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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 InfA4.0 surface in the form of long chains extending for several hundreds ang-
stroms along th¢110] direction, leading to a (& n) periodicity, with n depending on the mean distance
between the alkali chains. We have investigated the evolution of then]{Zuperstructure 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 A,
much larger than the Cs-Cs bond length in bcc bulk metallic Cs.
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I. INTRODUCTION the alkali adatoms in the channels between the substrate
chainst®13

The design of nanoscale devices requires the fabrication Despite a great research effort devoted to alkali nanow-
of nanostructures with a well-controlled architecture at theres, several questions are still open regarding the atomic
atomic scale. Two avenues are presently being exploited igeometry and its specific interrelationship with the electronic
which nanostructures are constructed using surface teclproperties. Cesium chains self-assembled on (1) sur-
niques. The first approach involves manipulation of indi-faces are insulating in the whole coverage ralfg@Several
vidual atoms or molecules with a scanning tunneling micro-theoretical approaches have been applied to study the elec-
scope (STM) tip, while an alternate method is to use tronic structure of alkali metals on 1I{410 surfaces. A
templates to pattern the overlayer growth. Self-organizatiorsimple atomic geometry is generally assumed, with a single
and self-assembly on a solid surface is a promising alternaalkali atom adsorption site close to the substrate
tive for growing uniform nanostructures with regular size cation'**~8The nonmetallic behavior is justified as an ex-
and spacindg° Alkali metals adsorbed on suitable substratesample of a Mott insulatol***'8Recently,ab initio density
are appealing model systems to investigate the selffunctional calculations of Cs chains formation on the
assembling of nanowires. As a prototype of these system$nAs(110 surface have been reported, showing a insulating
Cs adatoms deposited on 1lI(Y10 surfaces self-assemble, (2X2) superstructure: the minimum energy configuration
forming chains extending for several hundreds angstroths. was obtained for two distinct and inequivalent adsorption

Scanning tunneling microscopy studies have yielded consites!®?° confirming core-level photoemission resifits®*
siderable insight into the local structure of alkali nanowires,The long-range ordering of the alkali nanowires, the prob-
showing the local atomic topography for Cs deposited orability distribution of the chains, and a precise determination
GaAg110), InSh(110, and InA$110 substrates-® The Cs  of the atomic geometry are required for a deeper understand-
adatoms form regular one-dimensionfdD) zigzag chains ing of this systent>
oriented along th¢110] direction even at a very low cov- The aim of this paper is to provide the atomic geometry of
erage. The distribution of the Cs chain distances is always fahe Cs chains and the mesoscopic propefties chain prob-
removed from the exponential distribution typical of a ran-ability distribution of self-assembled nanowires deposited
dom process. The chains repel each other if@04] direc- on the InA$110 surface by surface x-ray diffraction. Ce-
tion even when their mutual distance is larger than 50 A.sium atoms, adsorbed on an IfA%0) surface, form chains
Generally, alkali atoms adsorbed on metallic substratesharacterized by two inequivalent Cs adsorption sites and a
spread out owing to the long-range repulsion induced byslight modification of the substrate topmost layer, preserving
strong dipolar interaction¥;'! while they occupy 1D chan- the topology of the relaxed I1I-{110) surface. The alkali
nels when deposited on tli&10) surfaces of noble metals in chain self-assembling can be followed by analyzing the dif-
the presence of missing-row reconstructed surfat@stal  fuse scattering in the diffraction data on the basis of a prob-
energy calculations for alkali deposited on II[AAL0 sur-  ability distribution of the pseudo (2n) reconstructions us-
faces show a topology of the energy surface with a highing the phase-matrix methd@?’ The Cs chain probability
anisotropy perpendicular to ti@ 10] direction and a small distribution is far from a random process and in agreement
barrier parallel to the chain direction, favoring a migration ofwith STM observations.The study of the statistical distribu-
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tion of the Cs nanowires via the surface diffraction technique
can be considered a model case to investigate the mesoscopic
properties of long-range-ordered nanostructures and to deter-
mine the driving forces of self-assembly and self-
organization on suitable surface templates.

