above (b) —Ppp [010]
~0.75, the fractional order spots become streaky ajaag]
and[100Q]. FIG. 8. (a) Atomically resolved STM image of the(3y2

Figure 8a) shows a high-resolution STM image taken on x \2)R45° surface (5858 A2,V=—7 mV,|,;=50 nA). (b) A
an In island on the surface with,,=0.45 ML. In atoms are model proposed for the(32x \2)R45° surface.
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LEED pattern from the model structure is shown in Fig)9
which is in fair agreement with the experimentally obtained
LEED pattern shown in Fig. ().

Additional In deposition onto the (& X 52)R45° sur-
face increases the background intensity in LEED, and no
further superstructure is observed.

Upon In deposition at 200 K, the ordered structures ob-
served by LEED were identical with those at 110 K, though
the LEED patterns appeared at slightly smaller deposition
times.

2. Phases formed upon deposition at 300 K
(a) OCU substrate .In (2nd layer) O In (1st layer) P P

The LEED patterns observed upon deposition at 300 K
(o1 are shown in Fig. 10. With increasing In coverage the LEED
i ' pattern changes from the clean surface 11 pattern to that
% ¥ K @ shown in Fig. 10a) around®,,=0.4 ML. This LEED pat-
£ ¢ tern becomes most intense arourtd,,=0.5 ML (t,,
. T e =20 min), coinciding with the first break point in the AES
. . uptake curve. The pattern is characterized by sets of four
; o (1/18th order spots in the vicinity of the half-order positions
10y ¥ - : * : 1 (10) characteristic of @(2X2) structure.
; < ¥ Figure 11a) shows an atomically resolved STM image for
" . the phase formed &,,=0.5 ML at 300 K, corresponding
E G W N to the LEED pattern shown in Fig. (4. The surface con-
. b, sists of stripes of two types of structures. One of the domains
X s % consists of bright and dark protrusions arrayed in a distorted
square lattice, and are separated by domains in which bright
(b) ©o7) protrusions are arrayed in close-packed rows along1hé]

and[110] directions. The average spacing between neigh-
FIG. 9. (a) Possible configuration for the (2x52)R45° sur-  boring bright and dark protrusions in the distorted square
face. (b) Kinematically calculated LEED pattern for the structure domains is~2.6 A, and hence these protrusions constitute a
shown in(a). c(2x 2)-like structure. In the latter domain, dark protrusions
can also be seen between rows of bright protrusions. The
0,,=0.88 ML. This pattern consists 01/10th order spots, density of the protrusions is 0.5 ML each for bright and dark
and the spots positioned at/@= 1/5k/2+ 1/5) withh andk  protrusions, suggesting that the bright and dark protrusions
odd and (+1/5k*1/5) with h and k integers appear as may correspond to topmost In and underlying Cu atoms, re-
intense spots. Though the LEED pattern could be indexed aspectively. The contrast of the dark protrusions depends on
the condition of STM tips. The unit cell of this structure is
1 [25 19 shown by a rectangle in Fig. (d, which is indexed as
18|15 25/ (92 2\/2)R45°. The Fourier transform of the STM image
for an area of 208 200 A? is shown in Fig. 1(c), which is
or equivalently (1.6X1.62)R31.0°, the arrangement of at- qualitatively identical with the observed LEED pattéFig.
oms according to this symmetry results in an unreasonablgg(a)], except that the LEED pattern consists of contribu-
structure. This kind of superstructures has previously beefons from two equivalent domains rotated by 90° with each
reported in analogous systems, for example, P@AD  other. It is noted that the neighboring2x 2)-like domains
(Refs. 41,42 and Bi/CU00D) (Ref. 43. According to the  are in antiphase relation, which makes 12,1/ LEED
proposal by Bocquett al,*? the real space structure can be spots missing.
deduced by considering domain walls. The bright spots ' At coverages beyon®,,=0.6 ML, the LEED pattern
around(1/2 1/2 indicate that the structure is composed of changes to @(4x 4) pattern as shown in Fig. ®, which
the local ¢c(2xX2) domains separated by domain wall hecomes most intense aroufit},=0.65 ML. Figure 11c)
network™ Thus, this pattern can be interpreted asy/25 shows an STM image for the(4x 4) surface. The density
x5\2)R45°. We propose a possible structural model forof protrusions is 5/8, which is in good agreement with the In
this surface as shown in Fig(&. The model containg(2  coverage.
x2) domains on the top layer which are in antiphase rela- With further increasing In coverage, the LEED pattern
tionship with each other separated by domain boundaries b&hown in Figs. 102)—10(g) appears, which is most intense
tween them. The second layer consists of In atom®gpf around ©,=1.0 ML (t,,=40 min), coinciding with
=0.68 ML, which is a density close to that of t¢3y2  the second break in the AES uptake curve. This LEED
X \2)R45° structure model. A kinematically calculated pattern consists of strong half-order spots characteristic of a
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FIG. 11. (a) Atomically resolved STM images of
Cu(001)-(9/2x 2y2)R45°-In. A unit cell is marked with white
lines (4040 A?V,=—5 mV,I;=4 nA).(b) STM image for the
same surface a®) but taken at 420 K, showing(2X 2) structure

= »
(120)

e 0 o ® o o ™ (40x40 A? v=—-20 mV,I;=4 nA). (c) Fourier transform of
0, %% %% the STM image of the (92x2/2)R45° surface(d) STM image
IR ICERE S for c(4x 4) taken at 300 K (5858 A%, V,=50 mV,,=10 nA).

