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One-dimensional Ag-Cu superlattices on vicinal C(111)
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Regular arrays of one-dimensional Ag stripes can be grown by adsorption and annealing of Ag on vicinal
Cu(111). The Ag adlayer induces a periodic hill-and-valley nanostructure with alternating Ag-co(r®d
oriented facets and clean Cu stepped areas. The superlattice has been studied as a function of Ag coverage
using a wedgé&0.34—0.52 monolayeysThe width of the Ag stripes is constant across the wedgéq A),
such that the wavelength of the hill-and-valley structure varies from 140 A to 90 A and the width and step
density of the Cu stepped areas is reduced accordingly. The structure of the Ag-covered stripes is consistent
with a rotated, uniaxially compressed, close-packed layer that wets ttid Zyplane.
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Vicinal surfaces with regular distributions of straight stepsat 300 K. Ag deposition was done by means of an electron-
appear as natural templates for self-assembling lateral onbeam heated source at a sample temperature of 300 K.
dimensional nanostructures due to their strong uniaxial an€completion of the nanostructuring is obtained after anneal-
isotropy. If the substrate is stable during adsorption it is posing to at least 500 K. The annealing time does not have any
sible to produce regular arrays of quantum wires and stripesignificant influence on the resulting surface topography. In
by step decoration and step-flow growir by shadow depo- order to have a continuous variation of the coverage, Ag is
sition at faceted substratéAnother option for nanostructur- deposited as a wedge by simply placing the Ag source in a
ing takes advantage of adsorbate-induced faceting. In thglightly eccentric position with respect to the sample. The
ideal case, the system self-organizes forming a striped, hillcoverage is calculated from the STM topography in large
and-valley nanostructure with two alternating phases of dif{3000 Ax 3000 A) frames, assuming that Ag-covered areas
ferent crystallographic orientations, i.e., adsorbate-covere@onsist of packed, one-monolayer-thick patches. This as-
facets and clean substrate stripds. this Brief Report we sumption is consistent with the detailed analysis. of the
present an example of one-dimensional, two-phase mes@omic structure of Ag-covered areas and also with AES
scopic ordering induced by adsorption at a vicinal surfaceMeasurements. _

We show that submonolayer amounts of Ag deposited on Figure 1 shows two STM topographies of the (228
Cu(223 and annealed to 500 K result in a lateral structure Surface with(a) 0.52 and(b) 0.34 monolayersML) of Ag.
namely Ag-covered Qd12) nanostripes spaced by clean Cu They represent the two extremes of the same 5-mm-wide Ag
areas. This lateral system is interesting from various fundawedge. The plane of the image is the average surf228).
mental points of view. On the one hand, the strong differ-V& clearly observe the presence of two alternating phases
ences in the optical behavior between Ag and Cu makes forming a hill-and-valley structure, i.e., a striped array of
attractive for optical studies. On the other hand, it is a modef€an stepped Cu- and Ag-covered facets. Ag-covered areas

system to investigate the electronic structure on lateral supefr® immediately identified in STM pictures as bright stripes,
lattices because of the presence of the well-knquatike because their density increases across the wedge. The AES

surface state at both Ag and Cu surfaces. cross-check allows us to ensure that Ag cannot significantly

We used an Omicron scanning tunneling microscop)be present at the clean Cu areas in between the Ag stripes.
(STM) | setup, equipped with Auger electron spectroscopy!Nis analysis is based on the assumption that the thickness of
(AES) and low-energy electron diffractiofLEED). The the Ag stripes is a single adlayer, and surface alloying can be

Cu(223) surface is vicinal td111) with a 11.4° miscut about ruled out® A reference for the calibration of the Ag Auger

the[112] direction. The crystal was obtained from mechani-.Slgnal was made by means of one-monolayer Ag films, that

cal erosion of a C{111) disk and the resulting surface was is, beyond the coverage limit where tfiL.9) facets appeéﬁ

mechanically and electrochemically polished to obtain a mir-In Fig. 2 we show the schematic profile of the Ag/Cu nano-

rorlike terminatiorf* After a short sputter-annealing treatment strluzgtlJi;%eTgﬁ Jgﬁ?lo?rt'ﬁgtggsgr:;;q%Ai‘ggoc\?eg?gl fa};ﬁf 'S
in ultrahigh vacuum, we obtained a clean surface, as reveale[ at c;eviatgs 19.5° with respect to #d.1) plane ySuchpfacet
by the AES spectra and the sharp beam splitting in LEED. ' P P :

: . rientation is deduced from STM linescan analysis. At 0.52
The STM topography from this surface displayed a regulaly) “f Sl 1> Lo ude 0 0T the width of the Ag
array of linear, monoatomic steps along the dgrisE)] di-

