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Abstract. We examined in detail the geometric and electronic structure of thin In chains on vicinal Si(IIl) 
surfaces by means of low energy electron diffraction and ultrahigh-resolution photoemission as a function 
of temperature. Our data reveal a transition around Tc = 115 K from a high temperature (4 x I)- to a 
low temperature (8 x 2)-phase being reversible with a small hysteresis of the order 10 K. ARPES spectra 
exhibit clearly important concomitant changes in the electronic band structure near the Fermi surfaces and 
at the border of the surface Brillouin zones. We derive the dispersive behavior of the bands involved in the 
transition in detail and demonstrate that at least two surface state bands m? and m.3 show the opening of 
a pseudo energy gap on the Fermi surface leaving small but finite spectral weight in the low-temperature 
state. We conclude that this transition is probably driven by a similar but more complex mechanism than 
in a conventional Peierls transition. 

PACS. 71.30.-l-h Metal-insulator transitions and other electronic transitions - 71.45.Lr Charge-density-
wave systems - 79.60.-i Photoemission and photoelectron spectra 

1 Introduction 

Low-dimensional materials exhibit, a vast number of un­
conventional physical phenomena winch have motivated 
numerous photoemission studies in the last decade [1] in 
order to investigate their electronic structure. When the 
dimensionality (D) of solids is reduced from 3D to ID, 
the usual Fermi liquid description of correlated electrons 
breaks down and the familiar concept of quasiparticles is 
no longer existing. It must be replaced by the theoreti­
cal approach developed by Luttinger [2] establishing that 
only two types of collective excitations are existing, the 
holons and the spiuons, which are separated and show dif­
ferent. dispersions when moving away from the Fermi level 
Ep. Very recently, this theoretical picture has been ex­
plicitly observed with angle-resolved photoemission spec­
troscopy (ARPES) on a nearly ideal ID system consisting 
of Au chains on a vicinal Si(IIl) surface [3]. However. 
in most real systems the transverse interaction between 
the chains is not negligible and is: hence, responsible for 
low-temperature phase transitions involving coherence in 
more than one dimension, Charge density waves (CDW) 
or spin density waves (SDW) are formed along the chains 
which can be concomitant with a periodic lattice distor­
tion (PLD) in the former case [4,5]. Until now the obser­
vation of these mechanisms has been mainly limited to 
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anisotropic solids with a pronounced ID character, e.g. in 
inorganic salts or bronzes [1,0,7]. 

Recently, electron spectroscopic studies of self-
assembbng indium chains on Si(IIl) have been found 
to exhibit a metal-insulator transition at 130 K [8,9]. 
The Si(lll)-(4 x I)-In surface is well known among other 
In/Si surface reconstructions [10-18] and several attempts 
have been made to resolve in detail the surface geo­
metric structure [19,20], but only very recently surface 
X-ray diffraction studies [21,22] could deduce the detailed 
geometric structure of the Si(Il 1)-(4 x I)-In surface. Nu­
merous photoemission and inverse photoemission data are 
available [8,10,14,16.17] establishing finally the existence 
of three metallic bands [10]. From a single study using 
ARPES, RHEED, and STM [8] the existence of a phase 
transition has been demonstrated. Beyond the evidence 
of the pronounced ID character of these bands and their 
important intensity reduction around Ep at low tempera­
ture. the detailed dispersion of these states and their tem­
perature dependence tlirough the transition has not been 
obtained. 

Our aim in the present study is to extract from high-
resolution ARPES spectra the detailed electronic band 
structure of the surface states involved in the phase tran­
sition and to relate their modification to the change of 
periodicity determined by LEED. We clearly observe this 
reversible transition at 115 K from the high-temperature 
(4 x I)- to the low-temperature (8 x 2)-phase. Two 
metallic bands with sharp Fermi steps revealed by the 

71.30.-l-h
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photoemission spectra at high temperature are shifted to 
lower binding energies below the phase transition and a 
tiny intensity is left at the Fermi energy in the range of the 
high-temperature Fermi wave vectors. The dispersion of 
the bands and their evolution through the transition show 
a rather complex and unconventional behavior around the 
point X at the border of the first Brillouin zone (BZ). This 
anomalous situation can be qualitatively related to the 
accumulation of boundaries of higher BZs in this range, 
which are modified by the transition. The discussion of 
these results shows that the complexity of the mechanism 
driving the transition results from participation of more 
than one band. 

(a) 

2 Experiment 

Indium chains were prepared on a Si(IIl) wafer (p-doped, 
/? ~ 5 fïcm), misent by 1.1° in the [ÏÏ 2]-direction to ob­
tain a predominantly single domain growth of the chains. 
Prior to evaporation, the wafer (cut, into a rectangle. 
5 x 19 x 0.5 mm3) was cleaned by DC resistive heating 
along the chain direction to obtain well-ordered Si(Hl)-
(7 x 7) surfaces as identified by low energy electron diffrac­
tion (LEED) [10]. The cleanness was further checked by 
X-ray photoelectron spectroscopy (XPS) and Auger spec­
troscopy (AES). After the cleaning ~1.2 Monolayers (ML) 
In, as determined from XPS, were evaporated by elec­
tron bombardment from a water-cooled Knudsen-cell-type 
evaporator onto the wafer held at rooLii temperature. Sub­
sequently, the In films were annealed (DC heating) up to 
440° C for about 70 sec. This procedure resulted in well-
ordered single domain Si(111)-(4 x I)-In chains as shown in 
Figure lb. 

The electron spectrometer (SCIENTA SES-200) is 
equipped with a hemispherical electron analyser and two 
He discharge lamps, the angle between the incident light 
and the detector being fixed to ±45°. The photon source 
used here is connected to a double-focusing monocliroma-
tor to produce highly linearly polarized light. AU spectra 
presented in tins study have been taken with p-polarized 
Hel-photons (21.2 eV, polarization vector in the measure­
ment plane) and normalized to the measurement time. 
Photoelectrons are recorded by a two-dimensional detec­
tor with energy and angular resolution set to 5 meV and 
±0.5°, respectively. By use of a flow cryostat, samples can 
readily be cooled down using either liquid helium or liquid 
nitrogen. The temperature is measured by a Pt resistance 
and can be controlled by resistive counter-heating with 
an accuracy of ±1 K. ARPES spectra were taken along 
the chain direction, i.e., along the [rX]-azimuth of the 1st 
surface Brillouin zone (SBZ)1 as indicated in Figure la. 

3 Results 

Figure 1 shows in part (a) the SBZ of the (4 x 1) surface. 
The filled and empty circles display the Si(IIl) (1 x 1) and 
the In/Si (4x1) P-points, respectively. They are reflected 
in the LEED experiment shown in part, (b) of Figure 1. 

(b) ln/Si(111)-(4x1) (C) in/Si(111)-(8x2) 

E=125.2eV 

Fig. 1. (a) Sketch of the surface Brillouin zone (SBZ) of the 
Si(IIl)-(IxI) surface (hexagon) and the corresponding (4x1)-
SBZ induced by the In ovcrlayer (shown as rectangles and re­
peated in the extended zone scheme in the [ll§]-direction). 
High symmetry points are labeled, (b) LEED pattern of a 
single-domain Si(lll)-(4 x I)In surface, taken at 250 K with 
125.2 eV electrons. Note the inverted grayscale with high inten­
sity corresponding to black, (c) LEED pattern taken at 25 K. 
The change in surface symmetry is evident. 