oo, oo (e) STM image for (/20X y20)R63.4°+ p(2x 2) taken at 300 K.
* L e° o Unit cells are shown fop(2x2) and (/20x 20)R63.4° (105
% L F %, o X105 A2 V,=—7 mV,I,=2 nA). (f) Fourier transform of the
Lo o o " o STM image of the (/20X \20)R63.4°+p(2% 2) surface.
o0 o o
(To). o o - (] o .(oﬂ - - -
the LEED pattern shown in Figs. (& and 1Qf) is most

satelite spots DD
(9) o °

intensely observed. The image appears to be constituted by a
FIG. 10. LEED patterns for In/G001) surfaces upon In depo- Square lattice as is marked by the small square, whose size
sition at 300 K: (a) (92x22)R45° (E,=60 eV); (b) c(2 and orientation agree with thg§2X2) symmetry. It is noted
x2) (E,=60 eV); (o) c(4x4) (E,=114 eV); (d) p(2 thatthep(2Xx2) lattice is modulated by another periodicity
X2) (E,=90 eV);(e) 20X 20R64°+p(2x2) (E,=40 eV); as shown by the large square, which corresponds to the
(f) the same age) but with E;=89 eV.(g) Schematic view of the (\/2—O>< \/2_0)R63.4° periodicity. Hence, we refer to this sur-
V20X \20R64°+p(2x 2) pattern. Unit vectors are shown for face as (/20x 20)R63.4°+ p(2x 2). The existence of the
\/20x \20R63.4° by black arrows and fof10x V1I0R18.4° by  (,/20x \20)R63.4° symmetry is well recognized by the
gray arrows. Fourier transformation of the image as shown in Figifjl

. which is in good agreement with the LEED pattern from this
p(2Xx2) structure and numerous higher-order spots. Thes urface g g P

higher-order spots can be interpreted as due to the diffraction

by (\/EX ‘/E)R]'SAO or (‘/X)X \/Z))R63'4° structure and 3. Stability of the low-temperature phases
the double diffraction by these structures g{@x 2) struc-
ture. While the intensity distribution of the spots may prefer
the interpretation in terms of,(L0X y10)R18.4°, it cannot

As shown above, the surface structures observed upon
deposition at 110 K are different from those formed at 300
be strictly determined solely by kinematical considerationK. Annealing the ¢(3y2x y2)R45° surface formed at
Further In deposition beyond®,,=1.0 ML makes the 110 K up to room temperature resulted in the change of
LEED spots disappear and the background intensity highethe LEED pattern to (92x242)R45°, c(4x4), or (120
indicating that the surface loses order. X \[20)R63.4°+ p(2% 2) according to the In coverage. The

Figure 11e) shows an atomically resolved STM image of transition starts from 220-240 K and is completed around
the In covered C{@01) surface of®,,=1.0 ML for which 300 K. As for the surface with the (2 x5./2) LEED pat-
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tern, the LEED pattern changes to th¢20x \20)R63.4°
+p(2X2) pattern around 240 K. The transitions are irre-
versible: The low-temperature LEED patterns are not recov-
ered after cooling down the surface to 110 K. We therefore
conclude that the low-temperature phases(3.2

X \2)R45° and (5/2x5\2)R45°, are metastable.

Fermi surface

Ez(eV)

4. Reversible phase transitions

When heating the (92 2+/2)R45° surface around 350
K, the surface undergoes a phase transitionct@x2),
whose LEED pattern is shown in Fig. @). STM observa-
tion also demonstrates this transitoe show an STM
image for the surface o®,,=0.5 ML taken at 420 K in ) )
Fig. 11(b), which shows clearly the(2x 2) structure. The aroundM in the high-temperaturé(2x2) phase at®,,
changes in LEED and STM are fully reversible with respect=0-> ML, and that the nesting of this Fermi surface drives
to the temperature change. There is no change in the AE&€ surface phase transition at350 K. The dispersion of
intensity during the phase transition, suggesting that there i§'€ S1 band was shown to mimic the edge of the projected
no atom transfer between the overlayer and the substratBUlk 4sp band of Cu. Figure 12 showschematicallythe
Since the In coverage of this surface is 0.5 ML, the darktwo-dlmgnsmnal dispersion of the surface resonance band
protrusions observed in the STM image of the V@9 for the high-temperature(2x2) phase a®,,=0.5 ML. In

x 2/2)R45° surface are ascribed to electron density due téhe present work, we have studied the evolution of $ge
figsonance as a function of In coverage and surface tempera-
protrusions are not observed in thé2x 2) phase due prob- ture- It wil b? sr;fo]yvn be;]lowc thatbth"sél resonrz?ncde blfnd
ably to the reduced spatial resolution at elevated temperei"lppears .tc.) split off from t € us$ ban u_po'nt € dealloy-
tures. The previous ARUPS stifdindicated that this phase N9 transition. Also shown is the photoemission result for the

transition is induced by the nesting of the 2D Fermi contour 4d core level.
constituted by an In-induced surface resonance band.

