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Random registry shifts in quasi-one-dimensional adsorbate systems
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The apparent contradiction of one-dimensional adsorbate chaingtii)Siaving a 32 unit cell and yet
a 3x1 diffraction pattern is resolved for the example of Ba/Si(t{3X 2). Random registry shifts between
adsorbate chains are observed in tunneling microscopy, with very short interchain correlation lengths. Fourier
analysis provides a natural explanation for a pseude{ diffraction pattern. Within density-functional
theory such registry shifts can occur with essentially negligible energy cost, leading to entropy-driven, virtually
perfect disorder. Substrate states of high symmetry and one-dimensional character are inferred to promote this

phenomenon.
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I. INTRODUCTION we show that a comparison of our calculated electronic band

structure to angle-resolved photoemission spectroscopy

Semiconductor surface reconstructions induced by the adARPES data is consistent with twofold adsorbate positional
sorption of metals provide unique opportunities for studyingdegeneracy together with 1D electronic character. We argue
interactions in quasi-one-dimensior&D) systems. A long- that these are general criteria for phase slips, and are likely to
standing question for many such structures ofiB) is the  be applicable to otherX2” adsorbate systems on (&iL1).
discrepancy between scanning-tunneling microsa@&mhM)
and low-energy electron-diffractiofLEED) images: STM
shows “X2" periodicity along the adsorbate chains, while II. EXPERIMENT AND STRUCTURAL OVERVIEW
LEED vyields “X1” periodicity, in some cases with faint
half-order streaks. Examples include three classes of systems Experimentally, single-domain samples were prepared in
on S(111): (i) the (3x2) reconstructions induced by the ultrahigh vacuum on vicinal §111) wafers (miscut 2° to-
alkaline-earth metals Mg, Ca, and B#: (ii) the In-induced wards[112]). Ba metal was deposited from a getter source
(8x2) reconstructiorf; and (iii) the Au-induced (5 2) onto the substrate held at room temperature. Subsequent an-
reconstructiorf:” All of these systems feature linear arrange-nealing at~1200 K for several seconds yielded a very sharp,
ments of adsorbates with local positional degeneracy. As aingle-domain (X 1) LEED image as shown in Fig(d).
result, the phase correlation between adsorbate chains di- The STM data in Fig. (b) show empty-state topographic
rectly reflects the competition between the energy cost frondata of a representative part of the surface, recorded at room
interchain interactions and the energy gain from entropy. Théemperature. The presence ok2 unit cells is readily vis-
outcome of this competition can greatly affect the effectiveible, in apparent contradiction to the LEED image of Fig.
periodicities and zone boundaries in real and reciprocal(a). The existence of a 82 structure has been noted
space, respectively. A particularly striking example of this isearlier® Closer analysis, however, reveals that the surface
the Ba-induced $111) reconstruction, which appears (3 mesh isnot consistent with a simple extendeck2 array of
X2) in STM despite missing or very faint half-order LEED unit cells. Instead, we observe changes in interchain align-
streak$ 10 ment[from “up” to “down” in Fig. 1 (b)], corresponding to

In this paper we use Ba/Si(1-13X 2) as a model sys- a phase shift of half a unit cell, i.e., byX'1.” These phase
tem for the investigation of phase correlations between Ba&hifts are very frequent and occur essentially at random. The
chains to explain the apparent discrepancy between LEEDMmage also shows a defect where a phase shift occurs within
and STM periodicities. First, we present an analysis of thehe same chain. The intensity maxima in the STM images are
local chain structure based on STM data, from which wetentatively assigned to Ba atoms, although the technique pro-
identify a high density of phase slips. Using a scatteringvides no straightforward identificatidhFurther below from
simulation, we demonstrate that random registry shifts bethe structural model it emerges that the assignment is reason-
tween well-ordered chains are the principal mechanism reably justified. A defect in the chain sequence in this interpre-
sponsible for the pseudo-§31) LEED pattern. Second, we tation may thus be called a Ba vacancy. From counting cells
explore the energetics of such phenomena by estimating tha the images, or equivalently from autocorrelation plots we
energy scale for registry shifts within density-functional obtain information on the correlation lengths. Along the
theory(DFT), assuming a recently proposed structural modethains, it is rather large (typically20 Ba atomg while
for Ba(3x 2).° Our theoretical results confirm a nearly neg- across the chains shifts occur typically after just two to three
ligible cost for registry shifts of individual chains. Finally, chains.
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FIG. 2. (@) Power spectrum obtained from a large-scale STM
image (340280 A). A half-order reflex, typical for 32, is miss-
ing. Horizontal streaks are observed instédigonal lines are a
finite-size fast Fourier-transform artifactb) Power spectrum of
simulated (3<2) structure with RRS. Absence of a half order is
confirmed, and a pseudo-X3l) remains. Peak intensities in a
streak are typically 1%—-5% of the §31) peaks, and are scaled to
full gray scale for display purposes.

