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Atomic geometry and the probability distribution of self-assembled Cs nanowires
at the InAs„110… surface
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Cesium adsorbs on the InAs~110! surface in the form of long chains extending for several hundreds ang-
stroms along the@11I 0# direction, leading to a (23n) periodicity, with n depending on the mean distance
between the alkali chains. We have investigated the evolution of the (23n) superstructure as a function of
coverage and the statistical distribution of the Cs chains by means of grazing-incidence x-ray diffraction and
low-energy electron diffraction. The atomic geometry has been fully determined: each Cs chain is constituted
by two Cs adatoms with different adsorption sites. The minimum Cs-Cs distance within the chain is 6.9 Å,
much larger than the Cs-Cs bond length in bcc bulk metallic Cs.

DOI: 10.1103/PhysRevB.66.085335 PACS number~s!: 68.43.Hn, 61.10.2i, 68.65.2k
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I. INTRODUCTION

The design of nanoscale devices requires the fabrica
of nanostructures with a well-controlled architecture at
atomic scale. Two avenues are presently being exploite
which nanostructures are constructed using surface t
niques. The first approach involves manipulation of in
vidual atoms or molecules with a scanning tunneling mic
scope ~STM! tip, while an alternate method is to us
templates to pattern the overlayer growth. Self-organiza
and self-assembly on a solid surface is a promising alte
tive for growing uniform nanostructures with regular si
and spacing.1–5Alkali metals adsorbed on suitable substra
are appealing model systems to investigate the s
assembling of nanowires. As a prototype of these syste
Cs adatoms deposited on III-V~110! surfaces self-assemble
forming chains extending for several hundreds angstroms5–9

Scanning tunneling microscopy studies have yielded c
siderable insight into the local structure of alkali nanowir
showing the local atomic topography for Cs deposited
GaAs~110!, InSb~110!, and InAs~110! substrates.5–9 The Cs
adatoms form regular one-dimensional~1D! zigzag chains
oriented along the@11I 0# direction even at a very low cov
erage. The distribution of the Cs chain distances is always
removed from the exponential distribution typical of a ra
dom process. The chains repel each other in the@001# direc-
tion even when their mutual distance is larger than 509

Generally, alkali atoms adsorbed on metallic substra
spread out owing to the long-range repulsion induced
strong dipolar interactions,10,11 while they occupy 1D chan
nels when deposited on the~110! surfaces of noble metals i
the presence of missing-row reconstructed surfaces.12 Total
energy calculations for alkali deposited on III-V~110! sur-
faces show a topology of the energy surface with a h
anisotropy perpendicular to the@11I 0# direction and a smal
barrier parallel to the chain direction, favoring a migration
0163-1829/2002/66~8!/085335~7!/$20.00 66 0853
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the alkali adatoms in the channels between the subs
chains.10,13

Despite a great research effort devoted to alkali nano
ires, several questions are still open regarding the ato
geometry and its specific interrelationship with the electro
properties. Cesium chains self-assembled on III-V~110! sur-
faces are insulating in the whole coverage range.14,15Several
theoretical approaches have been applied to study the e
tronic structure of alkali metals on III-V~110! surfaces. A
simple atomic geometry is generally assumed, with a sin
alkali atom adsorption site close to the substr
cation.13,16–18The nonmetallic behavior is justified as an e
ample of a Mott insulator.13,14,18Recently,ab initio density
functional calculations of Cs chains formation on t
InAs~110! surface have been reported, showing a insulat
(232) superstructure: the minimum energy configurati
was obtained for two distinct and inequivalent adsorpt
sites,19,20 confirming core-level photoemission results.21–24

The long-range ordering of the alkali nanowires, the pro
ability distribution of the chains, and a precise determinat
of the atomic geometry are required for a deeper understa
ing of this system.25