The c(4x 4) phase also exhibits a phase transition upon 1. Valence-band structure at 300 K
annealing. The LEED pattern shows that the surface under- The ARUPS spectra measured at an emission angle of
goes a transition around 4_150 K pg2x2) as shown in Fig. 9,=37.0° in [110] direction, which corresponds to the
10(d). The p(2X2) phase is stable up to at least 550 K. Thepgint for the binding energies of interest, are shown in Fig.
AES result suggests that the In coverage does not change s (The work function change in this coverage region is

during the transition. 0.3 eV, which corresponds to the change ki of
Heating the (/20X 20)R63.4°+p(2x2) phase up to

~450 K induces a phase transition pg2<2). Annealing a)

at 550 K for several minutes followed by cooling down to T
room temperature results in ticg¢4 <X 4) LEED pattern. The ©

AES intensities of I(Cu) also exhibit decreas@ncrease to . 6, (ML)
the value corresponding to tle¢4 X 4) phase, suggesting the % 13
penetration into the substrate or the desorption of In atoms. It E MK 095
is noted that when the annealing is done quicklyl( min at o
550 K) the surface gets back to/20x \20)R63.4°+ p(2
X2) phase, whilg1/10th order spots become weaker and
the AES intensities exhibits noticeable changes, indicating
that the penetration(desorption rate is relatively low
(~0.1 ML/min) at 550 K.

Upon cooling the phases formed at 300 K, the LEED % gfgg

FIG. 12. Schematic drawing of the dispersion of the surface
resonance band$;, for Cu(001)e(2Xx2)-In, which is a high-
temperature phase é,,=0.5 ML.

nance band §;) gives rise to a squarelike Fermi surface

—

Bulk

o Projection !

Photoelectron Intensity (arb. units)
coooooooo
8498 2a3

Binding Energy (eV)

patterns observed at 300 K do not show any distinct phase V\J\\ 021

transitions down to 110 K. For the(4x 4) phase, the in- ».\q/\ 015

crease of the background at certain positions was observed at L e 0 _

110 K, which implies the possibility of another phase transi- 20 10 00 -10 00 05 10 15
tion below 110 K. Energy Relative 1o E_(eV) In Coverage (ML)

FIG. 13. (a) ARUPS spectra a as a function of In coverage at
300 K. S; denotes the In-induced surface resonanceBatite bulk

In this section we present the ARUPS results for the evoCu 4sp band. (b) Binding energy for theS, (circle) and Cu 4p
lution of In-derived surface resonance band. In a previougsquar¢ bands aX as a function of In coverage. The hatched area
publication? we reported that the In-induced surface reso-indicates the projected bulk Ctsg band atX.

C. Evolution of In-derived surface electronic structure
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~0.02 A1) In addition to the peak due to the bulk Ce g @ (22,@ : ('2&)
band, B, a peak induced by In adsorption is observeg, =02 ao| (820 a0k [erosM 1 ok

Upon In deposition at 300 K, th8; peak first emerges as a
shoulder ofB around 0.25 ML, shifts downward in energy
with increasing In coverage. The intensity of tBe peak
grows as In coverage increases, reaches a maximum at
~0.65 ML, and then it decreases significantly above 1 ML,
which indicates that th&, peak is due to an electronic state
localized at the Cu-In interface. Note that the weak feature
around 1.6 eV in Fig. 1) is due to the excitation of the Cu

3d band by He } (hv=23.1 eV).

The Cu bulk stateB also shows a shift of-0.15 eV at
small In coverages, and its line shape changes from an asym-
metric one for the clean surface to a symmetric one for the
In-covered surfaces. While the changekispace sampling
associated with the work-function change would result in the
shift of B, it is estimated to bec0.05 eV. The observed shift
and line shape change are explained by a suppression of the
indirect surface photoemission channel due to the removal of
the dielectric mismatch between Cu and vacuum by In
depositior’**

The variation of the binding energy d8, is plotted b
against In coverage in Fig. /3. For the In coverage below
0.2 ML, the S; band is not clearly observed, but only the
broadening oB is discerned. Abové,,=0.25 ML, theS;
band splits off fromB and grows in intensity. This coverage
value corresponds to the dealloying transition from a surface
alloy phase to separated phases of an In overlayer and the Cu — —
substrate with an abrupt interface. With increasing In cover- F!CG- 14. (& ARUPS spectra around along[110] (A) for the
age, theS, peak shifts to higher binding energy and reachegurace with®,,=0.25 ML at 300 K.(b) The same asa) but for

- B . the surface with®,,=0.5 ML at 300 K.(c) The same agb) but
the satu_ra_tlon vqlue, 1.‘5 ev, iﬂ'“. 0.65 ML. It is _n(_Jt_ed measured at 400 Kd) Dispersion of theS; band with at different
that a similar shift to higher binding energy upon initial In

i - Lo n coverages. The shaded area indicates the Cu bulk bands projected
deposition is observed for the intrinsic surface state og g proJ

= onto (002).
Cu(001) at M as shown in Fig. 6.
Figures 14a) and 14b) show the ARUPS spectra taken at
different emission angles alorig10] at ®,=0.25 and 0.5
ML, respectively. In Fig. 14) the dispersion of th&; band
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we showed that the surface resonance exhibits significant
change upon the transition Rtpoints where thes; crosses
the Fermi level in the high-temperature phadéhe insensi-

along A is plotted for different In coverages. A, . —
=0.25 ML, theS; band runs along the edge of the projectedtIVIty of the S, resonance band a_Iorzi_g where the band does .
not approach the Fermi level, indicates that the change in

Cu bulk band. With increasing In coverage the whole band is . .
: o . electronic structure occurs only at very limitedpace close

shifted downward, splitting off from the bulk bands into the h : hich i . ith the pi h
rojected band gap for Cu(001)<IL. Note, however, that to the Fermi sun_‘a_lce,.w ich is consistent with the picture that

projected : " ' the phase transition is due to a nonlocal electronic effect.

