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Si(557)-Ag: A metallic quasi-one-dimensional system
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A quasi-one-dimensional (1D) system was fabricated by adsorbing one-fifth of a monolayer of Ag onto a
Si(557) surface. Structural investigations performed with electron diffraction and scanning tunneling micros-
copy provided evidence of a midterrace row of Si adatoms with 2X periodicity along [110], parallel to the step
edges. A similar feature is also found in the Si(557)-Au system. Period doubling along [110] is also found in
the Si(557)-Au system. However, the lattice gas of extra Si adatoms, that is a distinctive feature of Si(557)-Au
[J. N. Crain et al., Phys. Rev. Lett. 90, 176805 (2003)], is absent in Si(557)-Ag. Inverse photoemission studies
of the Si(557)-Ag energy bands revealed a Fermi level crossing parallel to the step edges along IK at
0.5%=0.1 A~". In the orthogonal direction (TM’), the dispersion of this band is flat, indicating that the adlayer
system has a quasi-1D symmetry. Another state with anisotropic dispersion is free-electron-like along 'K but,
once again, flat along TM’. This is likely to be an image state that is in resonance with the bulk bands of Si and
also perturbed by the quasi-1D surface reconstruction.
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I. INTRODUCTION

Much of what we know about the nonlinear and aniso-
tropic electrical properties, elastic properties, and the rich
dynamical behavior of low-dimensional charge density wave
systems is derived from the study of crystals composed of
weakly coupled layers [quasi-two-dimensional (2D)] or
weakly coupled rods [quasi-one-dimensional (1D)]."> How-
ever, low-dimensional systems can also be grown on surfaces
and in some cases, these systems possess structural phase
transitions into ground states with broken translational
symmetry.>> Quasi-1D adlayer systems can be grown on
both low index Si surfaces, e.g. (111), and higher index Si
surfaces with steps, e.g. (335), (557), (553), or (775).° These
stepped surfaces often contain structural motifs that are
found in the honeycomb-chain surface reconstructions.” For
example, Si(557)-Au reconstructs so that the step is an inte-
gral part of the unit cell and, unlike the steps on low index
silicon surfaces, extremely straight (Fig. 1). The Si atoms at
the step edge rebond to produce a honeycomb chain (Fig. 1)
in which the thermal excitation of kinks is energetically un-
favorable. Additionally, rows of Au atoms grow parallel to
and in between the step edges. The Si(557)-Au system is
metallic at room temperature.?-'> It undergoes a phase tran-
sition saturating at 120 K,'¢ into a nonmetallic ground state.
Despite having only one Au atom in the 1 X1 unit cell,
Si(557)-Au has two highly dispersive and parallel bands just
below the Fermi level.'® It has recently been
demonstrated,’” in agreement with an earlier theoretical
prediction,'* that these two bands are produced by the spin-
orbit interaction. A similar effect is found in the sp-derived
surface states of Au(111).!7 Although this effect is forbidden
in the bulk, the absence of an inversion center at the surface
allows the spin degeneracy to be lifted.

In this paper we describe our studies of a previously un-
reported quasi-1D system, Si(557)-Ag, produced by adsorb-
ing 0.2 ML of Ag on Si(557). We proffer that this system is
a valuable addition to the small number of metallic quasi-1D
adlayer systems that have been discovered to date. From the
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outset, we expected that the system would have some points
of similarity with Si(557)-Au; after all both Ag ([Kr]4d'%5s")
and Au ([Xel4f'*54'%6s') are noble metals with a single s
shell. However, because Ag is lighter than Au, spin-orbit
splitting of the surface bands should be smaller in
Si(557)-Ag if the atomic geometries of the two surface re-
constructions are similar.

II. EXPERIMENT

The samples for these experiments were prepared by dic-
ing rectangles, 6 X 17 mm?, from a Si(557) wafer (Virginia
Semiconductor). After transfer into vacuum, they were de-
gassed by resistive heating, using a slow overnight ramp
from room temperature to 850 °C. The samples were subse-
quently flashed several times to 1250 °C then quickly cooled
to 850 °C, and held at this temperature for 10 min to pro-
mote the formation of long-range order. They were then
cooled to room temperature at a rate of =1 °C/s. The
samples were subsequently transferred into a preparation

FIG. 1. (a) Top and (b) side views of a model for the Si(557)-Au
surface reconstruction (Ref. 6). The solid lines in (a) define the
I X1 unit cell that contains a single Au atom (full light gray
circles). The dark light gray circles are Si adatoms and the white
circles are Si atoms.
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FIG. 2. Electron diffraction images of Si(557)-Ag, taken with a
primary beam energy of 80 eV. In (a) the Ag coverage 6=0.2 ML
and in (b) 6=0.3 ML. The arrows point out streaks indicated X2
ordering. The white circles indicate the position of spots produced
by diffraction from a (V3 X V3)R30° superlattice.

chamber where they were resistively heated to =580 °C
while Ag was deposited from an effusion cell. The deposition
rate was typically 1 ML/min and the Ag coverage was 0.2
ML.