The aim of this paper is to provide the atomic geometry
the Cs chains and the mesoscopic properties~i.e., chain prob-
ability distribution! of self-assembled nanowires deposit
on the InAs~110! surface by surface x-ray diffraction. Ce
sium atoms, adsorbed on an InAs~110! surface, form chains
characterized by two inequivalent Cs adsorption sites an
slight modification of the substrate topmost layer, preserv
the topology of the relaxed III-V~110! surface. The alkali
chain self-assembling can be followed by analyzing the d
fuse scattering in the diffraction data on the basis of a pr
ability distribution of the pseudo (23n) reconstructions us-
ing the phase-matrix method.26,27 The Cs chain probability
distribution is far from a random process and in agreem
with STM observations.9 The study of the statistical distribu
©2002 The American Physical Society35-1
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tion of the Cs nanowires via the surface diffraction techniq
can be considered a model case to investigate the mesos
properties of long-range-ordered nanostructures and to d
mine the driving forces of self-assembly and se
organization on suitable surface templates.

II. EXPERIMENT

The InAs~110! single crystal was a polished wafer pr
vided by Wafer Technologies. The clean surface has b
obtained after subsequent cycles of sputtering and annea
Cesium was evaporated from well-outgassed resistiv
heated dispensers, keeping the base pressure with
310210 mbar during deposition. In the following the C
coverageQs51 corresponds to the saturation coverage
determined by Auger peak intensity.

The GIXD experiment was carried out at the wiggl
beamline DW12 of the DCI storage ring at the LURE sy
chrotron radiation facility, in an ultrahigh-vacuum~UHV!
chamber equipped with a six-circle diffractometer, coup
to sample preparation chambers containing all the ancil
equipment for crystal preparation and characterization.
grazing-incidence x-ray diffraction data were recorded wit
focused radiation of 15 keV at the critical incidence angle
total reflection on indium arsenide~ac5231023 rad at l
50.83 Å!. The base pressure in the chambers was kept
low 1310210 mbar (131028 Pa).

The InAs~110! (232) surface reciprocal unit cell is here
after labeled by theh and k indexes along the@11I 0# and
@001# directions, respectively. Integer-order diffraction da
have been first collected in the standard angular scan m
both at in-plane Bragg positions and along the integer r
normal to the surface. This procedure allowed a first ass
ment of the atomic positions in the surface unit cell. For
pseudo (23n) phase, withn depending on the chain dis
tance, a continuous intensity distribution was measured
the direction perpendicular to the chains.

III. RESULTS

A. „2Ãn… periodicity: LEED and diffuse scattering

We have followed the symmetry and periodicity evoluti
of the self-assembled Cs chains as a function of alkali c
erage, looking at the evolution of the low-energy electr
diffraction ~LEED! patterns. In Fig. 1 we report LEED pa
terns for the clean InAs~110! surface and at 35%, 45%, an
50% of Cs saturation coverageus . Electron diffraction data
show a pseudo-long-range-ordered (23n) symmetry, with
broad extra spots due to the ordering of the Cs chains.
position of the extra spots strongly depends on the Cs c
erage, as it shifts from the integer-order spots towards
midpoint of the reciprocal cell side in the@001# direction,
upon increasing Cs exposure. The evolution of the (23n)
superstructure can be related to the packing of the Cs ch
as a function of Cs coverage. The intensity distribution of
diffuse scattering in the direction perpendicular to the cha
measured by grazing-incidence x-ray diffraction, is expec
to present an analogous behavior. The diffuse x-ray sca
ing intensity evolution along thek direction at fixedh value
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is shown in Fig. 2~a!, for different Cs exposures~30%, 50%,
and 60% of the saturation coverage!. It confirms the (2
3n) periodicity, it shows maxima corresponding to the p
sition of the extra spots in the LEED patterns and t
maxima shift towards half orderk values at increasing cov
erage. The evolution of the LEED pattern and of the diffu
x-ray scattering can be explained following the Cs ch