The large hexagon in part (a) is the SBZ of the (1 x 1) 
surface, whereas the small trapezoidal parts, displayed in 
different grayscales, show the 1st, 2nd, 3rd, and 4th SBZ, 
which define the points X. S. and Y when they are reduced 
on the first BZ. 

Figures lb and c show LEED patterns, taken with 
125-2 eV electrons for sample temperatures of 250 K (b) 
and 25 K (c), respectively. The left, pattern reflects the 
single domain (4 x 1) reconstruction stable at high temper­
ature whereas at 25 K the surface symmetry has changed 
to a (8 x 2) symmetry as revealed by the right pattern. 
Perpendicular to the chains, the new structure is com­
mensurate as evidenced by the sharp 8x spot doubling 
in some regions. Along the chains, on the other hand, 
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the x2-stripes indicate a small coherence length of the pe­
riodicity doubling. A simple model of a disordered struc­
ture has been shown to produce a LEED pattern quite 
similar to the one observed here. AU chains have strictly 
the same double period but they have a random proba­
bility to be precisely in phase or out of phase with each 
other [23]. We note, though, that if the stripes were due to 
fluctuations, spots accounting for the commensurate low 
temperature ground state should appear below a certain 
crossover temperature T* [5]. We emphasize that the sta­
bility of the diffraction pattern from the transition tem­
perature down to 25 K seems to favor a disordered state 
rather than fluctuations. The fact that no highly ordered 
low temperature ground state appears down to 25 K does. 
however, not exclude its existence. Nonetheless, it is clear 
that the system undergoes a transition coupled to a lattice 
distortion on the surface. 

To reveal changes in the electronic structure through 
the transition, we performed ARPES measurements as a 
function of temperature, for a fixed emission angle 8 of 
17°, corresponding to 0.74|rX| (|rX| = * = 0.81"A"1, 
a being the surface lattice constant). The work function 
has been deduced from measurements of the high-energy 
ARPES cut-off to be 4.6±0.1 eV. Part (a) of Figure 2 dis­
plays raw data in a temperature range from 60 K up to 
170 K. The arrows indicate the In-induced surface state 
bands (SSB) iri2 and m^ according to Abukawa et al. [10]. 
The T7i2 peak and the 7713 shoulder show a clear and abrupt 
shift of ~100 meV around 115 K. In order to evidence 
this, the inset (Fig. 2 part (b)) displays the energy po­
sition of the 77i2 band as a function of temperature. The 
solid line serves as guide to the eye. These findings demon­
strate the concomitance of the changes of the electronic 
and the crystal structure. The band dispersions and sym­
metries change as a function of temperature, which shall 
be presented in the next paragraph. We emphasize that 
this is not caused by surface photovoltage effects, which 
has not the sharp, transitory character of the shift ob­
served here [24]. In addition, for the p-doped sample used 
here, a shift caused by surface photovoltage would be in 
the opposite direction. 

We performed several cycles to pass the transition, its 
temperature Tc = 115 K remained constant within the 
accuracy of our measurement, but shows a slight hysteresis 
of the order of 10 K (not shown in Fig. 2 for simplicity). 
Our Tc value is slightly lower than that reported recently 
in an electron loss study [9]. 

Figure 3 shows ARPES spectra taken with p-polarised 
21.2 eV photons as a function of the emission angle in 
the [110]-dircction or, in other words, along the In chains 
(TX in the SBZ, cf. Fig. 1 part (a)), The spectra, taken 
at 130 K are displayed in an angular range from 8° up 
to 27° off normal, "or from 0.36|rX| to 1.17|rX|. The 
X-point of the SBZ at 23° is indicated. One observes two 
crossings of the Fermi level Ep, for SSB m.2 at ~12° and 
for the SSB 7713 at ~10°, respectively, indicated by kF2 and 
kp3 in Figure 3. The 777,2-SSB disperses downwards until 
a maximum binding energy of 400 meV at 18° before it 
broadens and seemingly splits off into two peaks, one of 

122 K 

130K 

170K 

Binding Energy (eV) 

Fig. 2. (a) ARPES spectra of the Si(111)-(4 x I)In surface 
taken at 17° emission angle for various temperatures around 
the transition at ^ 110 K. The inset (b) displays the peak en­
ergy of the surface state band iri2 as a function of temperature, 
the abrupt energy shift clearly indicating the transition. The 
solid line serves as guide to the eye. 

them remaining almost dispersionless, the other, however, 
moving backwards towards Ep. The m3-SSB is visible as 
faint shoulder with slightly higher binding energy than 
7Ti2 (200 meV shift with respect to m2). The other domi­
nant structure seen at ~1.0 eV in the 8° spectrum consists 
of two contributions which are consistent with a previous 
study [10]. 

Figure 4 presents ARPES spectra taken in the same 
angular range as in Figure 3, but now at 60 K. Several 
essential new features are evident. Firstly, the 7712-SSB 
shows a distinct shift, as already observed in Figure 2. 
Secondly, even more important, the backdispersing fea­
ture seen at emission angles from 21° to 24° in the high 
temperature data (cf. Fig. 3) has completely disappeared. 
Thirdly, Fermi level crossings are no longer visible indi­
cating that the system has undergone a metal-insulator 
transition. 
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-1.2 -0.8 -0.4 0.0 
Energy rei. to EF(evj 

Fig. 3. ARPES data along the chain direction, taken at 130 K 
with linearly polarised 21.2 eV photons. The emission angle 
and the X-point of the surface Brillouin zone (SBZ) are indi­
cated. The arrows denote the Fenni level crossings of the two 
main bands of interest, the iti2 and the 7713 surface state bands. 

-1.2 -0.8 -0.4 0.0 
Energy rei. toEF(eV) 

Fig. 4. ARPES data along the chain direction, now taken at 
60 K with linearly polarised 21.2 eV photons. The emission 
angle and the X-point of the surface Brillouin zone (SBZ) are 
indicated. 