The inverse photoemission experiments were performed
with a homebuilt system comprising a Johnson low energy
electron source'® and two isochromat photon detectors. The
detectors are run concurrently to maximize photon
detection.'®2?> They have a detection energy of fwy,
=10.61*0.03 eV and a full width at half maximum band-
pass of Ahw,;=0.37+0.05 eV. The energy resolution of the
inverse photoemission system does not allow the known'
spin-orbit splitting (=0.2 eV) of the Si(557)-Au surface en-
ergy bands to be resolved. Consequently, we would not ex-
pect to resolve spin-orbit splitting of the surface bands in
Si(557)-Ag, if present.

The scanning tunneling microscopy was performed on a
homebuilt, beetle-type microscope?*?* using a mechanically
formed Pt-Ir tip with the sample at room temperature.

III. RESULTS AND DISCUSSION

Low energy electron diffraction (LEED) patterns col-
lected from Si(557)-Ag with Ag coverages equal to 0.2 and
0.3 ML are shown in Fig. 2. The intense streaks indicate
1 X ordering in the direction parallel to the step edges while
the the fainter streaks indicate 2X ordering in the same di-
rection. On Si(557)-Au, the 2X order is caused by Si ada-
toms that are represented by dark gray circles in Fig. 1.2
The lack of adatom registry between the terraces is respon-
sible for elongating the diffraction spots into streaks.

When the Ag coverage is increased to 0.3 ML, additional
spots appear indicating the presence of the (V3 X y3)R30°
phase [Fig. 2(b)]. Because the (13 X 13)R30° domains form
on the (111) terraces, their diffraction pattern is rotated by
9.5°, the angle included by the (111) and (557) surface nor-
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FIG. 3. (Color online) An STM image of Si(557)-Ag, sampling
empty states, with an area of 35X 35 nm? collected using a bias of
+1.8 V measured with respect to the tip. The inset shows an image
from a Si(557)-Au surface at the same scale and in the same bias
range (+1.9 V). The arrows indicate rows of adatoms. The step
spacing is three times longer for Si(557)-Ag than for Si(557)-Au.

mals. The results presented in the remainder of this paper are
taken from samples with 0.2 ML Ag where the
(V3x\3)R30° phase, as judged by LEED, is absent. A
constant-current topographical scanning tunneling micros-
copy (STM) image of the Si(557)-Ag surface is presented in
Fig. 3. Black arrows indicate the position of Si adatom rows
that are oriented parallel to the step edges. Within the rows,
the atoms are spaced by 7.7 A, twice the Si(111) surface
lattice constant (a=3.84 A). These adatoms give rise to the
2X streaking seen in the LEED patterns.

The step spacing on Si(557)-Au (Ref. 26) can be conve-
niently expressed in terms of the distance, measured along

[112], between adjacent nearest neighbor rows on bulk ter-
minated Si(111); dzaf. Ideal Si(557) termination has (111)
terraces with single-height steps separated by 5%(1. The spac-
ing between the adatom rows in Fig. 3 is 5.73 nm equal to
3><5§d c0s8(9.45°); the cosine factor projects the oblique
“viewing” angle of the STM. This is the step spacing found
on Si(557) where the terraces are separated by triple-height
steps. Examination of large scale images of Si(557)-Ag con-
firms that although these are the dominant step type, totaling
~70% of the surface area, there are a large number of steps
with a smaller spacing. This behavior is not observed on
clean Si(557) or on Si(557)-Au; the step spacing on both of
these systems is uniform.” In the case of Si(557), the wide
terraces allow the formation of a single unit cell of 7X7.
Adding Au breaks up the terraces, with single-height steps,
and produces terraces with a width of 5_%(1.