the intrinsic band gap for the @@01) surface disappears for

the In-covered surfaces due to the scattering by disordered In

atoms at low coverages or to the Umklapp scattering in the 2. In 4d core level at 300 K

superstructures formed &,,=0.5 ML. We therefore con- Changes in atomic and valence electronic structure may
clude that theS; band is due to an In-induced resonanceinfluence the binding energies and line shapes of the core
state. The coverage-dependent behavid8,adind the resem-  |evels of surface atoms. We measured high-resolution photo-
blance of the dispersion with that of the Cu bulk band edgemission spectra of Indtlevel in different surface phases
may suggest that the In-induc& resonance state inherits a aiming, in particular, at possible core-level splitting in the
character of the Cuglp band. CDW phase. In Figs. 18)—15f), the In 4 core level spec-
Figure 14c) shows the dispersion of thg; band for tra taken at 300 K are shown for various In coverages. The
0,,=0.5 ML at 400 K, while the data in Fig. 18) are for  feature of the spectrum &,,=6 ML is similar to the pre-
300 K. At this coverage, the In/@01) surface undergoes a vious work for thick In films? In order to gain quantitative
phase transition at-350 K from low temperature (92  information, the spectra were fitted with a Doniaalmfic
X 2\2)R45° to high temperature \2X 2)R45° [c(2  function®*” The spectra were fitted well with only a single
X 2)]. In Figs. 14b) and 14c), no significant differences are component. There was some difference in the peak width
recognized between the two phases. In the previous studpetween two spin-orbit-split lines, which was accounted for
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FIG. 16. Binding energy, Gaussian and Lorentzian widths of In
4ds), as a function of coverage.

Depending on In coverage, thed4doublet shows shift
from 16.49 eV at®,,=0.25 ML to 16.74 eV at®,,
=6 ML (Fig. 16. The latter value is in good agreement
with that reported for a polycrystalline In film, 16.75 &Y,
which suggests that a 6-ML film already has bulk properties.
The binding energy for submonolayer In is lower than that in
bulk state. With increasing coverage, the binding energy is
shifted quickly by~200 meV up to~0.6 ML, where the
slope gets gradual, and then approaches the bulk value
asymptotically. Note that the first In monolayer is completed
at 0.65 ML and subsequent deposition results in the second-
layer growth.

Upon the growth at 300 K, several long-range ordered
phases are formed: (& x 2./2)R45° at 0.5 ML,c(4 X 4) at
0.65 ML, andp(2x 2)+ (410X y10)R18.4° at 1.0 ML? In
these structures, In atoms occupy several inequivalent sites.
Binding Energy (eV) We, however, could not distinguish the different sites by

FIG. 15. In 4 core level spectra taken at 300 K as a function of core-level b!r}dlng energies. \We also_checked whether the
In coverage(a 0.25, (b) 0.50,() 0.6, (d) 1.0, (¢) 3.0, (f) 6.0 ML.  Phase transition at 0.5 ML between (8x 22)R45° and
Filled circles represent raw data, solid lines are the results of th&(2X 2) affect the shape of the core-level spectra. There was
fitting by Doniach-Sinjic function. The dashed and thin solid lines NO significant changes except for the thermally induced pho-
show the background and the residuals, respectively. non broadening in the high-temperature phase. Such insensi-
tivity of the 4d core level to the structure is in contrast to the
by independent Lorentzian lifetime widths. The fitted lines “3€ c.)f In atoms on a Sl surfa‘&eand is ascribed to the
and residuals are shown with thick and thin solid lines re—m.etaIIIC nature of the system. Slr_uce the valence_eleptrons

) S ' "~ with sp character are well delocalized, the screening is ef-

spectively, in Fig. 15.

. . I . N fective enough to cancel out any changes due to the atomic
While Lorentzian lifetime width does not significantly o, ironment

change with increasing coverage, Gaussian width increases
considerably (Fig. 16. At the smallest coverage studied
(0.25 ML), the Gaussian width is 95 meV. Taking account of o
the spectrometer energy resolution of 60 meV, the phonon Figure 17a) shows the ARUPS spectra measured at¢he
broadening is estimated to be 70 meV. The increase in thpoint for CU001) deposited with In at 110 K. In-derived
Gaussian width is mainly ascribed to the band formatiorsurface state, denoted 8§, is observed at almost the same
which is induced by the In-In interaction at higher coveragesenergy region as th&, band was observed at 300 K. The
A theoretical calculation indicates that bulk Il 4as a band coverage-dependent shift &, however, is different from
width of a few hundred me¥? which is in fair agreement that ofS;. (The nondispersing peak at 1.6 eV is due to @u 3
with the observed Gaussian width. Beyond the completion oéxcited by He } emission). With increasing In coverage, the
the first monolayer at 0.65 ML, inhomogeneous broadeningurface state first emerges at 1.15 eVegt = 0.38 ML,
may also contribute to the increase of the Gaussian widtrgrows in intensity shifting gradually to 1.20 eV &,
While the STM observation indicated that In grows in layer-=0.75 ML, and shifts abruptly te-1.6 eV. The intensity
by-layer mode above 1 ML, coexistence of the In layer withdecreases above 1.0 ML, which indicates that3héand is
different thickness may contribute to the Gaussian width. also due to an interfacial electronic state.

onhiomit o i s

Photoelectron Intensity (arb. units)