resulting from 3<1 units in the presence dfiX2 super-
FIG. 1. (a) Ba-Si111) LEED image taken with 84-eV electrons, Structures of varying widthN across the chaingee Fig. 3

The periodicity corresponds t0x31, and within detection limit no ~P€low). Every other line of reflections is thus smeared out

half order is observedb) Empty-state STM image of same recon- Sideways, becauseNAvaries randomly.

struction (48<48 A, U,=2.0 V). Local geometry is & 2, contrary The simulated streak intensity is about two orders-of-

to LEED. Registry shifts between chains in discrete half-cell stepgnagnitude smaller than the main spots. Our own work does

are very common. They may originate from defe@sy., of a Ba  not resolve a streak in betweenX3) spots. Okudat allo

atom on the chain. do obtain a very faint streak. For Ca-X2) LEED data!
weak half-order streaks are reported also. This confirms the
Ill. SCATTERING SIMULATION low intensity of this feature at detection threshold. Surface

o . imperfections will contribute additional background. Also,
~ The implication of such phase shift@s opposed to the degree of randomness of the chain correlation may de-
simple defects for LEED measurements is easily demon- hend on particular preparation details. The overall result is a
strated in a s_cattenng S|mulat|on_. We h_ave used a square args 1 LEED pattern, originating from random registry shifts
of 5x 10° unit cells with (3x 2) dimension, each containing of the Ba chains. This finding reconciles the microscopic unit

a delta-function scattering potential to represent a Ba atomg|| with the macroscopic diffraction pattern.
The phase shifts observed in STM are modeled as random

registry shifts(RRS. This model assumgs) an infinite cor-
relation length along the chairienly limited by the cluster IV. STRUCTURE MODEL AND ENERGETICS
sizg), and(ii) a random-phase correlation between the chains.
The model can only give qualitative information regarding
LEED intensities, yet will correctly reflect the symmetries In order to estimate the energy scale for such registry
originating from long-range order of the unit cells—or the shifts, we refer to the structural model for Ba/Si(111)-
absence thereof. (3%2) recently proposed by Lee et@lThis model is

The Fourier transform of the simulated surface, alongclosely related to the simpler ¢81) reconstruction of
with that of the STM data, are plotted as a power spectrun8i(111) induced by alkali metals, in which linear honey-
(the square of the absolute intensities, as in a diffractiocomblike arrangements of top-layer Si atoms form channels
experimenkin Fig. 2. Both simulation and STM data have a where chains of alkali adsorbates reside. This “honeycomb-
missing 32 reflection. The intensity is smeared out be-chain channel’(HCC) reconstruction is stabilized by elec-
tween these locations. Any STM Fourier transform sufferstron donation from the alkalis into bonding combinations of
from a decaying frequency envelope originating from theSi surface orbital$?**A period-doubled variant of this HCC
limited area transformed, so higher-order reflections are nateconstruction can be induced by divalent adsorbates such as
visible. The large-area simulation shows very clearly the secBa and other alkaline-earth metals. Electron counting then
ond order of reflections. The streaking can be understood agquires half the adsorbate coverage, with a Ba atom in every

A. Density-functional theory
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might also destroy the long-rangex3 order are Ba-Si ex-
changes. There are various configurations possible, which
will lead to a local defect. Such defects are relatively abun-
dant, as seen, e.g., in the STM image Fi¢h)1However,
such additional perturbations do not affect the arguments
given for the exceptionally low-energy cost of rigid chain
shifts.