However, it should be noted that the procedure used to
prepare Si(557)-Ag differs from the procedure used to pre-
pare Si(557)-Au. To avoid desorbing Ag from the surface,
the system was not annealed after Ag deposition because the
Ag desorption temperature is significantly lower than the Au
desorption temperature.>’-?8

It is also noted that the refaceting effect of Au on vicinal
Si(111) is well known. Aside from the aforementioned step
breaking action of Au on Si(557), Au has been observed to
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FIG. 4. Inverse photoemission energy distribution curves from
Si(557)-Ag sampling (a) 'K and (b) the orthogonal I'M’ direction.
(c) Two 1X 1 surface Brillouin zones for Si(557), in the extended

zone representation, and the principal symmetry points: T, K, and
M'. The red curve in (a) shows the numerical second derivative
with respect to energy of the spectrum labeled 0°; this is used to
generate the experimental band structures, (E,k;), in the figures
below.

induced facetting on Si(55 12) even in cases of low coverage
and anneal temperatures.”®=3! On the other hand, submono-
layer Ag coverage on Si(55 12) under similar conditions does
not lead to surface refaceting; the step periodicity remains
the same as the clean surface.’? The case examined here,
Si(557)-Ag, lies somewhere in between. The step spacing is
largely unperturbed from the clean surface, but some of the
triple-height steps do fragment into single- and double-height
steps. This has important implications for data interpretation,
and we will return to this point when we discuss the results
of the inverse photoemission studies that will be presented
next.

In Fig. 4(a) stack of inverse photoemission energy distri-
bution curves that sample the I'K symmetry direction is pre-

sented. The corresponding direction in real space is [110].
The symmetry labels that have been adopted, using a con-
vention introduced earlier,'? are those of the Si(557)(1 X 1)
surface unit cell [Fig. 4(c)]. Each spectrum was taken with a
different incident angle for the electron beam over the angu-
lar range 0= #<60°. A stack that samples the orthogonal
I'M’ direction is presented in Fig. 4(b). In this case, the
angular range was 0<6=<40°. The energy distribution
curves have been offset for clarity.

In both Figs. 4(a) and 4(b), there are three distinct features
visible in the #=0° spectra labeled A, B, and C. Feature C
comprises two components to be discussed later. In Fig. 4(a),
as the angle of incidence is increased, the projection of the
electron wave vector (k;) along I'K is also increased. The
state nearest the Fermi level (A) is observed to disperse
downward toward the Fermi level and cross the Fermi level
at #=20°. Some intensity at the Fermi level is recovered in
the spectrum labeled #=50° where there is a well-defined
shoulder located approximately at Ep+0.5 eV. However,
there is no a priori reason to believe that these two features
are produced by the contiguous dispersion of single band
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FIG. 5. (Color online) A panel plot of the experimental energy
bands for Si(557)-Ag along both 'K and I'M’ calculated from the
energy distribution curves of Fig. 4. The faint white line is a para-
bolic fit to state C.

below the Fermi level (we will return to this below). The
state labeled B has a very shallow dispersion, dipping toward
the Fermi level in the spectrum labeled 6=15° but recover-
ing by 6=25°. o

In Fig. 4(b) the orthogonal I'M’ direction is probed; in
real space, the corresponding direction is [112]. In contrast
to the behavior in the I'K direction, the features A, B, and C
all have flat dispersion confirming the quasi-1D system char-
acter of this system.

The stacked energy distribution curves (EDC) [Figs. 4(a)
and 4(b)] do not allow the experimental bands to be viewed
directly in reciprocal space. This is straightforwardly
achieved by differentiating each EDC twice with respect to
energy to pick out regions of high curvature and then map-
ping the energy distribution curves onto an (E,k;) grid [Fig.
5]. This approach is commonly used to render energy distri-
bution curves acquired with angle-resolved photoemission as
experimental band structures.®*3 Wherever possible we com-
pare the experimental bands of the Si(557)-Ag adlayer sys-
tem with the experimental bands from the underlying Si(557)
surface. This allows us to differentiate substrate features
from features associated with the overlayer.

In Fig. 5, the three features (A, B, and C) discussed above

are identified as the three bands at . Like Si(557)-Au, there
is no evidence of the surface bands backfolding, despite the
fact that period doubling is observed in LEED and STM.%?
Examination of the intensity just above the Fermi level in
Fig. 5 (feature A) reveals the Fermi level crossing at %%FK.

Figure 6 shows the experimental bands for Si(557)-Ag
(two right-hand panels; k;>0) plotted, for comparison,
“back to back” with the experimental bands for Si(557) (two
left-hand panels: k;<<0). Based upon a comparison of our
experimental bands with the ab initio bands for
Si(557)-Au,'# it is possible that the feature near the zone
boundary, located just above the Fermi level, arises from an
unoccupied Si adatom [Fig. 1(a)] band whereas feature A
located near the zone center is produced by a dispersing
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FIG. 6. (Color online) The experimental bands for Si(557)-Ag
mapped along I'K are presented in the two right-hand panels for
which k> 0. For comparison, the experimental bands for Si(557)
also along I'K are presented, mirror reflected (kj— —k;), in the two
left-hand panels for which k;<0.

Si-Ag band.'* The presence of an additional adatom band at
the zone boundary, absent on Si(557)-Au,”> may reflect a
difference in the atomic geometry of the terrace.