FIG. 1. Low-energy electron diffraction patterns for th
InAs~110! clean surface~a!, at 35%~b!, 45%~c!, and 50%~d! of the
saturation coverageus . The stripes indicate a32 periodicity along
the @11I 0# direction ~present in all patterns even at low Cs cove
ages! and a3n superstructure along the direction@001# perpendicu-
lar to the chains withn decreasing as a function of Cs chain densi

FIG. 2. Diffuse scattering as measured by means Graz
incidence x-ray diffraction collected along thek reciprocal unit di-
rection ath50. Left panel: experimental data at 30%~a!, 50% ~b!,
and 60%~c! of saturation coverageus . Right panel: diffuse scat-
tering simulations using the diffuse matrix method for the cor
sponding Cs density at differentp andq probabilities.
5-2
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FIG. 3. Comparison between experimental~shaded semicircle! and best fit calculated~open semicircles! in-plane structure factors at thre
different Cs coverages 10%~a!, 20%~b!, and 35%~c!. The radius of the circle is proportional to the structural factor.
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packing, as deduced from STM.9 The STM topography
shows regular one-dimensional zigzag chains in the@110#
direction, constituted by couples of Cs atoms with a mut
couple-couple distance of about 8 Å, corresponding to tw
the surface cell lattice vector in the@11I 0# direction. The
parallel Cs wires are spaced by multiples of the surface
tice constant along the@001# direction. From the diffraction
data, at low coverage the (23n) superstructure has highn
values, corresponding to chain-chain distances in the ra
50–100 Å. At higher coveragen decreases, as the cha
packing increases, thus confirming a minimum chain-ch
distance of 12 or 18 Å, as observed by STM~2 or 3 times the
surface unit cell!. A simulation of the diffuse scattering as
function ofp andq probabilities is reported in Fig. 2~b!, and
it will be discussed in the last section. The probability of t
Cs/InAs(110)-(232) unit cell ~namedA block! to be fol-
lowed by a clean relaxed InAs~110! double unit cell~named
B block! is labeledp, andq is the probability of theB block
to be followed by theA block. TheA block introduced in the
simulation is the Cs/InAs(110)-(232) atomic geometry, as
deduced from the GIXD data reported in the followin
section.

B. Structural model

A complete set of 32 nonequivalent in-plane~hk! beams
has been collected atl 50.1 reciprocal space units. The ev
lution of ~hk! rods has been measured as a function ofl up to
a perpendicular momentum transfer of about 4 Å21. The dif-
fuse scattering due to the (23n) periodicity has been re
corded in thek direction, as previously reported in Fig. 2~a!.
The diffraction data have been collected at different Cs
posures~10%, 20%, 35%, and 50% of saturation covera
us! in order to follow the evolution of the chains structure
a function of the self-assembly.

The structure factors have been derived by applying
proper correcting factor to the integrated measured inte
ties, taking into account the variation of the Lorentz a
polarization factors and of the sample active area. The se
08533
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the in-plane reflections and of the rod scans have been c
pared with a structural model through a least-squares fit
minimization on the variable parameters allowing in-pla
and out-of-plane displacements. We have determined
atomic geometry of the Cs chains and of the underly
InAs~110! substrate at different Cs coverages using a
32) cell with ten independent atoms. The chain density
the surface has been taken into account, introducing a di
ent percentage of clean InAs~110! relaxed surface at differen
Cs chain coverages. The best fitting procedure is obtai
imposing the same atomic coordinates for the whole se
data at different Cs exposures, only changing the occupa
of Cs chains: OC50.12 for 10% ofus , OC50.3 for 20%,
OC50.5 for 35%, and OC50.75 for 50%. A set of structura
models has been tried to fit the in-plane structure facto
considering the constraints derived from complementary
perimental achievements.9,10 In fact, previous experimenta
results5 and theoretical investigations13 suggested that alkal
adsorption on III-V~110! surfaces would occur by a prefe
ential adsorption site close to the cation dangling bon
However, an atomic geometry of the chain with equivale
Cs sites can be excluded, since the Cs core-level photoe
sion spectra clearly show two different components with
energy shift of about 0.65 eV.22 Moreover, an atomic geom
etry with only one Cs adsorption site does not account for
attractive interaction between Cs adatoms leading to l
chains and appears to be more consistent with the forma
of a layer assembled via a random process. A further mo
deduced from recent theoretical calculations, has propos
stable atomic geometry of Cs on InAs~110! with a (232)
periodicity, where couples of Cs adatoms 6.57 Å distant
forming long stable chains.