In order to better visualixe spectral changes as a func­
tion of temperature, we map in Figure 5 the dispersion of 
the essential features from Figures 3 and 4. Energy posi­
tions have been precisely obtained by subtracting a Shirley 
background and fitting the corrected curves to Lorentzian 
lines multiplied with a Fenni-Dirac distribution. As we 
are interested in the shape of the dispersion curves rather 
than in the precise lineshape and/or in lifetimes, this 
procedure is very suitable to deduce the band structure. 
The top and bottom panel show the results for the 130 K 
and 60 K data, respectively. The circles and triangles 
give the dispersion for the m-z and m.3 SSB, respectively. 
Squares show faint structures on the spectra (cf. Fig. 4), 
which can not be assigned to clear spectral features. The 
two black bars indicate the sudden increase in peak width 
around the S-point as seen in the spectra in Figure 3. 
There are several important observations to be addressed. 
The T7i2 SSB is shifted considerably upon cooling (cf. 
Figs. 3 and 4), and the 771$ SSB is barely detectable at 
CO K, being only present as a very faint shoulder in some 
spectra of Figure 4. Most importantly, all dispersive fea­
tures which seem at first sight to simply follow the ex-
tremum condition imposed by the border of the BZ at, 

X = 0.81 Â - 1 have a more complex behavior. At 130 K, 
the apparent splitting of the SSB m.2 mentioned previ­
ously occurs rather at 0.75 Â " 1 than at the expected 
value of 0.81 Â - 1 and in the dispersion of both bands, 
the gradient seems to change near 0.55 A - 1 and 0.75 Â - 1 . 
These anomalous features cannot be explained for states 
belonging to the first SBZ. Therefore, we have reported 
as dashed lines in Figure 5 (top) the points S and Y from 
the (4 x 1) reduced' zones, as defined in Figure 1. The 
k-values for these points are S = |PX| x j | = 0.75 Â""1 

and Y = | r X | x § = 0.54 A - 1 . The band structure ob­
served here has not been resolved in such detail in former 
work [8,10], probably due to moderate energy resolution 
and we point out that in particular the backdispersing 
feature around S and X has not been found elsewhere. 

As can be observed in the ARPES spectra presented 
in Figures 3 and 4, both the m-i and the m.3 SSB show 
a clear crossing of the Fermi level at 130 K. The exact; 
value of the two Fermi vectors (fcp2 = 0.43 ± 0.04 A _ ] 

and &F3 = 0,34 ± 0.04 Â - 1 ) are obtained by extrapo­
lating the dispersion curves at 130 K (Fig. 5). In order 
to better characterize the transition, high-resolution spec­
tra have been performed at precisely these two k-values 
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Fig. 5. Dispersion curves for the main bands derived from the 
AlU3ES spectra in Figure 3 (top panel) and Figure 4 (bottom 
panel). Details of the analysis are found in the text. The SBZ 
boundary corresponding to the Si(lll)-(4 x I)-In symmetry is 
given by the black line at 0.81 A - 1 . The singular points S and 
Y stem from higher order SBZs (see text). The Fermi vectors 
kF2 and 1CF3 are indicated. For the sake of clarity we display 
on top the positions for T, ir/a, and 7r/2a. The latter value 
corresponds to half of the nesting vector for perfect nesting. 
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Fig. 6. ARPES spectra of the mi band (top) and the ms band 
(bottom) for 130 K (open symbols) and 60 K (filled symbols) 
at the high-temperature Fermi vectors kF2 and ICFS- Superim­
posed on the spectra are data obtained from the molybdenum 
sampleholder taken at 130 K (solid lines). 

the gapping is incomplete. An exact gap value is hard 
to find because both bands reveal a rigid shift below Tc 

where wave vectors corresponding to the Fermi vectors 
above Tc can only be given approximately. In contrast to 
the present observation only a single band has been pre­
viously assumed to be involved in the transition [8]. 

4 Discussion 

above and below the transition. The results are displayed 
in Figure 6. The top and bottom panel show the spectra 
for fc|| = 0.43 À - 1 and k\\ = 0.34 A - 1 , respectively, and in 
both panels, open and filled symbols denote spectra taken 
at 130 K and 60 K, respectively. The solid lines are spectra 
taken on the molybdenum sampleholder at 130 K in order 
to compare the high temperature data to the Fermi level 
of a conventional metal. One clearly observes a Fermi step 
above the transition, whereas below the transition, both 
spectra exhibit clear leading edge shifts. We point out, 
that the transition is apparent in both bands, although in 
both cases weak Fermi steps remain visible meaning that 

Despite the clear structural information on the high-
temperature (4 x l)-phase delivered by the LEED data 
(Fig. 1), the band dispersions extracted from the cor­
responding photoemissiou spectra exhibit unusual and 
complex shapes impeding a straightforward deduction of 
the surface electronic states. In the region measured in 
our experiment, i.e., from F to X, only two of the 3 
known bands [10] are clearly observed, namely m-i and 
rri3(cf. Fig. 3). The most surprising aspect;.of the disper­
sion of these two bands is their uncertain and diffuse be­
havior around the point X of the first SBZ border (Fig. 5). 
When the higher order SBZs shown in an extended zone 
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scheme in Figure l a are reduced to the first SBZ1 new 
zone borders cross the axis FX and define singular points 
which may have to be taken into consideration, namely the 
S- and the Y-point from the 2nd SBZ and the 4th SBZ, 
respectively. In Figure 3, the 7¾ SSB shows a broaden-, 
ing close to the S-point followed by the emergence of an 
upward dispersing band which may result from a splitting. 

We may speculate that the SBZ border at S is the ori-' 
gin of this peculiar observation but in such a case, one. 
would expect to observe a gap and a backfolded band 
induced by the new symmetry. The magnitude of the 
involved gap resulting from the scattering at crystalline 
planes containing a low dcLisity of lattice points is proba-
bly too small to be observed, if one accounts for inherent 
lifetime broadening and resolution effects. The main con­
sequence in the spectra should be a width increase, a fact 
tha t we actually observe (see Fig. 5, where the black bars 
denote the peak width increase). Backfolding of bands 
symmetrically to BZ boundaries is not unambiguously ob­
served in Figure 3, and the origin of the separation of the 
77i2 state in one branch moving towards Ep, the other one 
keeping a rather flat dispersion, remains uncertain. Such 
a situation is possibly explained by a recent model calcu­
lation [25] showing that the photoemission intensity keeps 
mainly concentrated on wave vector values given in the 
extended zone scheme. When a band represented in the 
extended «one scheme is followed across a zone boundary, 
its intensity falls off rapidly in the neighbor repeated zone. 
The importance of this mechanism is confirmed by the 
differences between ARPES spectra recorded along TiXi 
and T3X3 as observed earlier [8,10]. In the present study, 
it contributes certainly to the unconventional dispersions 
of the 77i2 and 7713 states and one cannot exclude that the 
peak approaching Ep above X accounts for a small por­
tion of the mi band previously identified in this range [10]. 
A detailed interpretation of our data in the complicated 
k-space region around the point X is hazardous without a 
reliable band structure calculation requiring a confirmed 
crystalline structure. 

In the low temperature phase, the periodicity change 
from 4 x to 8x perpendicular to the chains results in a 
denser distribution of the border lines of the higher order 
BZs. This increased complexity is not reflected by the dis­
persion of the 77i2 state clearly observed at 60 K (Fig. 4). ; 
Apart from a rigid shift of approximately 100 meV, the 
overall shape of its dispersion is not markedly modified. 
However, the step-like irregularities observed above Tc are 
replaced by a smooth behavior and the splitting of 7712 has 
completely disappeared. Maybe the high density of zone 
boundaries with the gapping and weak backfolding of the 
bands crossing are no longer detectable in ARPES. On the 
other hand, a careful inspection of Figure 4 shows that m-z 
seems to continue to disperse towards smaller wave vec­
tors than its Fermi vectors kp2 in the high-temperature 
phase. Therefore, it is not obvious that the population of : 

the bands remains constant through the transition as in a 
conventional Pcicrls system. The shift of the states below 
the transition is likely to increase t;he population of the ' 
77i2 and 7713 bands. If the number of available electrons re-, 

mains constant, maybe mi which is no kmger observed, is 
depopulated by this mechanism below Tc. 