(a) 0.25 ML 3 (d)1.0ML %
: («Izox«12064

oot pevistp s,

AT A A A AT e i
19 18 17 16 15//19 18 17 16 15

3. Valence-band structure at 110 K
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In contrast to the growth at 300 K, where mixed alloy
layer is initially formed and then switched to the overlayer-
growth mode, In atoms deposited at 110 K are initially ad- 15
sorbed as isolated adatoms and then gradually forms 2D is-
lands, as indicated by the appearance of cé3\2
X \2)R45° LEED pattern at~0.3 ML. Hence the appear- 20 L i
ance of theS; resonance is in coincidence with the formation 1.0 11 12 13 14 15
of 2D islands. Thec(3\2x 2)R45° layer is completed at Wavevector (")

0.65 ML, beyond which the second layer starts to grow, _ _

which is also in coincidence with the sudden shift of Bfe FIG. 18. An In-derived surface resonance band nédor (a)

peak from 1.2 to 1.6 eV. We therefore conclude that the’Pectra for®,=0.8 ML, and (b) spectra for®;,=1.2 ML. (c)

stepwise shift of theS, band is due to the 2D island growth Dls_persmn of thes; band atdlfferc_ent In coverages. The shaded area
. .indicates the Cu bulk bands projected of@61).

of the first and the second In layers. The plateaus found in

the binding energy o8, as a function of In coverage corre- directly counting the In atoms at initial stages of the growth.

spond to the interfacial states in 2D islands in the first andBased on the STM images takentgtfrom 6 to 14 min, the

the second layer. uptake rate of 0.0250.001 ML/min has been deduced. The

The ARUPS spectra measured alahgnear theX point  attenuation curve of Cu AES intensity supports this calibra-
for ®, = 0.8 and 1.2 ML are shown in Figs. & and ton. . .
18(b), respectively. As compared with the dispersion of the While the above uptake rate was obtained for deposition
S, band for In overlayers formed at 300 K, tBg band show &t 300 K, there are several facts indicating that the rate is not

. . . — : o affected by the surface temperature during deposition.
little dispersion alon@g\ and the intensity is strongly reduced (1) The Cu AES curves measured at 110 and 300 K ex-

for k away fromX. The dispersion plot in Fig. 18) shows  pipit similar variation as a function of,, except that the
that theS; band has a flat dispersion irrespective of the Inpreaks are dulled at 110 K.
coverage and are merged into the projected bulk band upon (2) Upon deposition at or below 200 K, where no surface
getting away fromX. alloy is formed, thec(3y2x 2)R45° overlayer is obtained
att;,=26=1 min. The model obtained from the STM image
IV. DISCUSSION indicates that this structure correspond®tg=2/3 ML.
(3) Annealing the well-developed(3y2x 2)R45° (t,
=26 min) surface up to 300 K resulted in the transforma-
Before discussing the phase diagram and the growthion to the well-developed(4x4) structure, which is ob-
mechanism, we give a brief account of the coverage calibratained by deposition at 300 K also fo=26 min.
tion we have done in this work. The most reliable experi- Thus, the coverage for any surface can be determined by
mental facts to establish In coverage have been obtained lifie deposition time. Note that the coverage corresponding to

Binding Energy (eV)

A. Coverage calibration
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l l around®,,~0.35 ML and the short-range order further de-
600 |- — velops to yield a long-range order, (2% 22)R45°, at
0,,=0.5 ML. We previously showed that the Fermi surface
nesting in the high-temperatuc€2<2) phase is the origin

of the stabilization of the (§2x 2/2)R45° structuré. The
structural similarity implies that the short-range-order phase
px2) at®,,~0.35-0.5 ML also has the electronic origin. This is
supported by the ARUPS experim&hivhich shows that the
electronic band structure of the short-range-order phase is
similar to that of (9/2x 2/2)R45°. Further increase of the
In coverage gives rise to the(4x4) structure and subse-
-] quently to the (/20X \20)R63.4°+p(2x2) structure, and
finally makes the surface disordered.

desorption or penetration

500 fu

—— p(2x2)

400 fem

—1— (2%2)

(4x4)

300 jum

substitutional surface alloy
In overlayer with short range order

Temperature (K)

&
R

| disordered 2D In layer

200 f— - .
C. Alloying at low In coverages

(3/2x/2)R45 (6252 k45 Initial deposition of In on C(D01) was previously studied

110 l l by means of several experimental techniques. In order to
05 1.0 compare our result with the previous ones, we here summa-
In Coverage ©,, (ML) rize briefly the previous assignments of the In occupation
sites and the onset temperature of In incorporation. Perturbed
y-v angular correlatiotPAC) method which uses 1¢ ML
radioactive '*lin as a nuclear probe is sensitive to the con-
figuration of the probe atoms, giving the information about

. . 51 . . _
deposition below 200 K. The broken line indicates irreversible he occupied sites. Klast al> used this technique and sug

phase transitions, while the solid lines with arrows at both endsges'['ij that, after annealing the Surfa}ce with,
indicate reversible transitions ~10"* ML above 400 K, all In atoms occupied the terrace

substitutional site. In the subsequent publication from the

5 ~ same group? it was mentioned that they observed In ada-
the (9y2x22)R45° phase was assumed to be 1.0 ML inoms on top of the Cu terraces at low temperatures. Breeman

the previous papérwhich was due to the lack of STM data ang Boerm# performed a low-energy ion scatterifigelS)
for the initial growth. experiment to study the sites and mobility of In atoms of
~102 ML on a stepped Q7,1,1 surface which has steps
B. Phase diagram every eight-atom length terrace. It was suggested that In at-
) i oms were adsorbed as isolated adatoms on terraces below