Il. EXPERIMENT

The InAg110 single crystal was a polished wafer pro-
vided by Wafer Technologies. The clean surface has been
obtained after subsequent cycles of sputtering and annealing.
Cesium was evaporated from well-outgassed resistively
heated dispensers, keeping the base pressure within 2 R
X 10 19 mbar during deposition. In the following the Cs
coverage® =1 corresponds to the saturation coverage as
determined by Auger peak intensity.

The GIXD experiment was carried out at the wiggler
beamline DW12 of the DCI storage ring at the LURE syn-
chrotron radiation facility, in an ultrahigh-vacuufuHV)
chamber equipped with a six-circle diffractometer, coupled FIG. 1. Low-energy electron diffraction patterns for the
to sample preparation chambers containing all the ancillarjnAS(110 clean surfacéa), at 35%(b), 45%(c), and 50%4(d) of the
equipment for crystal preparation and characterization. Th&aturation coveragés. The stripes indicate 22 periodicity along

grazing-incidence x-ray diffraction data were recorded with an€ [ 110] direction (present in all patterns even at low Cs cover-

focused radiation of 15 keV at the critical incidence angle for29es and axn superstructure along the directifi01] perpendicu-
total reflection on indium arsenidey=2x 10-3 rad at\ lar to the chains wittm decreasing as a function of Cs chain density.

=0.83 A). The base pressure in the chambers was kept be- N .
low 1X 1)0_10 mbar (]E( 108 Pa) P (?s shown in Fig. 2a), for different Cs exposure@0%, 50%,

The INAg110 (2 2) surface reciprocal unit cell is here- and 60% qf_thg saturation qoveragét conflrms the (2
after labeled by thér and k indexes along th&110] and ><p) periodicity, it shows maxima corresponding to the po-
[001] directions, respectively. Integer-order diffraction datas't'on of the extra spots in the LEED patterns_ and the
have been first collected in the standard angular scan modg1axima shift tOW?‘de half order values at increasing cov-
both at in-plane Bragg positions and along the integer rod§'a9e- The e_volut|on of the LEED pattern _and of the dlffus_e
normal to the surface. This procedure allowed a first assigrff'ray scattering can be explained following the Cs chain

ment of the atomic positions in the surface unit cell. For the

pseudo (X n) phase, withn depending on the chain dis- (@) 0.30
tance, a continuous intensity distribution was measured in . * i’>
the direction perpendicular to the chains. i',

lll. RESULTS m é & J\/

A. (2Xn) periodicity: LEED and diffuse scattering

[,

()

We have followed the symmetry and periodicity evolution 058 ”
of the self-assembled Cs chains as a function of alkali cov-

erage, looking at the evolution of the low-energy electron |

diffraction (LEED) patterns. In Fig. 1 we report LEED pat- @%f é%
terns for the clean InA410) surface and at 35%, 45%, and &
50% of Cs saturation coveragk. Electron diffraction data ©
show a pseudo-long-range-orderedx(2) symmetry, with
broad extra spots due to the ordering of the Cs chains. The |
position of the extra spots strongly depends on the Cs cov- p=0.4

erage, as it shifts from the integer-order spots towards the w q=0.9
midpoint of the reciprocal cell side in tH&®01] direction, L o, % . .

upon increasing Cs exposure. The evolution of thex (3 2 38 4 5 2 3 4 5 6
superstructure can be related to the packing of the Cs chains gig. 2. Diffuse scattering as measured by means Grazing-
as a function of Cs coverage. The intensity distribution of th@ncidence x-ray diffraction collected along theeciprocal unit di-
diffuse scattering in the direction perpendicular to the chainssection ath=0. Left panel: experimental data at 30%, 50% (b),
measured by grazing-incidence x-ray diffraction, is expecteénd 60%(c) of saturation coveragés. Right panel: diffuse scat-

to present an analogous behavior. The diffuse x-ray scattetering simulations using the diffuse matrix method for the corre-
ing intensity evolution along thk direction at fixedh value  sponding Cs density at differeptand q probabilities.
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FIG. 3. Comparison between experimerisiladed semicircjeand best fit calculatebpen semicirclesin-plane structure factors at three
different Cs coverages 10%), 20%b), and 35%(c). The radius of the circle is proportional to the structural factor.