We turn now to the discussion of the mechanism driv­
ing the phase transition which must be closely related 
to periodicity doubling in the chain direction. In a one-
dimensional system with a single metallic band, the Peierls 
transition is accomplished by the formation of a CDW 
with a fixed nesting vector q = 2kp, together with a static 
distortion of the lattice leaving the system below the tran­
sition in an insulating ground state with a commensurate 
CDW and the opening of the Peierls gap A at kp [5j. In 
the present case, a single nesting vector cannot be respon­
sible for the simultaneous opening of a gap in 2 bands 
near their high temperature Fermi vectors kp2 and kp3, 
as shown in Figure 6. A flat dispersion near kp revealing a 
gap opening is not observed either and even a weak inten­
sity at Ep persists in this range (see Fig. 6). These facts 
are qualitatively consistent with the disordered or fluc­
tuating x 2 symmetry suggested by the stripes in LEED 
(Fig. 1). A sharp and commensurate nesting vector would 
have the value g = 0,81 Â - 1 which is intermediate between 
2kpz •= 0.68 Â - 1 and 2kF2 = 0.86 Â - 1 . It has been a mat­
ter of debate [26-28], what happens in a quasi-lD system, 
when there are competing bands crossing Ep. NbSca is one 
example [29], where successive transitions occur related to 
the formation of different CDWs. Down to 25 K, however, 
only one transition occurs in the present case, making this 
model very unlikely. Another possibility is encountered in 
blue bronze K0.3M0O3, where recent studies [28] revealed 
that the existence of two Fermi wave vectors can result in 
the formation of a single CDW, however with a tempera­
ture dependent wave vector. Calculations of Noguera [27] 
show that for two ID bands crossing the Fermi level at 
different wave vectors, there is the possibility of a second-
order Peierls transition with the opening of a small gap on 
each band. The data available up to now on the S i ( I I l ) -
(4 x I)-In system are not incompatible with this type of 
prediction but it is very delicate to deduce a final picture. 
Obviously, the phase transition is mediated by a symmetry 

^modification related to the Fermi wave vectors resulting 
in an overall energy lowering of the electronic states. It is 
interesting to notice that the low-temperature phase, in 
contrast to the fluctuation theory of Lee et cd. [30], has 
less order than the high-temperature phase. The differ­
ence here is that disorder stabilizes the low-temperature 
phase and is not a high-temperature precursor state. 

In summary, we presented ARPES measurements as 
a function of temperature for the quasi-ID chain system 
Si(111)-(4 x I)-In. From our LEED data we established 
that the transition from a high temperature (4 x I)- to a 
low temperature (8 x 2)-phase is reversible and sharp with 

'"a small hysteresis of the order 10 K around 115 K. ARPES 
spectra reveal clearly important concomitant changes in 
the electronic band structure near the Fermi surfaces and 
at, the border of the BZ. We derived the detailed dispersive 
behavior of the bands involved in the transition and could 
demonstrate that a t least the two surface state bands 7712 
and T713 show the opening of a pseudo energy gap on the 
Fermi surface leaving small but finite spectral weight in 



O. Gallus et ai.: A system with a complex phase transition: Indium chains on Si(IIl) 319 

the low-temperature state. We conclude that this tran­
sition is probably driven by a similar but more complex 
mechanism than in a conventional Peierls transition. 

Wc gratefully acknowledge fruitful discussions with I. Matsuda. 
This work was supported by the Fonds National Suisse de la 
Recherche Scientifique. 
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PACS. 73.20.At - Surface states, band structure, electron density of states. 
PACS. 79 .60 . - i - Photoemission and photoelectron spectra. 
PACS. 68.35.-p - Solid surfaces and solid-solid interfaces: Structure and energetics. 

Abs t r ac t . - The electronic and structural properties of a calcium-induced chain system 
on Si(IIl) have been studied. Low-energy electron diffraction measurements clearly reveal a 
(3 x 2) periodicity and the Ca coverage is determined to be 1/6 monolayer. Angle-resolved 
photoemission measurements have been performed with two different light polarizations in 
order to study the symmetries of the surface states. In both polarizations no band crossing the 
Fermi level EF is found. The three detected surface state bands are in good agreement with 
theoretical calculations in the honeycomb chain-channel (HCC) model for an insulating case. 

Introduction. - In the past decade quasi-one-dimensional (ID) systems gained a great 
interest and have been the subject of various studies. Highly anisotropic crystals have offered 
quite interesting possibilities to investigate the properties resulting from a low dimension­
ality. Another approach consists in the preparation of ID self-ordering surface structures 
obtained by evaporating an adsorbate submonolayer on a single-crystal surface followed by 
annealing. The use of an insulating substrate favours the creation of surface electronic struc­
tures tha t are only weakly coupled to the bulk. Among this type of surfaces, some popu­
lar systems were investigated, i.e. the S i ( l l l ) - (4 x I)In surface containing chains exhibiting 
a Peierls-like phase transition [1,2]. Angle-resolved photoemission (ARPES) spectra [3] of 
Si(557)-(5 x I)Au showed a non-Fermi-liquid behavior, revealing the ID metallic character 
of this system, although the exact nature of this surface remains controversial [4,5]. Another 
interesting family of surface structures are the (n x 1) reconstructions induced on S i ( I I l ) 
by deposition of monovalent alkali metals (AMs) and divalent alkali ear th metals (AEMs). 
For example. Ca stabilizes reconstructions for n = 7, 5, 3 and 2 [6,7]. This kind of surfaces 
were examined in various studies and several structures including the so-called honeycomb 
chain channels (HCC) [6-12], as well as other models [6,7,12-24] were proposed and discussed 
in the light of experimental results. Recently, the (3 x 1) surfaces have gained a particular 
interest and the results of numerous studies using different measurement techniques lead to 
the conclusion tha t the surface structures induced by AMs [8,9,12,13.16,19,21] as well as 
by AEMs [6,7,10-12,23-25] are likely to be very similar. Among the proposed structures, a 
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Fig. 1 Fig. 2 

Fig. 1 - The honeycomb chain channel structure. The adsorbate atom positions are shown by the 
hatched and full black circles. They are located between the HCC channels formed by silicon atoms. 
The dashed parallelogram shows the (3x1) unit cell for the Si-HCC. The situation where all adsorbate 
atom positions are occupied corresponds to a coverage of 1/3 monolayer. For a calcium coverage of 
1/6 monolayer only half of the positions must be occupied (either the hatched or the full circles). In 
the latter case, one obtains a double periodicity along the calcium chains with respect to the HCC 
channels. 