In Fig. 19, we summarize the phases observed for In/_gq K. above which In atoms became mobile and were
Cu(00D in aT-0,, diagram for different deposition tempera- ,qsorhed mainly at step edges and formed chains along the
tures. step below~150 K. According to their analysis, the incor-

At 110-200 K In grows as overlayers and shows tWop,ration of In atoms into terrace starts at 80-90 K and In
ordered structures. Islands of th€82X \2)R45° structure  atoms embedded in terrace are the majority species above
are formed abov®,=0.25 ML. This phase is completed at 159 k. Recently, Ras et al®® studied the temperature-
0,=0.67 ML. Thec(32x \2)R45° LEED pattern be- dependent behavior of In atoms on (001 by PAC. They
comes streaky abov@,=0.75 ML and then changes to the showed that the exchange process between In adatoms and
(5\2x5\2)R45° pattern a®,,=0.88 ML. The STM ob-  substrate Cu atoms starts at temperatures between 180 and
servation at 200 K shows that the exchange process betwego0 K, depending on the step density. There is thus a dis-
In and surface Cu atoms are hindered and that the 2D islandsepancy about the transition temperature from the overlayer
grow on top of the C(001) surface. Due to the low diffusion growth to the surface alloy formation.
barrier of In on the C(001) surface, the growth occurs by  The present STM result is in qualitative agreement with
step-flow growth. The(32x 2)R45° structure has an In  these works as to the occupation sites at low coverages
density larger by~8% than that of the 1001 surface. The (<0.1 ML): In atoms are adsorbed on terrace at low tem-
wide-scan STM results suggest that the transformation fronperatures while they are incorporated into the topmost sub-
the c(32% \2)R45° structure to the (§2x5\2)R45°  strate layer to form surface alloy at high temperatures. As to
structure is associated with the formation of second In layerthe onset temperature of the exchange process, our results are
These phases are metastable and transform irreversibly to tire good agreement with that of Rot al®>® The STM im-
stable phases below 300 K. ages show that upon deposition at 200 K the In atoms form

At 300 K In is incorporated into the topmost layer of the islands on terraces or at steps, and only a very small amount
Cu(001) substrate and forms surface alloy. At coveragesof In is incorporated into the terraces. Atomically resolved
®,,~0.25 ML, the short-range order among incorporated INSTM images show that only a few per cent of In atoms are
atoms begins to develop. The dealloying transition occure@mbedded in terraces at 200 K. The discrepancy between this

FIG. 19. Phase diagram for the In/@01) surface. “9\2” and
“J20" denote the (92x2y2)R45° and (/20x 20)R63.4°
+p(2X2) phases, respectively. Thg3\2x y2)R45° and (5/2
X 5y2)R45° phases are metastable and can be achieved only
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and the previous suggestion based on LEIS result may bgnchronizes with the disappearance of Cu atoms in the STM

due to the formation of 2D islands at 200 K, since In atomsmages. After the plateau fo®,,=0-0.25 ML, the work

in 2D islands cannot be distinguished by LEIS from thosefunction starts to decrease at a rate comparable to those ob-

incorporated in terraces. served for the adsorption on terraces at 110 and 200 K.
The ARUPS study of the surface state gives us much inBased on these experimental facts, we suggest that the deal-

formation about the In growth. The photoemission intensityloying transition occurs aroun@®,,=0.25—-0.35 ML.

of surface state decreases linearly with increasing In cover- The stability of In atoms at various sites at the(@QL)

age upon deposition at 300 K, and finally disappears,at surface was studied by semiempirical methotf. An In

=6 min (0®,,=0.15 ML), which indicates the lateral extent atom in a terrace substitutional site was found to be most

of Cu substrate required to form the Tamm surface statestable, which is in agreement with the observation of in-

Deposition at 200 K resulted in the 2D island formation. Theterrace In atoms by STM, LEIS, and PAC. The total energy

2D islands quench completely the surface state for the cowf pairs of embedded In atoms was also calculatedhich

ered area but exert little influence on bare terraces. Uposhowed that two embedded In atoms in next-nearest-

deposition at 110 K, the decrease of the surface state intemeighbor sites are destabilized as compared with the isolated

sity with almost the same rate as that at 300 K was observednes, in agreement with the notion that In is oversized by

up tot,,~5 min (®,,~0.13 ML), beyond which the rate ~30% than Cu. We suggest that the dealloying transition is

of the reduction of the surface state becomes moderate due tliven by the destabilization of the substitutional surface al-

the formation of small 2D islands. There are some differ-loy at high In concentrations.

ences in the behavior of the surface state upon deposition at Similar behavior of oversized adatoms of &p metal on

110 and 300 K. The reduction of intensity with respect to InCu(001) has been reported for Bi/@@01).>” Using surface

deposition time at 300 K is-25% larger than that at 110 K x-ray diffraction, it was concluded that Bi atoms substitute

in the initial deposition regimet(,<<5 min). The peak shift surface Cu atoms below about 0.35 ML and that above this

att,,=5 min at 300 K is~80 meV, while the shift at the coverage the fractional Cu occupancy of the surface layer

same deposition time at 110 K is only 30 meV. The strongedecreases rapidly with increasing Bi coverage.

effect at 300 K indicates that the surface state is effectively The dynamics of the dealloying transition is of interest.

