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One-dimensiona{1D) potassium chains, obtained on the I0AK) surface, are studied by scanning tun-
neling microscopySTM). The (2 X n) symmetry in the low energy electron diffraction pattern, becoming a
c(2X 6) structure at the completion of the first layer, is explained by the various spBcingtween alkali
chains in thg001] direction. The distribution ob as a function of the chain density suggests the presence of
a repulsive interaction among the chains, which drives the self-assembling of the 1D structures. The origin of
the interaction is discussed in comparison with the model proposed for the C&lIhinterface, showing
the general validity of the model for this class of chain structures. The atomic structure of an isolated chain is
investigated by high-resolution STM images, revealing the asymmetry in the charge density induced by K
adatoms and a modification of the As-related charge density of the topmost substrate layer.
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I. INTRODUCTION adatoms. Such geometry, corresponding to(2X 2) unit
A widespread interest in low-dimensional structures iscell. has bel(23r117t1he base to justify the insulating ”at“rezg’f the
growing, as techniques are becoming available to producgS chaind" 271N terms of electron correlation effect’
new artificial architectures with regular size and spacing recent theoretical calculatidhproposed an alternative ex-

controlled at the atomic scale. The low dimensionality Ofplanation by considering unbalanced charge transfer between

such structures is providing a specific field to investigatethe alkali metals and the unoccupied dangling bonds of the

physical properties different from bulk? and can be ob- substrate, giving rise to @(2x2) unit cell. The different

tained using suitable templates to pattern overlayer grovvthc.harge transfer, mduc_mg th_e splitting of Fhe pa”'f”‘”y occu-
like stepped surfaces® or inducing chain-like recon- pied surface band, gives rise to a semiconducting system

structions® or assembling adsorbates on anisotropicwlthoutmcludlngcorrelatlon effectd,questioning the valid-

surfaced%1® The most efficient mechanism is the self- ' Of the generally accepted explanation of such systems in
assembling in which mutual interactions of simple buildingterms of Mott-Hubbard insulatof.In particular, this work

blocks (atoms or moleculgsgive rise to well-defined and predicts a STM image in which only a single electronic

) 1 . .
regular structures, with dimensions ranging from few na—?IOUd is present for K on InA410.=" Despite extensive

nometer to hundreds of nanometers investigation of alkali adsorption on IlI-V substrates, only
Cesium adsorbed on 111{10) semiconductor surfaces is rgcently we have shown the possibility to fa.\b.ncate potas-

the only alkali metal that has been experimentally observe?l'é"triz ;rr](?vl\?tz 22ntgizéggg$;r2v?;iggcae Vszlyog';n;fé:% mi z;

;‘g;ofror? f:ﬁs'njfo:"::;?:e?eoﬂg%imfhlg];{gﬁfigOgnzn:Ig)é:re:rﬂ; perimental investigations to low-dimensional chains made by

e a different alkali metal.
structure of the Cs chains is still debated. The Cs/[1A§) The aim of our paper is therefore to present the study of

atomic geometry proposed by recent surface x-ray diffractior _induced chains on INA410 in order clarify the atomic

data;* evidences two unequivalent adsorption sites f?Gr CSstructure and symmetry of the alkali chains, and compare to
adatoms, in agreement with core-level investigatitns: the most recent theoretical hypothesis. This work is showing

Previous scarﬂwilrzlg tunneling microsco§TM) images on 44 the self-organization process is actually taking place also
Cs/GaAs$110 " have been interpreted in terms of the for- ¢, notassium and can therefore be a general model of alkali

mation of a symmetric zig-zag chain along tliel0] direc-  chain formation on I1l-\(110) substrates. STM images on a
tion, with a single adsorption site for the couple of alkali single chain reveal the twofold symmetry of the electron
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(a)

charge density distribution due to the K adatoms in[ttH)]
direction. The modification of the As-related charge density,
observed in the vicinity of the chain, and the strong asym-
metry in K-related charge density is discussed considering
the atomic model and the symmetry of the system.