_ ! 10¢ and Cu stripes is 44 A and 46 A, respectively. Inside the
rection with{100} minifacets at the step edges. The averageiean Cu areas, we can distinguidi) terraces and mono-

terrace width measured with STM is 10.3 A, i.e., an 11.4°45m;c steps with their characteristic frizzy edges. The local
miscut, with a majority of terraces consisting of 4tomic  miscut within the Cu stripes becomes very low at such high
rows, as expected for €223). All STM images were taken coverages. Flat Qal1l) facets with 0° miscut would be
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FIG. 1. STM topographies (826815 A?) of a Ag wedge(0.52—0.34 ML) deposited on G223 and annealed to 500 K. The images are
taken at the edges of the wedge and display a local coverage of 0.52)Mhd 0.34 ML(b). A fairly regular hill-and-valley structure of
Ag-covered(bright) and clean stepped Gfrizzy step edgesis observed in both cases. The Ag stripe width is approximately the same across
the whole of the wedge. The clean @3 surface prior to deposition is shown in the inset (3@D0 A?). For contrast enhancement the
surface is illuminated from the left by a virtual light source.

reached at a coverage of 0.59 Ndee caption of Fig.)2For  entation of the reference plane of the Shockley surface state
0.34 ML the wave length is longef140 A), but the Ag  change with miscut.

stripes have approximately the same widd® A) and Cu Figure 3a) shows the limited lateral coherence of the
stepped areas are widéd1 A). For this reason, the local Ag/Cu mesoscopic structure. The decay length of the auto-
miscut at Cu stripes is 8.1°, i.e., in between the miscut of theorrelation function is three to five periods in the direction
initially clean surface and the flal11) orientation. It is in-  perpendicular to the stripetronger autocorrelation with
teresting to note that the Ag stripe width is kept fairly con-pigher coverages whereas the Ag stripes inside regular
stant across the whole wedge, and that it does not depend @@ches are longer than 3000 A. Statistical evaluations of

the annealiqg temperature. Thus, this nanostructure a”°"‘1§nages of 2000 AY size yield distributions of Gaussian
for the continuous control of the miscut and width of the pe with standard deviations of 0.25 times the average

remaining clean Cu stripes via Ag coverage at this range O\%dth for the hill-to-hill-distance, the Ag-stripe-width and
coverage. This is of interest because the continuous chan e Cu-strive-width. This is the b,est superlattice we can ob-
of the local miscut at clean Cu stripes is reflected in the__. P ’ . 1P

tain under these preparation conditions. As we show

electronic structur@.Typically, the binding energy and ori- elsewheré, the coverage range of the wedge was the opti-

mum to obtain Ag/Cu superlattices. At coverages below 0.3
ML the length of the Ag-covered stripes is very much re-
duced. Above 0.55 ML the system makes a transition to a
structure with three coexisting phases, i.e., Ag-covered facets
with two different orientations.

The small-scale image shown in FigibB allows the ex-
amination of the inner structure of the Ag-covered facets.
This structure displays a characteristic Mopattern. It ap-
pears that the high atomic mobility of Ag, that usually ham-
pers STM measurements, is reduced at the densely packed
Bt it e, B e patches of the nanostructure since stable scanning conditions

FIG. 2. Lateral profile of the Cu/Ag superlattice. The global & F00OM temperature are achieved. The bumps do not repre-
(initially also loca) miscut of the surface ige,, mia=11.4°, which ~ S€Nt single atoms, but the maxima of the Mosteucture.

corresponds to thé223 plane. The angle of the Ag facet with Parallel to the stepvertical in the imagk this pattern con-
respect ta111) is alwaysea,=19.5°, i.e.,(112. Here the case of sists of sinusoidal modulations, exhibiting a longitudinal pe-
Fig. 1(b) with 0.34 ML of Ag is shown. Then the angle of the clean riodicity of 25 A, corresponding to ten Cu nearest neighbor
Cu stripes iSpcy gear= 8-1°, Which is the334) facet. In the general distance$:® Adjacent modulations are in antiphase relation
case, the angles depend on coverage @a,~(singc,inia  and separated by 6.3 A, corresponding to the step separation
= sin@cy clean/ (SIN @ag— SIN @y clead - in Cu(112), i.e., they indicate the presence of substrate steps
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underneath. Thus the Moineconstruction has a(2x 10)
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FIG. 3. STM topographies of the same
Cu(223 surface, as in Fig. 1, taken at a region
with 0.50 ML Ag (a) and 0.34 ML(b). The large-
scale (32563250 A) image shows the limited
coherence of the lateral superlattice, whereas the
small-scale (308300 A) picture in (b) shows
the Moire reconstruction of the(112)-oriented
Ag-covered stripes. The mean corrugation ampli-
tudes of the hill-and-valley and the Moisgruc-
tures are 7 and 0.6 A.