influenced when the surface alloy is formed. This may beSeveral possible scenarios can be suppade€u atoms are

due to the fact that the surface state originates from the inpushed out onto the terrace when the local coverage of em-

planed,2_ 2 states™ bedded In atoms exceeds a critical value, and these Cu atoms
The formation of substitutional surface alloys at roomdiffuse on the surface to attach to step®) In atoms are

temperature has frequently been observed in many metghushed out onto the terrace and the resulting vacancies

Cu(001) systems. In the case of Pb whose radius is 37%uickly diffuse to be filled with Cu atoms at steps in a way

larger than that of Cu, Pb atoms are embedded in terraces @imilar to that proposed recenfly.

to a coverage of 0.375 ML, and the ordedd < 4) surface

alloy is formed!® 0.5 ML of Pd! Au,” and Mn (Ref. 54 E. Evolution of surface resonance and its relevance

atoms deposited on @01) are known to formc(2X2) to the geometric structure

surface alloys. In the present case, however, substitutional

We first discuss the mechanism of the evolution of the
surface alloy does not show any long-range order.

surface resonance bands. The coverage dependent measure-

ments atX [Figs. 13a) and 17a)] imply that the influence of
D. Dealloying In adsorption onto the Cusp band gives rise to the surface
Substitutional surface alloys which maintain the 1 av-  °ands,$; and S, split off from the bulk Cu band into the
erage periodicity of atoms sometimes show instability uporPreiected band gap. This leads to a picture in which the
increase of the density of substituted atoms. In the Aufurface resonance has its origin in thepdband in surface
Cu(001) system, the surface with 0.5-ML Au gives rise to Cu layers but is modified due to the effect of In Iayers_. For
misfits to relax the stress induced by the large size mismatcRtOmSs at the surface, the bonds are lost due to the existence
between Au and Cliln some cases the transformation from Of the vacuum. This lack of bonding leads to the excess
1x 1 average lattice is observed. In the AWMIO) system, a charge confmed at the surface, regultlng in the modification
substitutional surface alloy is formed up to an Au coverageof the potential near the surface. It is known that such s_urface
of 0.4 ML, in which Au atoms are confined in thexlL potential due to excess surface charge gives rise tdvthe
lattice sites randomly. Above 0.4 ML, however, a zigzagsurface state on @001), which is due to thed,. 2> band
chain structure appears, in which Au forms dimer-trimerpushed up into the projected band gap by the surface
chains leaving vacanciés. potential’® When the Cu atoms at the surface make metallic
In the present work, we observed the substitutional surbonds with In atoms, the confined electrons near the Cu at-
face alloy with In and Cu atoms occupying<dl lattice sites oms are spread over the interface, which lowers the surface
randomly up t0®,,=0.25 ML. On the surface fol®,, potential. This view is supported by the downward shift of
=0.35 ML, Cu atoms were never imaged irrespective of thehe M surface state upon In adsorpti@Fig. 6). In a similar
tunneling condition, and In form chain structures which areway, the lowering of the surface potential can also lead to the
inconsistent with the X 1 lattice. The work-function data formation of interfacial state which is split off from the Cu
also show a significant change aba®g,=0.25 ML, which  4spband. As shown in Fig. 20, there is a projected band gap
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Vacuum surface play between geometrical and electronic structure is of inter-
est. For the (92x2.2)R45° structure formed a®,
=0.5 ML, we have previously shown that the ¥@" peri-

= odicity is determined by the Fermi surface nesting/hile
) e the kg nes\t/igg would cause an incommensurate periodicity
Frsv close to “3y2,” the interplay of the bulk electronic states
o =T and the strong| dependence of the electron-phonon coupling
m m ﬂ m is supposed to drive the system into the long-periodicity
E;Z(om) commensurate structure gtclose to Xg/3. Upon the in-

Cu Cu Cu Cu crease of In coverage, the shape and the size of the Fermi
surface constituted by tH& resonance should change gradu-
ally. Since the electron-phonon coupling measured by the

Vacuting surface maximum band gap is rather larga~0.5 eV, in this
systent the Fermi surface effect should have predominant, if
not only, importance in determining the surface periodicity.

Er For the systems with such strong electron-phonon coupling
\TSI NN %%//////pbam%//////////% as the present one, the “bare” electronic susceptibility, de-
s termined by the Rr nesting effect, is modified by the stron
_____ TE q dependezce of Ehe elec?ron—phonon matrix elléments wh%ch
represent the real-space effect such as the actual arrangement
I(:/)Cu(001) m m m m of atoms and shape of the wave functions involved. As a
- & - " consequence, seemingly dissimilar surface structures will be

realized upon a slight variation of the shape of the Fermi
FIG. 20. Schematic representation of potential and energy bandgurface. Thus we suppose that the variety of structures in this
at the surface ofa Cu(001) and (b) In/Cu(001) around thex  System is predominantly determined by the Fermi surface

symmetry point. The formation of an In-derived interface state istopography?® Clearly, this hypothesis should be verified rig-
indicated in(b). orously. In particular, the detailed information on the evolu-

tion of 2D Fermi surfac® together with first-principles cal-

between thesp andd bands of Cu aK. The interfacial state culations should have great importance.

therefore should have a large amplitude at the In-Cu inter- Surface resonance bano!s n general sh_ould ex_h'b't the
sg/mmetry of the surface Brillouin zone. While a variety of

face, though it is not a true interface state since the band 99 ng-range structures are observed in the present system, the

actually disappears by coupling associated with reciproc : o o
lattice vectors in the superstructures. PHand backfolding at surface Brillouin zone boundaries is ob-

Alternatively, the evolution of the surface resonance mayserved only in the limited cases. Our photoemission data

well be described in the language of metallic bonding peShow that the resonance band described in the extended zone

e CanA scheme gives the most strong photoemission intensity. The
tween Cu and In. The hybrldlzatlon bgtweep T‘d In bands defined due to the reduced zone scheme give measur-
5sp states should result in the formation of interfacial states . . o .