Fig. 2 - Grey-scale inverted LEED pattern of the preferential single domain Si(lll)-(3 x 2)Ca surface 
obtained for an electron energy of 79.5 eV. The black arrow shows a faint stripe indicating a 2a 
periodicity along the chains. 

recent study [8] showed the HCC model to be energetically the most favorable. In this model, 
the surface consists of adsorbate atoms forming linear chains located in the channels of the 
HCC structure formed by the Si atoms as shown in fig. 1. A straightforward prediction about 
the electronic structure of the two types of (3 x 1) surfaces with AM and AEM adsorbates 
raises a confusing situation. In fact, the Si(lll)-(3 x I)AM surfaces with 1/3 monolayer (ML) 
of monovalent atoms are insulating as verified in several ARPES studies for Na [15], Li [17] 
and K [18]. Therefore, with a coverage that was supposed to be the same for the divalent 
AEM-induced (3 x 1) reconstruction, a simple one-electron description of the same surface 
structure leads to the conclusion that this surface should be metallic as a consequence of the 
additional valence electron. However, recent studies of the (3 x 1) reconstruction stabilized 
with Mg [22] and Ca [6] showed an insulating character of the surface states induced by these 
AEMs. Different models have been suggested in order to explain this unexpected insulating 
character of the AEM (3 x 1) systems. One proposition was that these surfaces could be of 
the Mott insulator type [22]. In a theoretical work about the HCC model, Erwin and Weit­
ering [8] attempt to explain the non-observation of any peak crossing the Fermi level as the 
consequence of a peculiar aspect of the photoemission process in the Mg(3 x 1) surface [22], 
They argue that the photoemission matrix elements for surface states having particular sym­
metries can become vanishingly small jn certain experimental configurations using polarized 
photons. Finally, it was also suggested that this surfaces could exhibit a Peierls instability 
with the formation of a charge density wave (CDW) [6]. This assumption is supported by 
the fact that a 2a periodicity (a being the surface lattice constant) in the chains direction 
showed up in various experimental studies [6,7,24,25]. It is important to note that in a recent 
STM work on the Ba-induced HCC structure, Lee et al. [10] showed that this surface has a 



O. GALLUS et ai: HONEYCOMB CHAIN-CHANNEL ( H C C ) SIGNATURE ETC. 905 

(3 x 2) periodicity and stabilizes with 1/6 ML of Ba atoms. The insulating character they 
observe by tunneling spectroscopy is explained without involving strong correlation effects. 
In the present paper, we report the results of our experiments of the Si(lll)-(3 x 2)Ca sur­
face. We performed ARPES and low-energy electron diffraction (LEED) measurements, as 
well as coverage determinations, using Auger electron spectroscopy (AES) and a quartz crys­
tal microbalance (QCM). The photoemission spectra were recorded with two different light 
polarizations in order to ensure that all bands can be detected. The surface is found to be 
insulating for a Ca coverage of 1/6 ML. The characteristics of the system are discussed and 
the three surface state bands observed in the spectra are compared to the HCC predictions. 

Experiment. - The calcium-induced reconstruction was produced using p-doped 
(p ~ 5 fi cm) vicinal Si(IIl) wafers having a miscut of 1.1° towards the [ïÏ2]-direction al­
lowing predominantly single domain growth. The samples (5 x 19 x 0.5 mm3) were heated 
using direct current in the direction of the channels. Ca was evaporated from a water-cooled 
Knudsen cell-type evaporator at pressures better than 5 x 10 - 1 0 mbar. The quantities were 
calibrated with a QCM and confirmed by X-ray photoelectron spectroscopy (XPS) and AES 
used to control the composition and cleanness of the surface. After the evaporation of Ca on 
the clean Si(lll)-(7 x 7) surface held at room temperature (RT), the sample was annealed to 
6000C where the surface reconstruction formed. The symmetry and quality of the ordered 
structure were observed with LEED. ARPES measurements were performed using a SCIENTA 
SES-200 electron spectrometer with a hemispherical electron analyzer and a two-dimensional 
detector. The spectra were excited with s- and p-polarized photons (corresponding to polar­
ization perpendicular and in the measurement plane, respectively) with an energy of 21.2 eV. 
The energy and angular resolution were, respectively, 5meV and ±0.5°. 

Results and discussion. - Figure 2 shows the LEED pattern of our Si(ll l)-(3 x 2)Ca 
surface with one dominant orientation and insignificant contributions from the two others. A 
careful inspection of this image reveals faint stripes indicating a 2a periodicity in the direction 
of the chains. Similar stripes were reported in former studies of surfaces with different AEM, 
using reflection high-energy electron diffraction (RHEED) [6,7], and LEED [11,24,25]. In 
studies [6,22] where the Ca and Mg coverage inducing the reconstruction was assumed to 
correspond to 1/3 ML, the simplest approach was predicting metallic bands. The unexpected 
observation of insulating bands was associated to the Ia periodicity supposed to reflect the 
formation of charge density waves [6]. However, beside this electronic interpretation of the 
periodicity doubling, one has also to consider models based on the structure. Such approaches 
are supported by recent studies of surface reconstructions with Ca [7], Mg [24] and Ba [10], 
where the surface symmetry is proposed to be a combination of (3 x 2) and c(6 x 2), suggesting 
that these symmetries reflect the adsorbate structure. In this situation, it is useful to carefully 
investigate the crystallographic and electronic structure resulting from Ca adsorption. In this 
respect, it is important to re-examine the precise Ca coverage corresponding to the (3 x 2) 
LEED pattern. The obtained information is essential to make a realistic prediction of a 
structure compatible with the insulating character of this surface. 

We have measured, with our QCM, a Ca quantity on the (3 x 2) surface corresponding 
to a coverage close to 1/6 ML (the atom density of the bulk-terminated Si(IIl) surface of 
7.8 x 1014 c m - 2 was used as standard for 1 ML). However, as such quantitative measurements 
are affected by quite large uncertainties (limited sensitivities, sticking coefficients, specific 
experimental configuration... ), we have performed with AES another independent determi­
nation of this coverage by comparing the AES intensities of Ag in Si(lll)-(3 x I)Ag [26] to 
those obtained for Ca in Ca(3 x 2). By taking the widely accepted coverage of 1/3 ML for 
the Ag(3 x 1) surface [27], and using the relative AES sensitivities between Ag and Ca, the 
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Fig. 3 - Angle-resolved photoeraission spectra of the Si(lll)-(3 x 2)Ca surface. Spectra were taken at 
room temperature along the [110] direction (i.e. along the chains), using p- and s-polarized photons 
of 21.2eV energy. Three surface state bands are labelled by SA-, SB and Sc-

Fig. 4 - Dispersion of the three measured surface bands SA, SB and Sc along the f Ä direction of 
the (3 x 1) surface Brillouin zone (see the inset). Open and solid symbols indicate the position of 
the peaks measured with p- and s-polarization, respectively. The lines labelled by S*, S^ and S^ 
were obtained from fig. 2 of ref. [8]. They were rigidly shifted by 0.9eV with respect to their energy 
position in ref. [8]. 

QCM results were confirmed and the conjunction of both techniques leads to a Ca coverage 
of 1/6 ML with an accuracy of 30%. 