The experimental and best-fit calculated structure fac
are reported in Fig. 3 for the in-plane data at different
coveragesu50.10us (x251.4), u50.20us (x251), andu
50.35us (x251) and in Fig. 4 for the rod scan atu
50.35us . The main difference in the structure factors is t
symmetry breaking with respect to thek50 plane and an
5-3
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increasing intensity of the diffracted peaks with thek50 and
h52,6,10 along the@11I 0# reciprocal bulk direction on in-
creasing the Cs chain density~Fig. 3!. Information about the
atomic displacements in the direction perpendicular to
surface can be obtained by fitting the set of rod scans
ported in Fig. 4.

A full structure determination has been achieved, and
resulting atomic geometry of the Cs chains for the (232)
superstructure is shown in Fig. 5. The proposed geom
confirms the presence of two nonequivalent Cs adsorp
sites ~Cs1 and Cs2!. In Table I we report the Cs1 and Cs2
atomic positions in the (232) surface unit cell and the
atomic position of the underlying InAs topmost layer.
Table II the Cs1-Cs2 distance and the bond lengths of the
adatoms with the In near neighbors are compared with
distances predicted byab initio total energy calculations.19,20

The atomic positions projected on the~110! surface plane
can be determined with a high degree of accuracy for
whole set of data, while the corresponding out-of-plane
sitions have a higher uncertainty as reported in Table I. T
Cs1 adatom is positioned along the In2 dangling bond, the
Cs2 adatom between the In3 and As3 atoms. Although the Cs
adsorption to the In dangling bonds seems energetically
vorable, the Cs1-Cs2 distance in the chain is 6.9 Å, lowe
than the Cs-Cs distance with equivalent adsorption sites
the cation surface atoms~7.5 Å!. The Cs-Cs distance is abou
50% larger than the bond length in bcc bulk metallic
~5.24 Å!. This scenario is in agreement with the topograp
deduced from the STM images,9 the theoretical predictions
of a Cs-Cs distance of 6.57 Å,20 and with the core-leve
photoemission results.21 From the STM images we can als
infer more complex structures like broad Cs chains at hig
coverage. In the present analysis, this structural configura
and the presence of a further clustering have not been ta
into account. They probably influence the structural fact
at higher coverage~more than 50% of saturation! where a
lower reliability factor has been obtained fitting the GIX
data.

FIG. 4. Experimental~dots! and best-fit calculated~solid line!
structure factors in the rod scans.
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The surface geometry of the topmost InAs~110! layer is
locally modified, while the relaxed configuration of the
and As atoms not bounded to the Cs chains is preserved~see
Fig. 5!. The In2 atom close to the Cs1 site moves outwards
reaching a position close to the ideal bulk site. The In2-Cs1
distance is 2.87 Å. The In3-Cs2 distance is larger~2.92 Å!
and an electronic-level rehybridization on the underlying A3
and In3 atoms is observed. The In3 is downward displaced
with respect to the relaxed surface position, as shown in
5. The nonequivalent adsorption sites, a prevalent cha
transfer between the Cs1 and In2 atoms, and a Cs1-Cs2 inter-
action mediated by the substrate are at the origin of the
tractive interaction between the adjacent coupled Cs adat
within each self-assembled nanowire. A deep understand
of the driving forces leading to the insulating nature can
accomplished with an accurate theoretical study of the ch
electronic properties considering the actual geometry. T
only band structure calculation, performed with a simi
atomic geometry, presents a state in the semiconductor
ergy gap due the complete filling of the In dangling bond
symmetric geometry with equivalent Cs sites is unfavora
and the band structure presents two degenerate semiocc