. . . . . .~ “able intensity when it is backfolded according to the (1
with bonding and antibonding characters. The shift to hlgher>< 1) periodicity. The band backfolding according to the su
binding energies with increasing In coverage in the sub- P y. 1he b g 9 .

erstructure periodicities, however, is not observed with a

monolayer region is ascribed to the enhanced bonding wh ) . ) .
the number of In atoms in contact with Cu is larger. The fact ew exceptions including that due to the (B 22)R45

that theS, surface resonance exhibits an extensive dispersioﬂeriOdiCity (see Fig. 2 of Ref.  The insensitivity of photo-

even at low coverages may suggest that the interfacial stat&dnission to the surface superstructures is addressed to the

are not of localized, covalent bonding nature but much morénatrix-element effect in the photoemission from crystals and

of laterally delocalized, metallic one. These two pictures doShOUIggy?oe accounted for by the photoemission structure

not necessarily contradict each other but may serve complégc_tl%r' In-induced ¢ bands show diff ¢
mentary descriptions of the interfacial electronic state. First- € In-induced surface resonance bands show ditferen

principles electronic structure calculations would reveal thedlspersmn depending on the growth temperature, while the

precise character of th, surface resonance. binding energy at th& symmetry point is almost the same
The observed variation of thg, surface resonance as a When compared at the same local coverage. As is shown in
function of coverage is quite moderate at room temperaturerid- 14d), the S, band has dispersion similar to the Capt
After it splits off from the bulk 4p band, only a gradual band aroundX. Upon deposition at 300 K, In atoms are
shift to higher binding energies is observed, which is therplaced in close registry with Cu(001)-KI1) lattice and
saturated a®,,~0.65 ML. On the other hand, concomitant form ordered structures which are understood as periodically
with the shift of theS,; resonance, the surface In atoms ex-modulatedc(2x 2) lattices. Hence the dispersions measured
hibit remarkable structural changes at room temperature asat 300 K are ascribed to that of the interfacial states between
function of coverage. Since the atomic arrangement shoul@u(001)-(1X 1) and the first In layer witlt(2 X 2)-like lat-
in principle be determined by electronic energies, the intertice. On the other hand, In atoms deposited at 110 K form
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islands with ac(3/2x \2)R45° structure. An STM experi- X 2) phase also transforms {2 2) upon heating, but in
ment revealed that the(3/2x \2)R45° structure consists this case In coverage gradually decreases due to the desorp-
of parallel rows of close-packed In atoms running along thdion and/or dissolution.

[310] direction(Fig. 8. Thus the flat dispersion observed for A small amount of In atoms is known to have a strong

In layers at 110 K is ascribed to the highly anisotropic inter-surfactant effect in the Cu/@001) homoepitaxial growt/4*

facial structure. While the binding energies at high symmetryThe effect is reported to depend strongly on the temperature,
points ink space are comparable with those for the structurwhich was assumed to be due to the different adsorption sites
ally highly matched interface formed at 300 K, the disper-of |n on CU001). The present work serves a direct evidence
sion should be affected by anisotropic, poorly matched intersgr the spatial distribution of In atoms on @©1) at differ-

face structure formed at 110 K. This might have relevance t@n¢ temperatures and is believed to shed light onto the mi-
the fact that the ;tructures formed at'llo K are metastabl@roscopiC mechanism of the surfactant effect.

and, upon annealing, are transformed irreversibly to the same

" We ob d surf b ds;, I
structures as those formed by deposition at 300 K. € observed surface resonance baggands, , upon In

deposition on C(001) at 300 and 110 K, respectively. We
assigned these surface resonances to thesipGu 4sp
bonding states. These interfacial states may also be under-
We have studied the growth mode and the structure of th§tood as split-off bands from Cusé due to the lowering of
In/Cu(001) system at deposition temperatures from 110 tosurface potential induced by the removal of excess surface
300 K. Upon In deposition at 110-200 K, the first layer charge by the In overlayers. The dispersion of the interfacial
grows via 2D island formation. The next layer seems to growstates is found to be different depending on the structure of
in the step-flow mode. The(3\2x 2)R45° and (5/2 the interfacial In layer.
X 5\/2)R45° phases are formed successively. Upon In depo- The origin of a variety of ordered phases and transitions
sition at 300 K, In initially forms surface alloy confined between them in this simple adsorption systemspmetal
in the topmost substrate layer. Upon further deposition, @n ansp metal surface, are quite intriguing. As one of the
dealloying transition takes place around 0.26-0.35 ML.ransitions has recently been shown to be due to the coupled
Further In deposition results in the formation of threeeffect of the electron-phonon interaction and the Fermi sur-
ordered phases: (@x2y2)R45°, c(4x4), and (/20  face nesting, the role of surface electronic states in the order-
X \20)R63.4°+ p(2x2). The (9y2x22)R45° andc(4 ing and transitions should be pursued. The account of this
X4) phases transform reversibly 6§2x2) andp(2x2),  problem with respect to the valence electronic structure will
respectively, upon heating. They/20x \20)R63.4°+p(2  be reported elsewheré.

V. SUMMARY
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