We now turn to our ARPES measurements of the Ca(3 x 2) surface. Figure 3 shows the 
spectra obtained with 21.2 eV photons, for wave vectors along the TA direction of the surface 
Brillouin zone (SBZ) (see the inset of fig. 4). The spectra were obtained using p- as well 
as s-polarisation. Three non-metallic Ca-induced surface state bands, labelled by SA, SB 
and Sc, were observed. A small contribution to the spectral weight close to the Fermi level, 
stemming from a few remaining (7 x 7) regions of pure silicon, could not completely be avoided. 
Therefore, we conclude that the Ca(3 x 2) reconstruction is insulating with a gap close to 1 eV. 
In the spectra obtained with the two different polarizations one remarks strong differences in 
the peak ratios. For example, the band Sc is easily observed at emission angles around 20° 
with s-polarization but it is not detected with p-polarization. The dispersive behaviour of the 
three surface state bands (fig. 3) are given in fig. 4. The three lines labelled by Sf1 S} and 
S^" have been taken from fig. 2 of ref. [8] and reproduced in our fig. 3 with a shift of 0.9 eV. 
They account for the calculated band structure of Li(3 x 1) within the HCC model and we 
attempt to compare them to our bands SA , SB , and Sc measured for Ca(3 x 2). Our band Sc 
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has a hole-like dispersion that matches very well the theoretical behavior of band S^". This 
band is predicted to be only observable in the s-polarized configuration of our experiment. 
This is exactly the case for band Sc and therefore we associate Sc to S^. Bands SA and SB 
are crossing Sc at two distinct wave vector positions, in good agreement with the crossing 
of bands S* and S} with band S^- Consequently, we associate SA and SB to S1

+ and 5^", 
respectively. This good accordance between our three measured surface states and the band 
structure calculation suggests that the description of the Si(lll)-(3 x 2)Ca surface can be 
given on the basis of the HCC model of Si(ll l)-(3 x I)Li. In fact, Erwin and Weitering have 
done their HCC calculation for a surface with 1/3 ML of adsorbed Li atoms. The structure 
corresponding to this situation is illustrated in fig. 1. One has just to occupy all indicated 
adsorbate atom positions (hatched and full black circles) with Li atoms. In this situation 
with one monovalent Li atom per (3 x 1) unit cell, a simple electron count leads to an even 
number (6) of electrons (5 stemming from Si and one from Li [8]) filling the three surface 
bands S1^, S^, and 5̂ ~ (fig. 4), in agreement with the observed insulating character of this 
surface [17]. If one considers now that Li atoms are just replaced by Ca atoms (1/3 ML of 
Ca), the additional valence electron would lead to a half-filled metallic state. 

However, we measured a Ca coverage of 1/6 ML and one has to assume that only half 
of the adsorbate atom positions (fig. 1) are occupied. Consequently, the calcium chains have 
a 2a periodicity but they can occupy two different positions (hatched or filled circles). Ad­
jacent chains can be in phase or out of phase and it has been simulated [28] and verified 
for other surfaces [2] that a stochastic distribution of these relative positions produces "x2" 
stripes at half distance between the (3 x 1) LEED spots. Our observation of such a pattern 
(fig. 2) provides a further confirmation of the 1/6 ML calcium coverage. It results that for 
calcium, 2 electrons per (3 x 2) unit cell are donated by the adsorbate and this situation 
shows striking similarities with the (3 x 1) reconstruction induced by AMs with 1 donated 
electron per unit cell. Also it is in agreement with the proposal of Lee et al. [10] that the 
HCC structure is stabilized by one donated electron per (3 x 1) cell of the silicon atoms. The 
most obvious consequence is that in both cases the surface bands induced by the adsorbates 
have an insulating character. In first approximation, one can anticipate that the (3 x 2)Ca 
bands can be obtained from a simple backfolding of the (3 x I)Li bands if the new gaps are 
sufficiently small. Then, the successful comparison of the dispersions of the two reconstruc­
tions results from the fact that the photoemission structures are predominantly observed in 
the extended zone scheme [29]. The validity of an interpretation of the electronic structure 
of the (3 x 2)Ca surface on the basis of the calculated (3 x I)Li surface, which was recently 
given in a similar way for the barium-induced case [11], implies that the HCC structure of the 
Si atoms forms a stable framework. This assumption is supported by a series of works. STM 
and mass transport measurements of the AEMs Ca and Mg, as well as of the AMs Li and 
Na have all [12,13,16,24,25] concluded that the Si top layer density of such reconstruction 
is 4/3 ML, consistent with the HCC model. The LEED I-V curves for the Li, Na and Mg 
induced reconstructions were found to be very similar [19,23]. This lack of dependence on the 
different adsorbates indicates that the diffraction is essentially determined by the Si surface 
atoms forming the same reconstruction. 

Conclusion. - We have shown that a coverage of 1/6 ML of Ca on Si(IIl) induces a 
(3 x 2) reconstruction corresponding to chains of AEM atoms with double periodicity and a 
random distribution of their two relative positions. The silicon atoms form a stable framework 
described by the HCC model and the Ca atoms are adsorbed in the channels. The insulating 
character of this structure is quite naturally explained by a simple electron count as in the case 
of the (3 x 1) reconstruction induced by the AM. We can discard earlier suggestions of CDW, 

> 
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Peierls transition or Mott insulator concepts invoked in order to explain the insulating nature 
of this surface. It is interesting to notice that an insulating character has also been observed 
for the other reconstructions (7 x 1), (5 x 1) and (2 x 1) stabilized on Si(IIl) by different 
Ca concentrations [6]. These results indicate that in reconstructions induced by adsorbate 
sub-monolayers on insulating substrates, the electronic energy lowering resulting from a gap 
formation plays a dominant role in the stabilisation of the structure. 

Additional Remark. Simultaneously with the submission of our manuscript, a study of 
the Si(ll l)-(3 x I)Ca surface has been published [3OJ. It suggests structural and electronic 
properties similar to those derived from the present measurements. 

We thank M. BOVET and P . AEBI for band structure calculations. This work was sup­
ported by the Fonds National Suisse de la Recherche Scientifique. 
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High-resolution photoemission spectra of an array of one-dimensional (ID) metallic chains created 
on Si(335) reveal characteristic features precluding any interpretation within known theoretical models. 
The origin of this dilemma is attributed to imperfections acting as boundaries in ID systems. A simple 
model calculation including a Coulomb shift in the photoemission final state of chain segments yields 
straight simulations of our spectra and is likely to clarify the confusing situation encountered in 
this field. 
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One-dimensional (ID) metals represent a fascinating 
class of materials expected to show unique properties 
resulting from the breakdown of the Fermi liquid 
approach. Tomonaga and Luttinger [1,2] (TL) have first 
demonstrated in the limit of small energies a) = E — EF 

that only collective spin and charge excitations (spinons 
and holons) can exist in ID metals. The momentum-
resolved spectral functions A(Ü), k) calculated for reason­
able values of the interaction-dependent parameter 
a show the typical behavior of separated spinons and 
holons [3]. These two excitations are revealed by two 
sharp dispersing peaks converging at the Fermi wave 
vector kF in a single structure described by the power 
law A(Û), kF) ~ | ü j | a _ 1 . The momentum-integrated spec­
tral function close to EF is also a simple power law 
A(a))~ \(o\a. 

Strictly ID metallic states are not likely to occur in 
nature but are approximately realized in highly aniso­
tropic solids or surfaces containing arrays of metallic 
chains with a very weak mutual interaction. In ID met­
allic systems with short range interactions, fluctuations 
impede phase transitions [4] which can occur only in 
chain arrays when the transverse interaction dominates 
the thermal energy. This sets a lower limit to the tem­
perature of the measurements, which are then suffering 
from thermal broadening in the crucial low-energy range. 