packing, as deduced from STMThe STM topography the in-plane reflections and of the rod scans have been com-
shows regular one-dimensional zigzag chains in [thB)]  pared with a structural model through a least-squares fitting
direction, constituted by couples of Cs atoms with a mutuaminimization on the variable parameters allowing in-plane
couple-couple distance of about 8 A, corresponding to twiceind out-of-plane displacements. We have determined the
the surface cell lattice vector in tHel 10] direction. The  atomic geometry of the Cs chains and of the underlying
parallel Cs wires are spaced by multiples of the surface latmas(110) substrate at different Cs coverages using a (2
tice constant along thi01] direction. From the diffrac_tion x2) cell with ten independent atoms. The chain density on
data, at low coverage the t2n) superstructure has high e syrface has been taken into account, introducing a differ-
values, correspopdmg to chain-chain distances in the ranggn percentage of clean Inf4.0) relaxed surface at different
50-100 A. At higher coverage decreases, as the chain g cpain coverages. The best fitting procedure is obtained

packing increases, thus confirming a minimum Ch"’"n'Ch‘r’“r?mposing the same atomic coordinates for the whole set of

A e 12, dataal ciferent Cs xposures, oy changing e occupancy
g of Cs chains: 0OG&0.12 for 10% of6s, OC=0.3 for 20%,

function of p andq probabilities is reported in Fig.(B), and a
it will be discussed in the last section. The probability of theOC_ 0.5 for 35%, and O 0.75 for 50%. A set of structural

Cs/INAs(110-(2x 2) unit cell (namedA block) to be fol- modc_als has been tried_to fit tr_]e in-plane structure factors,
lowed by a clean relaxed InA&LO) double unit cellnamed con_S|der|ng the. constraints derived from complemgntary ex-
B block) is labeledp, andq is the probability of thed block ~ Perimental ach|evelmen_sisl.O In fact, previous experimental
to be followed by theA block. TheA block introduced in the results gnd theoretical investigatiohssuggested that alkali
simulation is the Cs/InAs(139(2x 2) atomic geometry, as 2dsorption on 111-\\(110) surfaces would occur by a prefer-

deduced from the GIXD data reported in the following ential adsorption s_ite close to the catior_w da_ngling _bonds.
section. However, an atomic geometry of the chain with equivalent

Cs sites can be excluded, since the Cs core-level photoemis-
sion spectra clearly show two different components with an
energy shift of about 0.65 €A% Moreover, an atomic geom-

A complete set of 32 nonequivalent in-plati& beams etry with only one Cs adsorption site does not account for the
has been collected &t 0.1 reciprocal space units. The evo- attractive interaction between Cs adatoms leading to long
lution of (hk) rods has been measured as a functiohugf to  chains and appears to be more consistent with the formation
a perpendicular momentum transfer of about 4-AThe dif-  of a layer assembled via a random process. A further model,
fuse scattering due to the ¥n) periodicity has been re- deduced from recent theoretical calculations, has proposed a
corded in thek direction, as previously reported in Fig.a stable atomic geometry of Cs on InA40 with a (2X2)

The diffraction data have been collected at different Cs experiodicity, where couples of Cs adatoms 6.57 A distant are
posures(10%, 20%, 35%, and 50% of saturation coverageforming long stable chains.