Il. EXPERIMENTAL DETAILS

The InAg110) single crystal is am-type doped specimen
(n=4x 10 cm®) and the(110) clean surface has been ob-
tained by several cycles of sputteriigr+,Ep=600 e\)
and annealing at 720 K. The average terrace width of the
clean surface observed by STM is about 120 nm. Pure po-
tassium has been evaporated from a well-outgassed SAES
Getters alkali metal dispenser on the substrate hold at 420 K,
with the pressure kept below>21071° mbar. In the follow-
ing, Osa7 is the K saturation coverage, that corresponds to
the completion of a second overlayer, estimated from the
STM images to be 0.42+0.07 Miwith 1 ML defined as
two K atoms per surface unit cgll

The STM experiments have been performed at the INFM
Nanoscience Laboratory of the Universita Cattolica del
Sacro CuorgBrescia, Italy on an OMICRON STM/SEM/
SAM UHV system (base pressure 225101 mbay,
equipped with ancillary facilities for sample preparation and
quality control. STM images have been collected at negative
sample-to-tip biases ranging from -1.3 V to -2.5 V, in con-
stant current mod€0.1—-0.3 nA. Tungsten tips have been
prepared by chemical etching method in a 2N NaOH solu-
tion and subsequently bombarded in ultra high vacuum with
high energy electron@ip to 1 ke\j to eliminate residual tip
contamination. Length scale calibration of images has been FIG. 1. Low energy electron diffraction patterns taken at 23 eV
performed by comparison to the In4.0) substrate surface of primary electron energy for the In&kl0) clean surfacga) and
lattice spacing, clearly identifiable in the STM pictures. at K coverage ofb) #=0.25 6557, and(c) 6=0.4 fsa7. The potas-
sium is deposited on the InAELO) surface kept at 420 K tempera-
ture. The stripes indicate a twofold periodicity along {Ad0] di-
rection and ann-fold superstructure along thg001] direction

Symmetry and |ong_range Ordering of the K chains deposperpendicular to the chains, with decreasing as a function of K
ited on the InA§110) surface have been studied by low- chain density until the formation of th&2 X 6) periodicity (c).

energy electron-diffractiotLEED). The LEED patterns for a simple way of measuring the chain to chain distaiiein
the clean InAgL10) surface and for the K/INAS10) inter-  omg of the substrate lattice constagtalong the[001] di-
face at increasing alkali depositioni®=0.250sar and 0 rection(ay,=0.604 nn. In Fig. Ab) is plotted the height pro-
=0.3865x7) are displayed in Figs. (&-1(c). The twofold e of the STM line scan marked in Fig(@ which presents
symmetry, visible even at low K coverage, is given by they, main peaks, corresponding to the center of two K chains.
presence of extra-stripes located between the integer ordgfe gistanceD between the center of the two chains is 10
spots of the(1x 1)InAs reciprocal unit cell along thEl10]  timesa,, as well as the distance among other chains is al-
direction. The stripes, extending along tf®01] direction, ways an integer multiple ofiy(D=nXag). The presence of
suggest the presence of amfold symmetry, withn de-  different values ofD observed in the STM image at each
creasing as a function of increasing K coverage. At thecoverage explains the striped intensity of the LEED pattern
completion of the first ordered one-dimensioiaD) chain  observed up to the completion of the first layEig. 1(b)).
layer (#=0.39 6sa7), the stripes merge in definite spots giv- By increasing the potassium coverage, the chains dens-
ing rise to ac(2 X 6) symmetry, as observed in Fig(cl. ity increases up to the completion of the first layer
The evolution of the diffraction pattern is consistent with (6=0.39 6s,71), While the structure of the single chain is not
the atomic topography observed in the STM images, wherenodified (Fig. 3@)). At the first layer maximum packing
regular one-dimensional chains are aligned along[11®]  (Fig. 3@), most of the adjacent chains are shifted with re-
direction, even at low coverage, as shown in Fige)Zor  spect to each other by one substrate unit cell in[thtD]
0=0.17 6s57- The negative-biased STM image shows the Kdirection. Such shift determines the symmetry of the system
chains as well as the substrate lattice of As atoms, providingnit cell at this coverage, suggested in Figh)3Two equiva-

Ill. RESULTS AND DISCUSSION
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j§ FIG. 4. Statistical distribution of the separatid, between 1D
g 0.0 nanowires along thg¢001] direction for different K coverage as
5 derived by the STM images. The separatiDrbetween chains is
s O always a multiple of the lattice vectap=0.604 nm. The exponen-
g 2 4 6 8 10 12 14 16 18 20 tial distribution corresponding to a random adsorption process is
Distance (aa) also shown for comparisofsquares
(b) The statistical distribution of the actual chain separabon

along the[001] direction, obtained from the STM images, is
shown in Fig. 4 for various K coverage, compared with the
distribution expected from a random adsorption process
[(squares The distance between two adjacent chains has
been determined by directly counting the number of sub-
strate unit cells observed between the centers of adjacent
lent maxima of the adjacent chains are found moving by onehains in the STM images. Each histogram represents a total
cell in the[110] direction and by 3 cells in thg01] direc- ~ ©f 300-400 measurements taken in different areas of the
tion, i.e., the corner and the center of the unit cell are equivaS@MPple surfacesach coverage is indicated in the figurene
lent, producing ac(2x 6) unit cell, which justifies thex(2 ~ STM images, considered for the statistical distribution, have
x 6) LEED pattern observed in Fig(d. a size ranging from 80 nfrdown to 20 nm. In each histo-
gram the sum of the occurrences is normalized to 1. The
mean deviation of the normalized distribution is 2&6at a
coveraged=0.02 Osa1, 1.5584 at 6=0.1 6557, 0.6584 at 6
=0.32 60557, and 0.683; at #=0.36 s57. The average dis-
tance of each normalized distribution is indicated in each
histogram.