The direct observation of the TL predictions with 
photoemission is a challenging problem. The earliest 
studies with angle-integrated photoemission have con­
firmed that quasi-] D metals never show the characteristic 
Fermi edge of conventional metals [5,6]. The first enthu­
siasm raised by these results has been toned down by the 
systematic observation of anomalously large values of 
a > 1 extracted from the slope of the intensity vanishing 
at EF. Recent studies exploiting state-of-the-art angular 
and energy resolutions are puzzling and do not provide 
more clear-cut observations of the TL predictions: for 
example, different Bechgaard salts show at — I eV a non-
dispersing and broad peak followed by a featureless tail 
down to EF [7]. In the organic conductor TTF-TCNQ 
(tetrathiafulvalene-tetracyanoquinodimethanc) the dis­

persing band approaching EF remains pinned at 
200 meVand no feature of the low-energy spectral shape 
predicted by the TL theory can be discerned [8,9]. A 
critical analysis of the spectra of K0 3MoO3 and 
Li0 9MoOi7 [10] leads to the conclusion that within a 
few hundred meV's the low-energy line shapes cannot 
be reconciled with any predicted spectral function. In 
(TaSe4J2I, an unexpected gap with a completely flat in­
tensity at EF could be only tentatively explained with a 
polaronic model [H]. The systematic impossibility to 
analyze with any known model the low-energy excita­
tions observed in photoemission spectra of quite different 
classes of ID metals suggests that this puzzling problem 
must originate from some generic mechanism related to 
the photoemission process itself in this type of samples. 
On the basis of high-resolution spectra of an artificial 
array of metallic chains, we show in the present study that 
Coulomb gaps resulting from the photoexcitation of small 
metallic aggregates provide a natural interpretation of 
this situation. 

In the present study, the substrate is a Si wafer [p type, 
B doped, p(300 K) = 10 i i cmj with faces parallel to the 
crystalline plane (335). After a standard cleaning by 
flashes at 1250 "C, a precise coverage of 0.28 ML (mono­
layer) of Au [with respect to the atom concentration of 
Si(IIl)] is evaporated onto the substrate and annealed at 
78O0C. Sharp LEED patterns reveal a pure ( 3 X 1 ) re­
construction corresponding to a uniform distribution of 
terraces along the [1Ï0] direction separated by mono-
atomic steps. This structure is very stable and can be used 
as a template [12], Afterwards, about 1 ML of Na is 
deposited onto this template, heated to 350 0C, and slowly 
cooled to room temperature. By preferential desorption, 
the surface is decorated by the Na atoms and the previous 
( 3 X 1 ) LEED pattern is very precisely restored and 
remains stable as a function of temperature. As a conse­
quence of the good matching of the metallic radius of Na 
to the periodicity of the substrate, one can anticipate that 
metallic chains are formed along the terraces, as 
confirmed by the photoemission spectra. The absence 
of phase transitions in the temperature range of our 
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measurements points to a negligible interchain coupling 
supporting the hypothesis of a structure with one Na atom 
per unit cell. Finally, this structure remain's surprisingly 
stable under UV irradiation even at low temperature. The 
quality of this sample offers exceptional conditions for 
studying the low-energy excitations. Linearly p-polarized 
photons of 21.2 cV have been used for the measurements 
performed at 14 K with an energy and angular resolution 
of 5 meVand ±0.5", respectively. The base pressure was • 
maintained below 5 X 10~n mbar during the sample 
preparation and the measurements. 

A collection of angle-resolved spectra for a wave vec­
tor variation along the terraces is shown in Fig. 1. The 
weakly dispersing peak observed around 1.2 eV is tentar 
tively interpreted as an interface state originating from 
the Au atoms stabilizing the regular step structure of the 
surface. From 30° another structure located at 0.9 eV 
emerges and shows a regular dispersion up to 34°. By 
extrapolation one finds that this peak would cross Ep at 
36°, but for angles larger than 34°, the dispersion satu­
rates and the peak dies smoothly without approaching EF 

closer than 130 meV The ID character of this band 
originating from the presence of the Na atoms is demon^ 
strated by the lack of dispersion in spectra recorded for k 
perpendicular to the terraces (not shown here). In the 

1 * • • • ' • • ' • ' • • • ' i • 

Binding Energy [eV] 

FJG. \. Angle-resolved photoemission spectra of the one1 

dimensional band induced by Na atoms on Si(335)-Au. The ' -
different angles 0 correspond to a variation of the wave vector 
along the terraces. 
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spectra of Fig. 1 our high instrumental resolution is ex­
clusively revealed by the sharp intensity onset observed at 
EF. In the low-energy range, the absence of any indication 
of backfolding eliminates an interpretation in terms of a 
conventional band of an insulator or semimetal. Within 
the TL framework, the linear behavior observed close to 
EF corresponds to an unrealistic large value a = 2. This 
impossibility to interpret our data with any predicted 
spectral function leads us to the conclusion that the 
low-energy behavior of the spectra is overwhelmed by 
some specific mechanism originating from the photo-

. emission process in this class of solids. 
Quasi-1D metallic samples consist of a periodic array 

of nearly independent chains embedded in a poorly con­
ducting medium. These chains are commonly assumed to 
be sufficiently long to prevent any size effect. In fact, 
UV photoemission is probing only a few monolayers of 
sample surfaces, which have been prepared by cleavage or 
some other artificial procedure generating lattice defects 
and accumulating impurities. For example, an STM im­
age of the Si(557)-Au surface [13] shows that the mean 
length of the uninterrupted periodic ranges along the 
terraces is of the order of 4.5 nm. In ID systems such 