6,) in order to follow the evolution of the chains structure as  The experimental and best-fit calculated structure factors
a function of the self-assembly. are reported in Fig. 3 for the in-plane data at different Cs

The structure factors have been derived by applying theoverages#=0.100, (x?>=1.4), 6=0.2005 (x>=1), and @
proper correcting factor to the integrated measured intensi=0.350; (x?=1) and in Fig. 4 for the rod scan af
ties, taking into account the variation of the Lorentz and=0.35)s. The main difference in the structure factors is the
polarization factors and of the sample active area. The sets glymmetry breaking with respect to thke=0 plane and an

B. Structural model
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FIG. 4. Experimentaldoty and best-fit calculateésolid line)
structure factors in the rod scans.

increasing intensity of the diffracted peaks with #vx0 and
h=2,6,10 along thg 110] reciprocal bulk direction on in-

creasing the Cs chain densityig. 3). Information about the (b)
atomic displacements in the direction perpendicular to the @\@

surface_ can be obtained by fitting the set of rod scans re-  ,, Asl% @
ported in Fig. 4. /

A full structure determination has been achieved, and the ../ ) g~ Nay X \i’
resulting atomic geometry of the Cs chains for thex@) ? \t;’:(._ "
superstructure is shown in Fig. 5. The proposed geometry
confirms the presence of two nonequivalent Cs adsorption FIG. 5. Top view of the(110 plane considering the atomic
sites (Cs; and Cs). In Table | we report the Gsand Cs displacements deduced by the best-fitting procedure for the (2
atomic positions in the (22) surface unit cell and the X*2) Cs/inA4110 phase. The Cs adatoms are labeled showing in-
atomic position of the underlying InAs topmost layer. In equivalent adsorption sitd€s, and Cs) along the chain; the top-
Table Il the Cs-Cs, distance and the bond lengths of the CsMmost and second InAs layers are repori@l.Side view of the Cs
adatoms with the In near neighbors are compared with th@datoms and InAs underlying layers.
distances predicted bab initio total energy calculation’s:?°
The atomic positions projected on tli#10) surface plane The surface geometry of the topmost IfAK0) layer is
can be determined with a high degree of accuracy for théocally modified, while the relaxed configuration of the In
whole set of data, while the corresponding out-of-plane poand As atoms not bounded to the Cs chains is presepes
sitions have a higher uncertainty as reported in Table I. Thé&ig. 5. The In, atom close to the Gssite moves outwards,
Cs, adatom is positioned along the,ldangling bond, the reaching a position close to the ideal bulk site. The Gy,

Cs, adatom between the Jrand As atoms. Although the Cs distance is 2.87 A. The JaCs, distance is large(2.92 A)
adsorption to the In dangling bonds seems energetically faand an electronic-level rehybridization on the underlying As
vorable, the CsCs, distance in the chain is 6.9 A, lower and Iny atoms is observed. The dris downward displaced
than the Cs-Cs distance with equivalent adsorption sites owith respect to the relaxed surface position, as shown in Fig.
the cation surface atontg.5 A). The Cs-Cs distance is about 5. The nonequivalent adsorption sites, a prevalent charge
50% larger than the bond length in bcc bulk metallic Cstransfer between the €and In, atoms, and a GsCs; inter-
(5.24 A). This scenario is in agreement with the topographyaction mediated by the substrate are at the origin of the at-
deduced from the STM imagéshe theoretical predictions tractive interaction between the adjacent coupled Cs adatoms
of a Cs-Cs distance of 6.57 & and with the core-level within each self-assembled nanowire. A deep understanding
photoemission resulfs.From the STM images we can also of the driving forces leading to the insulating nature can be
infer more complex structures like broad Cs chains at higheaccomplished with an accurate theoretical study of the chain
coverage. In the present analysis, this structural configuratioelectronic properties considering the actual geometry. The
and the presence of a further clustering have not been takemly band structure calculation, performed with a similar
into account. They probably influence the structural factorsatomic geometry, presents a state in the semiconductor en-
at higher coveragémore than 50% of saturatiprwhere a  ergy gap due the complete filling of the In dangling bond. A
lower reliability factor has been obtained fitting the GIXD symmetric geometry with equivalent Cs sites is unfavorable
data. and the band structure presents two degenerate semioccupied
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TABLE |. Atomic coordinates derived from the best fit of the
x-ray diffraction data and referred to thex2 unit cell. (a®
=8.567 A,b'=12.116 A,c'=4.284 A) See Fig. 4 for identifica-