can explain the preference to form @2 facets* How-

periodicity with respect to the substrate, i.e., at least at thigver, a slight rotation of this close-packed(Afjl) layer is
large scale the unit mesh appears centered, rectangular andcessary to explain the quasi2x10) structure, as we

covers 10 Cu atoms and two Cu steps. Below, we show thathow below.

at a smaller scale the structure slightly deviates from a rect- |n Fig. 4 we analyze in detail the structure of the Ag-

angular unit mesh.

covered facet. The image shown in Figajcorresponds to a

Fig. 3 resembles in some aspects that of Agiaa),'>* and

Thec(2X 10) structure consists of equivalent bumps aligned

suggests that the Ag layer is close-packed. Assuming closgsarallel to the steps in a single terrace, with adjacent terraces
packed rows aligned parallel to the steps, the best latticg, antiphase. Figure(®) displays a Ag111) layer model that
matching with respect to the substrate unit cell in the pPerpenagrees with the STM observations. The 25(t&nfold) peri-

dicular direction is obtained for Gli12). Cu(112) consists of odicity along the steps is produced by a 5.21° rotation of the
(111 terraces with 2 Cu close-packed rowgow separation  Ag(111) layer about the surface normal together with a small
2.214 A?). This leads to a 6.261 A unit cell in the direction compression of the Ag11) plane in two axes, i.e., 0.93 par-
perpendicular to the steps and we can accommodate five Agjlel to the steps and 0.994 in the perpendicular direction.
rows (each 2.5 A widg into two Cu112) unit cells [two Both are necessary to produce equivalent bumps along a
(112) terrace$ with only 0.10% mismatch? Since lattice  single terracé? The rotation of the layer is supported by the
matching is known to be the driving force for hill-and-valley linescan analysis indicated in Figi@} and displayed in Fig.
nanostructuring in a similar systehsuch a small mismatch 4(c). The linescan goes through top positions in the micro-
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O»;ols% FIG. 4. (8 STM small-scale image (8080
g:o Og< A) of a Ag facet. The solid line represents the
oooggé linescan that joins the top positions of the Moire
085 a, reconstruction, which is displayed {n). The pro-
g O go file of the linescan is consistent with the side view
= g Oog model shown in(d) that is in turn inferred from a
go 023 close-packed and rotated layer, as showribn
089{ The slight angular deviation of the bumps from
- Mng( the direction perpendiculdhard to see ina)] is
830 Ogc compatible with the model of the 5.21°-rotated
e 8 Q(C: hexagonal Ag layer with uniaxial compression, as
ofo @ J displayed in(b). The open circles represent Ag
g © SZO atoms, the balls represent @(2) step edge at-

oms and the soft spots represent bumps in the
Moiré reconstruction. The bumps need not neces-
sarily be Ag “on top” of Cu, as in this figure, but
the atomic arrangement around the bumps must
be equivalent for all of them. The 5.21° result
from a triangle with side lengths 1 and 9 Ag
atomic units including a 120° angle, almost hit-
ting again a Cu substrate step edge at(see
text). The 1.38° are obtained froii) via 5.21°

—arctané/5 cos 30°).
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facet. We observe two different maxima, marked A and B,explain the wavelength of periodically ordered structures is
which are alternately separated by 7.8 A and 4.7 A. Thiggiven in Ref. 15. It is argued that the ratio between a single
corresponds to the 2-3-2-3-2 row series expected from thdomain and the period of the structure with normal long-
simple vertical relaxation of the AglD) layer on C¢1ll)  range interactions is always around 1:3. This is also true for
terraces, as shown in Fig(d). Note that if the Ag111) layer  our system. On the other hand, clockwise and counterclock-
is not rotated, this packing sequence leads to two nonequivggise rotations on the Gi12) substrate facet imply the exis-
lent terrace types, i.e., terraces that contain either two Ofence of two rotational domains. However, we do not observe
three Ag atomic atoms. By the azimuthal rotation this in-apy domain walls within the Ag stripes. We conclude that, at
equality is removed in a natural way: the terraces becOmg, ot within the stripes, the direction of the rotation does not
physically identical and the sinusoidal modulations, i.e., th hange. The weak lines visible on the Ag facets of Figa) 1
bumps, in adjacent terraces are aligned in antiphase, as in hd 1b) are not domain boundaries but monoatomic steps in

cated in Fig. 4b). Odd periodicities in the parallel direction .
are ruled out automatically because the observation oé-‘e (112) facets (height=0.74 A. One structure probably

. S ) ) . ominates the other because no twin images are observed
equivalent bumps implies an equivalent atomic environmen Iso by LEED
for them. :