FIG. 5. Top view of the~110! plane considering the atomi
displacements deduced by the best-fitting procedure for the
32) Cs/InAs~110! phase. The Cs adatoms are labeled showing
equivalent adsorption sites~Cs1 and Cs2! along the chain; the top-
most and second InAs layers are reported.~b! Side view of the Cs
adatoms and InAs underlying layers.
5-4
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ATOMIC GEOMETRY AND PROBABILITY . . . PHYSICAL REVIEW B66, 085335 ~2002!
~metalliclike! ~Ref. 20! bands. Preliminary angular-resolve
photoemission experiments show a Cs-induced electr
band which is dispersive in the@11I 0# direction, associated
with the chain and well below the Fermi energy, confirmi
the absence of a density of states at the Fermi energy in
whole surface Brillouin zone.

C. Analysis of the diffuse scattering:
Model for the „2Ãn… phase

The occurrence of a pseudo (23n) phase has bee
clearly observed in the LEED patterns and attested to
measuring the diffuse scattering in the grazing-incide
x-ray experiment as reported in Figs. 1 and 2. The analysi
the diffuse scattering can give further confirmation of t
atomic geometry of the Cs chains and useful information
the mesoscopic properties of the self-assembling pro
~i.e., probability distribution of the chain-chain distance!.

The evolution of the (23n) superstructure can be relate
to the distances between the Cs chains as a function o
coverage, in agreement with the statistical distribution
duced by scanning tunneling microscopy topography. T
diffuse scattering distribution can be derived by a theoret
simulation considering a sequence ofA andB blocks, where
the A block represents the structural model of t
Cs/InAs(110)-(232) unit cell and theB block represents
the (132) clean relaxed InAs~110! double unit cell. A sche-

TABLE I. Atomic coordinates derived from the best fit of th
x-ray diffraction data and referred to the 232 unit cell. ~a1

58.567 Å, b1512.116 Å,c154.284 Å.! See Fig. 4 for identifica-
tion of atom labels.

x y z

Cs1 0.0060.01 0.3060.01 0.9460.05
Cs2 0.4960.01 0.8560.01 0.7560.05
In 0.00060.005 0.03260.005 0.3960.02

As1 0.25060.005 0.14060.005 0.6160.02
In2 0.00060.005 0.50660.005 0.6160.02
As2 0.25060.005 0.61560.005 0.5660.02
In3 0.50060.005 0.06260.005 0.4360.02
As3 0.75060.005 0.14060.005 0.6160.02
In4 0.50060.005 0.53260.005 0.3960.02
As4 0.75060.005 0.61560.005 0.5660.02

TABLE II. Bond distances in Å of Cs and the substrate atoms
obtained from the best fit of the GIXD data. In Ref. 19 the inequi
lent Cs adsorption sites are along In2 and As2 dangling bo
respectively, while in Ref. 20 are along the In2 and In3 dangl
bonds.

dCs1-Cs2

~Å!
dCs1-In2

~Å!
dCs2-In3

~Å!
dCs2-As2

~Å!

GIXD 6.960.2 2.8760.1 2.9260.1
Theory ~Ref. 19! 6.99 3.74 3.73

~Ref. 20! 6.57
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matic view of this sequence is reported in the top pane
Fig. 6. The simulation of the diffuse scattering distributio
calculated with the phase-matrix method, is a function of t
probabilitiesp(BA), which is the probability of theA block
to be followed by theB block, andq(AB), which is the
probability of theB block to be followed by theA block.