PHYSICAL REVIEW B 66, 085335 (2002

A block

B block

e Je (e (e

tion of atom labels. Q“\ ‘\z
/ g
X y z | we| 14 e
Q< @« o
Cs 0.00+0.01 0.30:0.01 0.94-0.05 €| e Le /.{(
Cs, 0.49+0.01 0.85-0.01 0.75-0.05 - ©<¢ ©
In 0.000+0.005 0.032-0.005 0.3%0.02 i 0.40
As; 0.250+0.005 0.146-0.005 0.610.02 s
In, 0.000+0.005 0.506:0.005 0.61-0.02 J
As, 0.250+0.005 0.615:0.005 0.56-0.02
Ing 0.500+0.005 0.062-0.005 0.43-0.02 b
As; 0.750+0.005 0.146-0.005 0.61-0.02
Ing 0.500+0.005 0.532-0.005 0.3%0.02 i
As, 0.750+0.005 0.615-0.005 0.56:0.02

(metalliclike) (Ref. 20 bands. Preliminary angular-resolved
photoemission experiments show a Cs-induced electronic
band which is dispersive in thel 10] direction, associated
with the chain and well below the Fermi energy, confirming
the absence of a density of states at the Fermi energy in the
whole surface Brillouin zone.

C. Analysis of the diffuse scattering:
Model for the (2Xn) phase

The occurrence of a pseudo X21) phase has been
clearly observed in the LEED patterns and attested to by
measuring the diffuse scattering in the grazing-incidence
x-ray experiment as reported in Figs. 1 and 2. The analysis of
the diffuse scattering can give further confirmation of the
atomic geometry of the Cs chains and useful information on
the mesoscopic properties of the self-assembling process
(i.e., probability distribution of the chain-chain distahce

The evolution of the (X n) superstructure can be related

Intensity (arb.un.)

(S

4 5 6
K-scan

to the distances between the Cs chains as a function of Cs G, 6. Upper panel: InA410) plane with Cs adatoms in the
coverage, in agreement with the statistical distribution dereconstructed (2 2) unit cell (A block) alternate with the clean

duced by scanning tunneling microscopy topography. ThenAs surface with a (X 2) unit cell (B block). The sequencABAB
diffuse scattering distribution can be derived by a theoreticalvith a (2x 3) periodicity is simulated witlp=1 andq=1, while a

simulation considering a sequencefofndB blocks, where
the A block represents the structural model

sequenc@AAhas ap=0 andg=1 probability.(a) Diffuse scatter-
of theing experimental data at 0@g compared with different structural

Cs/InAs(110-(2%2) unit cell and theB block represents models.(b) Geometry obtained from the best fit of present GIXD

the (21X 2) clean relaxed InA410 double unit cell. A sche-

data.(c) Single Cs adsorption site as reported in Refs. 5 andd)3.
Geometry deduced from theoretical calculations reported in Ref. 10.

TABLE Il. Bond distances in A of Cs and the substrate atoms as
obtained from the best fit of the GIXD data. In Ref. 19 the inequiva-matic view of this sequence is reported in the top panel of
lent Cs adsorption sites are along In2 and As2 dangling bondsjg. 6. The simulation of the diffuse scattering distribution,
respectively, while in Ref. 20 are along the In2 and In3 danglingca|culated with the phase-matrix method, is a function of two

probabilitiesp(BA), which is the probability of thé\ block
to be followed by theB block, andg(AB), which is the

bonds.
dCsl-CsZ dCsl-ln2 dCsZ-Ina dCsz-Asz
R) A) A) A)
GIXD 6.9+0.2 2.870.1 2.92:0.1
Theory(Ref. 19 6.99 3.74 3.73
(Ref. 20 6.57
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probability of theB block to be followed by the\ block.