. imperfections have a crucial importance for the charge 
transport since they act as strong barriers cutting the 
chains [14]. Different theories including boundaries in 
the TL model have been proposed [15-17]. The fact that 
they are hardly reconciled with experiments has raised 
the general idea of the model developed below [16,17]. 
The measured part of the sample is likely to be at best 
described as a collection of isolated metallic chain seg­
ments with some distribution of their length L. These 
segments have a common Fermi energy in the ground 
state but the photoemission process leaves them in excited 
states with a positive charge. As a consequence, the work 
function of a segment of length L will contain a Coulomb 
shift <f>(L) resulting from this positive charge. This en­
ergy originates from the small size of the probed objects 
but not specifically from their ID character and for clus­
ters, L can be generalized as a size parameter. In photo­
emission, the consequence of this mechanism is that the 
energy <o observed for a state belonging to an infinite 
chain will be shifted to e = <a + <f>(L) for a chain of 
length L. This phenomenon has the same origin as the 
charging energy observed in the Coulomb blockade. Il is 
established that the ionization potential of isolated 
spherical clusters shows a typical Ì/L decrease success­
fully interpreted within a semiclassical density varia­
tional method [18]. However, our surface presents 
markedly different conditions: the clusters form a regular 
array of close ID segments and their mutual screening as 
well as the dielectric response of the substrate reduces the 
Coulomb shift We are not aware of any realistic calcu­
lation accounting for this situation, but we can rely on 
STM data of metallic clusters deposited on TiO2 [19]. 
Images and densities of states obtained for individual 
clusters reveal that their band gaps (2<f>) as a function of 
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their size decrease more abruptly than the ionization 
energy observed for isolated clusters. For this reason we 
have empirically looked for a function reproducing the 
general shape of <f>(L) observed with STM for the depos­
ited clusters [ 19]. With increasing cluster size L, the rather 
steep variation of <f> observed in experiment is simulated 
by multiplying the 1 /L dependence for free clusters by an 
exponentially decaying function, which gives <f>(L) ~ 
exp(^)/L with A as adjustable attenuation length. We 
have assumed a Gaussian size distribution G(L) of clus­
ters with mean value L and full width at half maximum 
(FWHM) a, G(L) can be transformed into a shift dis­
tribution P(<p): G(DdL = G[L(O)]J^dCf* = P($)d<(>. If 
the spectral function for L —• oo is A(co, k), the spectrum 
for the chain distribution is given by /(e, k) = 
fto<E ^¢^- k)P(e ~ o))dto. The precise functional depen­
dence of <f>(L) is not very critical and our particular 
choice is merely justified by the fact that it has the ability 
to satisfactorily mimic the shifts measured for clusters 
deposited on TiO2 [19] and offers the possibility to simu­
late the low-energy photoemission spectral shapes ob­
served in different ID systems. In Fig. 2, A and B 
illustrate typical curves G(L) and <f>(L) used for calcu­
lations and curve C illustrates an angle-integrated spec­
trum computed with the presented Coulomb shift model 
(CSM) for a conventional metal at T = 0 K with a con­
stant A(io) below Ef. The Fermi edge is replaced by a 
sharp onset of the intensity that gradually saturates at 
higher energies. This shape compares favorably with the 
angle-integrated spectrum (Fig. 2, curve E) measured for 
silver clusters deposited on graphite [21]. A quite similar 
situation occurs in granular Pb films evaporated on an 
insulator [20] and the typical spectrum from this study 
reported in Fig. 2 (curve D) is again in convincing agree­
ment with our model calculation. For such samples, the 
size parameter L depends on the different dimensions, 
shapes, orientations, and proximities of the clusters. The 
experimental spectra reported in Fig. 2 correspond to a 
mean cluster radius of approximately 3 nm [19,21], and it 
is gratifying to notice thai the opening of a gap observed 
in experiments for smaller clusters [21,20] can be quite 
naturally reproduced by the model if L and u arc reduced. 
These comparisons with cluster data establish the sound­
ness of the CSM which will be used now to analyze the 
present spectra. 

At kF, the angle-resolved photoemission spectrum of a 
metallic band is normally accounting for a sharp state at 
EF and a 5 function is a good approximation of such a 
spectral line shape. In Fig. 3, the spectra A and C calcu­
lated with the CSM for A(a>, kF) = S(to) have lost the 
sharp character of the state at EF which is revealed only 
by the abruptness of the linear intensity onset The overall 
spectral shape is an asymmetric and broad peak with a 
long tail on the high-energy side. The agreement of the 
calculated spectrum (A) with our measured spectrum at 
kF (—36°) shown in Fig. 3 (B) is striking and, within the 
TL model, the existence of a sharp state at EF is consis-

10 20 30 40 50 60 70 80 90 100 

size parameter L 
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FIG. 2. (A) Gaussian distribution curve G(L) of the clusters 
(chains) versus their size parameter (length) L. If the mean size 
parameter is L, the FWHM is given by <T = 0.59L. 
(B) Coulomb shift <p(L) for A = 0.20L (see text). (Q Angle-
integrated photoemission spectrum of a constant metallic 
density of states calculated with the CSM defined by G(L) 
and <fi(L). (D) Angle-integrated photoemission spectrum of a 
6 Â granular film of Pb evaporated on Ta oxide covered with 
2 ML of Ge [20]. (£) Angle-integrated photoemission spec­
trum of Ag clusters containing 4 X 103 atoms on graphite [2I]. 

tent with a < 1. The same analysis of our previous spec­
trum at kF of Si(557)-Au [22] is also shown in the same 
figure. The narrowing and shift toward EF of the spec­
trum (D) can be simply simulated by a small increase of L 
and a as shown by curve C. The agreement between the 
model calculation C and the experimental spectrum D is 
again convincing and confirms that a previous interpre­
tation of this low-energy edge as a Fermi step of a con­
ventional metal [13] can be discarded. However, one must 
be aware that a finite chain length induces a wave vector 
uncertainty Afc, but the resulting broadening is very un­
likely to provide a major contribution to the line shapes. 
This assumption relies on the fact that in a Luttinger 
liquid, a partial integration of A((t>, k) over AA can result 
in a linear intensity onset only for a = 1. This mecha­
nism is not credible since the observation of the same 
onset behavior in quite different ! D systems (organic 18], 
inorganic [10], surface states [22]) would imply that they 
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FIG. 3. Curves A and C are simulations with the CSM of 
angle-resolved spectra originating from a spectral function 
assumed to be a delta function at EF. The parameters of 
curve A are a = 0.47Ï, and A = 0.2L {see Fig. 2). For 
curve C, (T and L have been increased by approximately 5% 
while the absolute value of A remains the same as in 
simulation A. The spectra B and D are angle-resolved photo-
emission measurements at kF, B is a spectrum at 0 = 36° from 
the present study, and D is reproduced from Ref. [22] for 
Si(557)-Au. 

are all characterized by the same anomalously large value 
of the interaction-dependent parameter a. 

As in other 1D systems [8,10], the overall line shapes of 
our spectra shown in Fig. 1 are complex, but we refrain 
from attempting a detailed analysis here. Our aim is 
solely Io show that our data suggest the existence of a 
particular mechanism originating from the photoemis-, 
sion process in this type of sample. The validity of the 
proposed CSM is not limited to ID systems showing a 
linear intensity onset and to clusters, but it has the virtue 
to offer a qualitative explanation of other strange aspects 
observed in the low-energy spectral range of ID metals. 
The mean chain length L determines the position of the 
peaks at kF and when L becomes markedly short, the 
peak moves away from EF where a gap gradually opens 
with no discernible intensity. Hence, this simulation of: 

fers an alternative explanation to the polaronic model 
proposed for interpreting the gap in (JaSe4J2I [H]. 
Finally, in highly disordered surfaces, L becomes so 

small that the dispersion is destroyed and the spectra 
merely show a broad peak at —1 eV [7]. The interpreta­
tion in terms of spin-charge separation of the spectra 
obtained for the surface Si(557)-Au [22] is not settled 
[13], but it is strengthened by the fact that in this system 
the peak at kF has the closest position relative to EF 

( — 100 meV) ever observed in ID systems. In accordance 
with the CSM, the two individual peaks are resolved only 
when their separation exceeds 100 meV. 

The assumption of Coulomb shifts in the photoemis-
sion spectra of 1D metals provides a general and credible 
explanation of the involved situation which has obscured 
the interpretation of the data over more than one decade. 
The CSM sets a serious limitation to the application of 
this method to small isolated particles, but the situation is 
not hopeless for ID metals. One can anticipate that efforts 
to produce better-characterized surfaces containing lon­
ger chains will be rewarded with unambiguous observa­
tions of the low-energy spectral functions predicted by 
the TL model. 
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