The feature labeled B is produced by the adsorption of Ag
and closely resembles features produced by adsorbing Ag on
Si(111).335 The state dispersion is shallow along 'K, the
state moving to slightly larger binding energy around %FK,
and flat along I'M’. The experimental bands from Si(557)-
Ag, and also from our earlier studies of Si(557)-Au,® can be
directly compared in Fig. 7. Clearly the electronic structure
of these two systems is similar. The Fermi level crossing in
both systems is located at k;=~0.5+0.1 A~ and the disper-
sion of feature B is almost identical.

The feature labeled C, located at =~Ep+4 eV at T, is
found to disperse parabolically, along I'K, toward lower
binding energy. Fitting a parabola to the band dispersion pro-
duces an effective mass close to the free-electron mass m*

Energy Above E_ (eV)

FIG. 7. (Color online) The experimental bands for Si(557)-Ag
along I'K are presented in the two right-hand panels (k;>0) and,
for comparison, the corresponding bands from Si(557)-Au, mirror
reflected (k;— —k;), in the two left-hand panels (k;<0).

PHYSICAL REVIEW B 77, 125419 (2008)

=(0.96 = 0.04)m, and places the band minimum 0.6 = 0.4 eV
below the vacuum level. There is an analogous state in the
Si(557)-Au system.>> As with features A and B, the disper-
sion of C is flat along I'M' suggesting that state C “feels” the
surface corrugation associated with the quasi-1D surface

structure. The width of this state, at l:, reflects the fact that
there are contributions from two separate states, one being
the image state resonance and the other being a radiative
transition into the Az bulk band of Si. The two contributions
are resolved in Fig. 4(a) and both the image state and the
bulk transition have been discussed in detail elsewhere in the
context of Si(557)-Au.?

The partial breakup of the steps into single-height and
double-height steps, which we have observed via STM on
Si(557)-Ag, complicates the interpretation of the inverse
photoemission spectra. Moreover, this is a surface recon-
struction. The surface geometry is unknown and no ab initio
calculations have yet been performed. Despite all of the
above, we can draw some conclusions from the striking simi-
larity that the experimental energy bands of Si(557)-Au and
Si(557)-Ag bear. For example, it is likely that the intense
band that disperses across the Fermi level is produced by the
hybridization of the Ag atoms with the Si atoms on the ma-
jority terrace. It is also likely that feature B is a Ag-Si ada-
tom band and feature C is an image state resonance. How-
ever, we run into difficulty when we try to assign the
experimental band that appears at the zone edge, because
there are no corresponding bands in this region of reciprocal
space on Si(557)-Au. Consequently there may be a differ-
ence in the atomic geometry, a prime candidate being the
minority terraces of Si(557)-Ag. Clearly further structural
studies are required to identify the atomic geometry of
Si(557)-Ag and allow ab initio calculations of the surface
electronic structure to be performed. Moreover, it is our be-
lief that local studies of this system using scanning tunneling
spectroscopy will be extremely helpful.

CONCLUSION

We have reported on a quasi-one-dimensional overlayer
system formed from Ag on Si(557). Despite the fact that this
system has some points of similarity with Si(557)-Au, there
are also some noticeable differences. Examples of the simi-
larities include straight step edges and rows of adatoms with
2X spacing running parallel to the step edges, strongly an-
isotropic, quasi-1D unoccupied electronic structure, a Fermi
level crossing at 0.5*0.1 A‘lﬁ the direction that lies par-
allel to the Si adatom rows (I'K), and a band 0.6 0.4 eV

below the vacuum level at T that is most likely a quasi-1D
image state in resonance with the bulk band structure of Si.
Differences include the “missing” lattice gas of extra Si ada-
toms that are a distinctive feature of Si(557)-Au (Ref. 36),
and a dominant step spacing of 5.73 nm, three times the
Si(557)-Au step spacing.

The Si(557)-Ag system is clearly an intriguing companion
to Si(557)-Au because it shares some, but not all, of its at-
tributes. Consequently, it will allow many of the ideas that
have been developed over the past decade to explain the
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structural and electronic properties of Si(557)-Au to be
tested. Do the structural differences arise from substituting
Ag for Au, and do they account for the lack of the lattice gas
of Si adatoms, the increased step spacing, or the altered elec-
tronic properties of the system? Further investigation of the
occupied bands, using high resolution photoemission and ab
initio theory, is required to ascertain the magnitude of the
spin-orbit splitting, which cannot be quantified with inverse
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photoemission, and also determine if Si(557)-Ag possesses a
phase transition into a nonmetallic ground state with broken
translational symmetry.
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