The separationD is peaked around 18, at 6
=0.02 57, and around &, at #=0.1 6557, While it drops
down to 3a, before the completion of the first layer. At the
saturation of the first layer 95% of the chains is separated by
3 a,, corresponding to a coverage &f 0.39 65,1. We never
observed lower values d in many different experiments,
indicating that the minimum allowed distance between two
K chains is 3a. It is clear from Fig. 4 that the distribution of
the D values at each coverage is always far from the expo-
nential distribution arising from a random process, and that
the chains prefer to be separated rather than packed, indicat-
ing that chains repel each other in tf891] direction.

In the simple model proposed for Cs adsorption on
InAs(110),*2 the chain repulsion is justified by considering

FIG. 3. (8 STM image (20x 20 nn?) of potassium chains Cchains of interacting dipoles oriented perpendicular to the
(6= 0.35 fsa7). Sample-to-tip bias —1.9 V. The minimum chain dis- surface, maximizing their mutual distance and depolarizing
tance is 1.8 nm(b) High resolution STM imagé4.7x 4.7 nn?) of each other. When two chains come close to each other, the
two adjacent potassium chains. Sample-to-tip bias —1.6 V. The gri@lipoles lie in an unfavorable energetic configuration due to
represents the InA$10) surface unit cell centered on the As atoms. the electric field of the adjacent chain. This results in a de-
(c) Schematic drawing of the(2x6) unit cell in which the in- crease of the dipole intensitydepolarization, which de-
equivalent maxima are indicated by closed circles. pends on the chain distanBe If one compares the statistical

FIG. 2. (@ STM image (20X 20 nn?) of potassium chains
(6= 0.170557) deposited on the InA410) surface kept at 420 K
temperature. Sample-to-tip bias —1.6 (%) Line profile taken from
the gray line marked in the image. The length is given in intege
multiples of the clean substrate surface lattice consignt
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distributions for the two alkali metals, the behavior is quite
similar, except for the most probable chain distance at the
saturation coverage, which is&® for Cs3'4and 3a, for K,
with an average distang@®) of 1.5 nm for Cs and 1.8 nm
for K.
To quantitatively compare with the Cs/In@4.0 system,
we evaluated the variation of the dipole moment per chain
unit length 8l as a function ofD. We can write the depen- [110]
dence ofsp(D) on chain distance as

éD(D)Zépc}/[l +(k* a/DZ)]a (1) [001]

where « is the alkali metal polarizability5.96x 1072 nm®
for atomic Cs and 4.34 1072 nm?® for atomic K?3) and k*
=k/ 8l, wherek is a numerical factor depending on the geo-
metrical distribution of the overlayer atoms. Equatidn is
analogous to the Helmotz equation considering the dipole

arranged along chains. In the case of ch&itekes the value |ess, information on the chain symmetry can be extracted
22?1/[12:3.2. From the STM images, we evaluate the linearfrom high-resolution STM image shown in Figeh, where
dipole density in the chains, and we assume an average valg® isolated potassium chain and the substrate lattice As at-
of one dipole per unit cell, without considering the unequiva-oms are visible. The chain is extending over two substrate
lent charge transfer discussed later the chain direction cells in the[001] direction, and presents two main maxima
81=0.425 nm, so thatk* =7.49 nnT™. When the interchain (indicated by dots 1 and)2periodically repeated along the
distance decreases from &g to 3a, the dipole moment chain, due to the presence of a couple of K adatoms. Such

magnitude is reduced by 8.5% for K and 11% for'€3his feat iustify the twofold symmetry alond the10] direc-
different reduction of the dipole moment depends on the re{ﬁ)a:]uorte);;lvsegym tie LOECIJEDSpyattem y g fie10]

duced polarizability of K vs Cs. To evaluate the influence of The two maxima do not occupy the same position with

:Ee ?ol?r;zablllty on t.k:e ,fr?am dlsltgnce att thtg Isaturatlon Orpespect to the substrate unit cell suggesting an unequivalent
€ Tirst layer, we write the repulsive potential energy pe charge redistribution among the K adatoms and the In unoc-
chain unit lengthdl between two dipoles chains at a distance