An important question is whether simple surface diffusion
can lead to the observed registry shifts. On a surface without
defects, no shifts are possible because the energy barrier is
infinite. In the presence of defects, finite chains will experi-
ence a barrier of approximateM - AE, whereM is the num-

FIG. 3. LDA structural model for modified:82 reconstruction. ber of atoms in the Cham;,w'thm the LDA we f'n_dE
Between neighboring chains, a registry shift by half a unit cell is 1;"0_Tev' Thus for typl_cal attempt freque_nCIes of
energetically possible, without change in the individual chain struc-L0° S~ %, we predict that chains of lengtl =22 will shift
ture. This leads tdNx 2 superstructures of varying widii. This ~ On average once per second at the annealing temperature of
mechanism exploits a substrate with doubled periodicity. 1200 K. Chains of this length are consistent with the corre-

lation lengths we obtained in Sec. Il.

Ba Chains

Shift

NN

ol i

second (X 1) substrate cefl This leads to a doubling of the
adsorbate spacing within each chain, with only minor pertur-
bation of the underlying (1) substrate. Thus, in the ab-
sence of interchain interactions, each chain would exhibit a Random registry shifts have profound consequences for
twofold local positional degeneracy. the electronic properties of the surface. Here we demonstrate
We use DFT in the local-density approximatiiDA) to  this by comparing our theoretical band structure with our
study the energetics of registry shifts of the Ba chains. Weyhotoemission data. Previously published photoemission
model the surface using afrterminated slab with eight lay- datd® were taken before a structural model was clearly es-
ers of Si plus the reconstructed Si and adsorbed Ba layergpjished. The data from that study indicate(8) symme-
Total energies and forces were calculated using ultrasoflli,y, but do not test for a repetition of that periodicity in
pseudopotentials withimsp;* the kinetic-energy cutoff was higher surface Brillouin zones. We have collected ARPES

152 ev aé\rcii”fOlJiLlr;e?]u0|t\>/c§ potln:f :c/;/err:]e ;Jhsedbto isamt[rJIe tthe data at beamline 7.0.1 of the Advanced Light Source, Berke-
f#o daeﬁesu eosl:e d bo f&ﬁ a?gsBa rela?dn tﬁis rif)gelsulrjlggrra ley (energy resolutior~70 meV, angular resolutiort0.4°).
99 y - BY g Figure 4a) shows the valence bands in teecond(3x1)

the assumption of 82 periodicity, we find that Ba adsor- surface Brillouin zone. which establishes the repetition of the
bates are stable at both thiy and T, surface sites, with the iouin zone, whi ! pett
surface band set. Extension of these surface bands clearly

T, site preferred by 35 meV per Ba. This is much larger tha T )
the energy scale for registry shifts, so we assume that affcyond the (¥2) zone boundary indicates that this zone
boundary is essentially lifted.

such shifts leave the Ba adsorbated jnsites. Furthermore, .
we simulate the shifts as rigid translations of the Ba chains "€ weakness of the (82) zone boundary could, in
on a rigid Si(3<1) substrate, which we take to be the ap- principle, be confirmed theoretically by unfolding the calcu-
propriate average of the relaxed X2) substrate coordi- lated (3<2) band structure into a (81) zone. The (3
nates. For the configuration of registry shifts illustrated in*<2) surface bands of interest mostly fall within the pro-
Fig. 3, we find that the DFT total energy is changed by lesgected bulk bands, making an unambiguous unfolding impos-
than 0.1 meV per Ba, relative to the unshiftedq3) con-  sible. Instead we approximate the unfolding by calculating
figuration. This result suggests that the energy scale for regsands for an isoelectronic system Li/Si(34@ X 1), using
istry shifts is far below room temperature. the atomic coordinates obtained from Ba/Si(-1BX2)