The direction perpendicular to the steps and the one alon In summary, we have foun_d_ an interestin_g example of
which the bumps line up do not exactly coincide, but include%1tera| nanostructuring at Cu vicinal surfaces mducec_i by Ag
an angle of 1.38°, as shown in Figlbh In fact oL|r LEED adsorptlo.n qnd_anneallng. The superst_ructure consists of a
and STM meésuréments reveal thét t.he bum,ps in the'Moirregular distribution of Ag—cqveredllZ)-p rlent_ed facets and

lean stepped Cu stripes with a Ag stripe width that does not

pattern do not line up exactly perpendicular to the steps, suc ;
i . . epend on Ag coverage or annealing temperature. The Ag-
that the superlattice becomes slightly oblique. Thus, after Aovered stripe appears to be made up from a 5.21° rotated

few_transversa! penqu, thg pum_ps must become gllghtly Nand uniaxially compressed Ag close-packed layer, which is
equivalent again. This deviation is, however, marginal sinc

the width of the Ag stripes is around 3.6 Moiperiods(45 Found to fit nicely in the C(12) stepped structure. Thus,

A), i.e., the accumulated phase shift at the border stays belo!/?/‘ttlce matching appears to be the driving force of the ob-

a quarter of the Cu-nearest-neighbor-distance. One coul%jerved MEesoscopic nanostructuring.

even discuss whether this run-out-of-phase limits the width This work was financed by the Deutsche Forschungsge-
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of the faceting is determined by the coveragee(iod Universidad del Pal Vasco (1/UPV/EHU/00057.240-EA-
~Ag stripe widtlicoverage). A different approach to 8078/2000 and the Max Planck Research Award Program.

*To whom correspondence should be addressed. Electronic ad?w. E. McMahon, E. S. Hirschhorn, and T.-C. Chiang, Surf. Sci.

dress: sspeller@uos.de Lett. 279 L231(1992.
IE. J. Himpsel, J. E. Ortega, G. J. Mankey, and R. F. Willis, Adv. *I. Meunier, G. Trglia, J.-M. Gay, B. Aufray, and B. Legrand,
Phys.47, 511 (1998. Phys. Rev. B59, 10 910(1999.
2A. Sugawara, T. Coyle, G. G. Hembree, and M. R. Scheinfein, “As bulk nearest neighbor distances we use 2.58Bufand 2.889
Appl. Phys. Lett.70, 1043(1997. A(Ag). http://www.webelements.com/webelements/
3S_ F'dsch’ A. Helms, S. theL J. Repp, G. Meyer’ and K. H. 13Other Clﬂlll) vicinal planeS lead to gOOd matChing with Ag
Rieder, Phys. Rev. Let84, 123(2000. rows, but they involve more complicated unit cells. On the origi-
4F. J. Himpsel and J. E. Ortega, Phys. RevA@® 9719 (1992. nal Cu223), 17 Ag rows are required to fit into 4 substrate unit
5P, T. Sprunger, E. Laegsgaard, and F. Besenbacher, Phys. Rev. B cells, to give only a 1.2% misfit. On @885) facets, i.e., vicinal
54, 8163(1996. Cu(112) with 3% atomic rows per terrace, three unit cells match
5A. R. Bachmanret al. (to be publisheg to 10 Ag rows with a 0.24% mismatch. Thus @85 faceting is
7J. E. Ortega, S. Speller, A. R. Bachmann, A. Mascaraque, E. G. also a good candidate from the point of view of lattice matching.
Michel, A. Narmann, A. Mugarza, A. Rubio, and F. J. Himpsel, The Cu335 option, which requires less substrate mass trans-
Phys. Rev. Lett84, 6110(2000. port, is chosen by the system when the coverage clearly exceeds
8Tenfold periodicity is observed for Ag/GL0O0) by STM (Ref. 5. 0.5 ML. Then a transition froni112) to (335 facets occurgRef.
8.5-fold, rotation-based periodicity was favored for Ag(CLL) 7). At about one ML largg223) facets, exhibiting also a Maire
in an STM study(Ref. 10. A mixture of both periodicitie$9.43- pattern, are observed by STM.

fold) was found for Ag/Cl11) by STM and SXRD(Ref. 13. 14We can only give the compressions for the flat plane, which are

9B. Aufray, M. Gothelid, J. M. Gay, C. Mottet, E. Landemark, G. upper limits of the real compressions in the wavy Maiteface.
Falkenberg, L. Lottermoser, L. Seehofer, and R. L. Johnson!®P. Zeppenfeld, M. Krzyzowski, C. Romainczyk, G. Comsa, and
Microsc. Microanal. Microstruct8, 167 (1997). M. G. Lagally, Phys. Rev. Letf72, 2737(1994.

153409-4