In Fig. 6 we compare the diffuse scattering experimen
data ~a! at 40% of saturation coverage and the theoreti
simulations for different structural models proposed:~b!
the model deduced from the best fit of the GIXD experime
tal results reported in Fig. 5,~c! the atomic structure with

FIG. 6. Upper panel: InAs~110! plane with Cs adatoms in the
reconstructed (232) unit cell ~A block! alternate with the clean
InAs surface with a (132) unit cell ~B block!. The sequenceABAB
with a (233) periodicity is simulated withp51 andq51, while a
sequenceAAAhas ap50 andq51 probability.~a! Diffuse scatter-
ing experimental data at 0.4QS compared with different structura
models.~b! Geometry obtained from the best fit of present GIX
data.~c! Single Cs adsorption site as reported in Refs. 5 and 13.~d!
Geometry deduced from theoretical calculations reported in Ref.
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TABLE III. Probability distribution~p, q! of the Cs chains as a function of Cs exposureu. The Cs chain
distance is reported as a multiple of the lattice vectora0 ~6.058 Å! of the (131) InAs~110! substrate unit
cell. The percentage of Cs distance, the chain average distanceLave, and the chain density~occupancy OC!
are derived from the phase matrix simulation. The results are compared with the statistical distr
deduced from the STM topography.

Cs
coverage p q

Cs chain distance

2a0 ~12 Å! 3a0 ~18 Å! 4a0 ~24 Å! Lave ~Å! OC

0.3us 0.7 0.7 30% 49% 15% 18.2 0.55
0.4us 0.6 0.8 40% 48% 10% 16.7 0.75
0.5us 0.5 0.9 50% 45% 5% 15.5 0.78
0.6us 0.4 0.9 60% 36% 4% 14.8 0.82
0.48us

STM ~Ref. 9!
57% 40% 3% 15
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equivalent Cs adsorption sites bonded to the In cations,
~d! the theoretical model deduced from the first-princip
calculations reported in Ref. 21. Our model~b! is in very
good agreement with the whole set of diffuse scattering
perimental data as can be observed also for the diffe
occupancies of the Cs chains reported in Fig. 2~b!.

From the probability parameters~p, q! derived from the
phase-matrix simulation, we can deduce the chain den
the average chain distance (Lave), and the occupancy of the
Cs chains for the (23n) incommensurate phases, as d
played in Table III. At 0.3us , with p50.7 andq50.7, we
derive 30% of probability to have Cs chains distant 12
49% distant by 18 Å, and 15% distant by 24 Å, with a
average chain distanceLave of about 18.2 Å. At this cover-
age, 55% of the InAs~110! surface is covered with Cs chain
When increasing the Cs chains density, the average c
distance saturates at a value of about 15 Å, with 60% of
chains distant twice the InAs~110! substrate unit cell and
36% distant by three timesa0 . The Cs-chain distance distri
bution is in very good agreement with the STM statistic
investigations, reported in Ref. 9, as shown in Table III.
the last column of Table III the ratio of Cs-chain-filled su
face obtained by the simulation of the diffuse scattering d
tribution is reported; the behavior is in really good agreem
with the occupancy parameters previously obtained by
fitting procedure of the in-plane diffracted intensities.
-
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IV. CONCLUSIONS

A comparative study of the atomic geometry and the m
soscopic properties of the Cs chains by means of diffrac
techniques is presented. The alkali chains are constitute
adjacent couples of Cs adatoms with two adsorption s
The analysis of the diffuse scattering along thek reciprocal
axis gives useful information to determine the probabi
distribution of the nanowires at different Cs coverages
confirms the structural model proposed. The mesosc
properties of the self-assembled chains show a probab
distribution of the chain distances far removed from the
ponential distribution of a random nucleation process. A
determination of the electronic band structure of the
chains is clearly needed in order to disentangle the influe
of correlation effects and/or atomic geometry on the insu
ing character of alkali chains deposited on III-V~110! sur-
faces.
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