In Fig. 6 we compare the diffuse scattering experimental
data(a) at 40% of saturation coverage and the theoretical
simulations for different structural models proposedb)
the model deduced from the best fit of the GIXD experimen-
tal results reported in Fig. 5¢) the atomic structure with
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TABLE 1. Probability distribution(p, g) of the Cs chains as a function of Cs exposar&@he Cs chain
distance is reported as a multiple of the lattice veelg(6.058 A of the (1x 1) InAs(110) substrate unit
cell. The percentage of Cs distance, the chain average distapgeand the chain densitfoccupancy OC
are derived from the phase matrix simulation. The results are compared with the statistical distribution
deduced from the STM topography.

Cs chain distance

Cs
coverage p q 2a, (12 A) 3a, (18 A)  4a, (24 A Love (A) ocC
0.365 0.7 0.7 30% 49% 15% 18.2 0.55
0.464 0.6 0.8 40% 48% 10% 16.7 0.75
0.564 0.5 0.9 50% 45% 5% 15.5 0.78
0.66, 0.4 0.9 60% 36% 4% 14.8 0.82
0.484 57% 40% 3% 15
STM (Ref. 9

equivalent Cs adsorption sites bonded to the In cations, and IV. CONCLUSIONS

(d) the theoretical model deduced from the first-principles
calculations reported in Ref. 21. Our mode) is in very
good agreement with the whole set of diffuse scattering ex

A comparative study of the atomic geometry and the me-
soscopic properties of the Cs chains by means of diffraction
: . fechniques is presented. The alkali chains are constituted by
perimental data as can be observed also for the differenigjacent couples of Cs adatoms with two adsorption sites.
occupancies of the Cs chains reported in Fig).2 The analysis of the diffuse scattering along theeciprocal

From the probability parametetp, q) derived from the  4yis gives useful information to determine the probability
phase-matrix simulation, we can deduce the chain densityjjstripution of the nanowires at different Cs coverages and
the average chain distance(¢, and the occupancy of the confirms the structural model proposed. The mesoscopic
Cs chains for the (&n) incommensurate phases, as dis-properties of the self-assembled chains show a probability
played in Table Ill. At 0.9, with p=0.7 andg=0.7, we  distribution of the chain distances far removed from the ex-
derive 30% of probability to have Cs chains distant 12 A, ponential distribution of a random nucleation process. A full
49% distant by 18 A, and 15% distant by 24 A, with an determination of the electronic band structure of the Cs
average chain distande,, of about 18.2 A. At this cover- chains is clearly needed in order to disentangle the influences
age, 55% of the InA410) surface is covered with Cs chains. of correlation effects and/or atomic geometry on the insulat-
When increasing the Cs chains density, the average chaifg character of alkali chains deposited on IO sur-
distance saturates at a value of about 15 A, with 60% of caces.
chains distant twice the InA%10) substrate unit cell and
36% distant by three times,. The Cs-chain distance distri-
bution is in very good agreement with the STM statistical ~We thank Yves Garreau for the experimental support and
investigations, reported in Ref. 9, as shown in Table Ill. Infruitful discussions. We thank Oscar Moze for a critical read-
the last column of Table Il the ratio of Cs-chain-filled sur- ing of the manuscript. The European Union, under the Large
face obtained by the simulation of the diffuse scattering disinstallation Project, is warmly thanked for the support to
tribution is reported; the behavior is in really good agreementvork at LURE. This research is financed by the Ministero
with the occupancy parameters previously obtained by th@er I'Universitae per la Ricerca Scientifica e Tecnologica
fitting procedure of the in-plane diffracted intensities. and by the Consiglio Nazionale delle Ricerd@N\R).
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