A simple model explains this very small energy scale. The(suitably averaged along the chain direcjiomfihe resulting
Ba adsorbates are 2 ions, and the large distance betweenbands in Fig. &) do not differ significantly from the alkali
them justifies representing them as point charges. In the alzase, and are in excellent correspondence with the ARPES
sence of substrate-mediated interactions, the only Ba-Ba irdata. The calculated dispersion perpendicular to the chain
teractions are electrostatic. Within this approximation, thedirection(not shown is very weak, in good agreement with
total energy of any configuration of chains is given simply bythe 1D character of the data shown in Figc)4
its Madelung energy. The underlyingdL symmetry implies From this comparison we confirm two key aspects of our
that the nearest-neighbor contribution to the Madelung sundescription:(i) the (3X 1) physicaland electronic natures of
is the same for all configurations. This degeneracy is brokethe substrate, both of which are largely unaffected by the
only at the next-nearest neighbor, which partially explaing(3xX2) adsorbate periodicity; an@) the highly 1D charac-
the small energy scale. Indeed, for the configuration of Figter of the occupied states. The clear implications are that
3, the electrostatic energy cost relative to the unshifted conthe (3xX1) HCC cells are invariant against shifts of the ad-
figuration is only 0.003 meV per Ba. Other processes thasorbate chain, and that the chains are isolated sufficiently

B. Electronic structure
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ing, of course, Ca- and Mg-induced Si(21(3x 2) with the
same HCC substratg!® For the quasi-1D system
In/Si(117)-(8x 2), previously explored by us and othéfs,
similar arguments will hold. Kumpgt al® have proposed
that the observed low-temperature In>8) structure does
not originate from a charge-density wave, but rather from a
modification of the reconstruction. Their x-ray-diffraction
data contain streaks similar to our simulated random registry
shifts. Regardless of the detailed mechanism leading 20
periodicity, the twofold positional degeneracy with respect to
the substrate unit cell is an important common property. In
general, random registry shifts will occur more easily if the
electronic character is close to 1D, so that negligible energy
. has to be expended for a lattice distortion. This criterion
L3 g appears to be fulfilled in these systems. For example, Yeom
-0.57 . | 7 et al!” have demonstrated the 1D character of In on Si, and
/ 1 | ] a X1 substrate with a modified HCC cell has been recently
| discussed to explain 1 The random-registry-shift mecha-
nism appears to provide a natural explanation for the pseudo
X1 LEED pattern of these classes of reconstruction as well.
For rare-earth metals on (%iL1), such as Sm and Yb, simi-
larly a local 3x2 reconstruction had been found, while
LEED vyields a 3<1 pattern with half-order streak8.The
extent to which the system is one dimensional electronically
7B remains to be investigated. For all these adsorbate recon-
c) -1.0: structions, the criterion of rigidity of the substrate against
o translations of the adsorbates further lowers the threshold for
Binding Energy g s, registry shifts. This aspect—demonstrated in our DFT
V) ' calculation—contributes to the virtually perfect randomness
; ; in the Ba/Si(11)-(3X2) system.
k perpendicular to chains In summary, we have shown that the Ba-induced pseudo-
i o (3% 1) reconstruction of $111) is highly susceptible to reg-
FIG. 4. (@) Band structure irsecondsurface Brillouin zone T jgiry shifts. Those phase fluctuations occur because the sili-
=150K, hv=90 eV, spectra normalized to their averago 3 -5 g psirate reconstruction is of higher symmetry than the
|>_<DZAZ§2§ dbgtfggﬁrf? (':Xfet;;e;ge:c;rl';s;iﬁg;émg?:y%%3' B adsorbate unit cell, so that the system can lower its total
. . i . ! gai(Bunit energy through entropy. Random registry shifts then provide
cell with atomic positions derived from Bag32). Surface bands an explanation as to why the locak® structure leads to a
1-3 are reidentified in ARPESc) Lack of dispersion in ARPES . . e
, : - — global 3x1 diffraction pattern. The study exemplifies
perpendicular to chains, taken at 075 A. frozen-in structural fluctuations in highly 1D confined sys-
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well that they do not experience any lateral interaction.
These two criteria underlie the negligible energy cost of reg-
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