D cupied bonds. In particular the maximum 1 position is
' 0.14 nm away from the center of the substrate unit cell in the

W 8p(2) D 2 [110] direction. Modification of the occupied charge density
P~ 2megd \D?+K a) ’ (2)  associated to the As substrate atoms is observed on both
sides of the chains, as compared to the clean surface lattice
in which the dependence on the depolarization effect is expositions, evidenced by the griffig. 5a)). On the left-hand
plicit. If we replace the polarizability valuéx) for Cs with  side of the K chain, the distance of the maximum labeled 3
the value for K, keeping constant all the other quantities, thérom the nearest As atom along tf@01] direction is reduced
chain distancéD) changes from 1.5 to 1.6 nm, with a varia- by 5% with respect t@,. On the right-hand side of the chain,
tion of 0.1 nm(7%), while the experimental difference be- a much stronger reductiofl6%) of such distance can be
tween Cs and K is 0.3 nri(20%). Thus the contribution of observed for the As-related charge density in position 4.
the atomic polarizability to the chain spacing is just 1/3 of Again, this is consistent with unequivalent charge transfer
the actual difference. This estimation suggests that other fadrom alkali adatoms to the substrate empty In dangling
tors contribute to the chain repulsion. In particular, the actuabonds. It is worth noting that the asymmetry of the potassium
dipole length and hence the dipole moment intensity mighthains is always present regardless of the tip influence on the
be different in Cs and K, due to different geometric positionsimages, even if the apparent distribution might change from
with respect to the substrate and unequal charge transfer tip to tip.
the empty dangling bonds, caused by the different electrone- The STM images are compatible with the atomic geom-
gativity of the two alkali metals. The rather crude modeletry deduced by the surface x-ray diffraction experiment for
discussed here does not allow a quantitative determination @s/InAg110),'* where the alkali atoms present two un-
the contributing factors. However, our data show that theequivalent adsorption sites, both positioned close to the un-
repulsion mechanism is applicable to the K chains on theccupied In dangling bonds: the unbuckling siteaximum
InAs(110 surface, supporting the presence of such repulsior?) and the overbuckling siténaximum 1. Hence the asym-
for any alkali metal adsorbed on IlI-V substrates and themetric shape of the charge density along the chain is prob-
general validity of the dipole interaction for this class of ably due to unbalanced charge transfer between each K and
one-dimensional structures. the In substrate atoms, leading to the presence of unequiva-
A detailed investigation of the atomic geometry is partlylent alkali adsorption sites, as suggested in the
hampered by the fact that STM is sensing the charge densitjterature!®1621.25265ch a model accounts for the stronger
distribution in real space rather than the actual geometridistortion observed in the STM images on the right-hand side
position of the atomgsee for instance Ref. 24Neverthe-  of the alkali chains with respect to the left-hand side.

FIG. 5. (a) High resolution STM image4.4x 3.3 nnf) of a
single K chain. Sample-to-tip bias of —1.5 V. The line grid repre-
sents the InAGL10 surface unit cell centered on the As atoms.
g/laxima of charge density are numbered from 1 to 4.
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It is worth noting that the long range order of the nano-multiple of the substrate lattice constasy. The different
structures(the ¢(2X 6) symmetry, is simply generated by values ofD at each coverage explain tfi&x n) symmetry of
the relative shift of two adjacent chaifsee Fig. 3, but does the LEED pattern. At the saturation of the first layer we
not depend on a symmetric or asymmetric charge densitidentify ac(2X 6) long-range ordered phase, where 95% of
distribution. Previous theoretical calculations of the electhe K chains are spaced Iy=3 a,. The shift of the chains

tr_onic structure have been done using equivalent adsorptiogy one unit cell in thg 110] direction is responsible for the
sites and charge transfer to the substrate, and her@t@ a cenered symmetry, independently of adsorption sites type.
X 2) unit cell**2°Only recently a single particle calculation The distribution ofD shows that the chains are formed by a
proposed a different framework usingpé2 X 2) atomic ge-  self-assembling process, due to a repulsive interaction gen-
ometry, in which the alkali charge is transferred to one singlesrated by formation of dipoles perpendicular to the surface.
indium-related dangling bord.The theoretical STM image, The separatioD obtained at the maximum packing of the
obtained considering charge transfer to a single cation darthains indicates that the intensity of the interaction depends
gling bond, is not consistent with the STM data, suggestingn the alkali metal. Nevertheless, our data prove that the
that both alkali adatoms contribute to the electronic charggnterchain interaction model can be applied to other types of
density distribution of the system. alkali metal adsorbates on I11{¥10) substrates.

IV. CONCLUSIONS
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