
String Tension and Stability of Magi Tip-SuspendedNanowiresE. Tosatti, S. Prestipino, S. Kostlmeier, A. Dal Corso, and F. D. Di Tolla [1℄January 15, 2002Interest in the physial properties of nanosized metal ontats and tip-suspended nanowires,previously restrited mostly to quantized ballisti ondutane, is urrently rising. Reentbreakthrough Transmission Eletron Mirosope (TEM) images have provided unpree-dented detail about the struture and evolution of neks, bridges and wires formed betweengold tips. [2, 3, 4, 5℄. They showed among other things that (110) gold nanobridges, whihpossess a regular rystalline f struture when suÆiently thik or short, an develop af-ter thinning below a diameter of roughly 15 �A into very regular but now nonrystallinenanowires hanging between tips several nanometer apart. Remarkably, the new nanowiresome mostly in disrete, magi strutures (Fig.1), desribed as oaxial shells or tubes, eahtube roughly a triangular sheet folded ylindrially onto itself [4℄, as in a arbon nanotube.The reasons why that an be exiting are manifold. Wires in general represent a novelorganization of matter { similar but not idential to lusters { whih is yet to be fully under-stood. [6℄ A strutural transition from rystalline (f) to nonrystalline nanowires inludinghiral ones was predited theoretially for dereasing radius [7℄. Non-equilibrium neks andtheir nanoseond evolution have been relatively well explored partiularly through simula-tion, but these long-lived magi nanowires (the time sale is seonds at room temperature)are not partiularly within the simulation reah. More generally the onnetion betweenthermodynamial, geometrial, mehanial, eletroni properties in these nanowires allsfor a fresh approah.In our theory work [8℄ we showed �rst of all that wire-tip grand anonial equilibriumis desribed not just by the total wire free energy, but by its string tension, measuringthe fore between the two tips. That represents an important step, beause it allows thedesription of quasi-equilibrium of a nanowire segment suspended between two tips, andslowly exhanging atoms with them, to be done based on information about an in�niteregular nanowire and an in�nite regular bulk { both objets muh simpler than the realone. Among other things, the quasi-equilibrium string tension being the fore pulling thetips together, it an and has been measured.Tension drives the nanowire evolution, and a generally positive tension implies thata nanowire will shrink by gradually losing atoms to the tips in the ourse of time. [9℄That leads to a derease of tension, whih falls to zero as the nanowire eventually breaks.Before that happens, the thinning evolution will oasionally take a nanowire through afew perfet, smooth strutures, whose added stability will reet in a loal minimum ofthe string tension. Our proposal was therefore that the observed magi nanowires shouldoinide with loal minima of the string tension, as that is a state where the nanowirediameter will (for a while) neither grow nor drop.After a systemati lassi�ation of possible oaxial tube wires, similar in spirit to thatof arbon nanotubes, the theory work is in priniple feasible by expliit alulations ofstring tension. We demonstrated that this an be readily ahieved, through state-of-the-art density funtional eletroni struture alulations, whih we arried out for the simplestand thinnest oaxial gold and silver nanowires of various diameters and hiralities, all withoptimized struture. 1



We found (Fig. 2) a lear string tension minimum for a single-tube [(7,3)-1℄ gold nanowirewhih is hiral and onsists of seven strands { in striking agreement with observation.Furthermore we were able to haraterize the eletroni struture of several wires (Fig.3) showing that, for Au, the magi strutures are not onneted with eletron shell losing.The number of bands rossing the Fermi level, whih we also provided, gave information onthe ballisti ondutane of these wires whih remains to be investigated experimentally.Finally, with theory and experiment in agreement for the geometrial struture, themirosopi physis remained to be understood. Why seven strands and not six, or �ve?Why is a hiral nanowire best, and why with just that (7,3) hirality? Here what helpedwas a diret omparison of gold with silver, another noble metal whih is indeed very similarto gold, but that does not possess the so-alled surfae reonstrutions typial of gold.Calulations showed that the seven strand [(7,3)-1℄ nanowire should be no longer stronglystabilized in silver. Nanowires possessing a less rowded surfae struture are likely to bestabilized, as is also the ase with all ordinary rystal surfaes of silver.In onlusion, the view that the shape of noble metal nanowires, like that of nanolusters,is dominated by optimization of their surfae [7℄ appears to be theoretially established.Referenes[1℄ SISSA, Via Beirut 2/4, Trieste (Italy).[2℄ Y. Ohnishi, and Takayanagi, Phys. Rev. Lett. 79, 3455 (1997).[3℄ H. Ohnishi, Y. Kondo, and K. Takayanagi, Nature 395, 780 (1998).[4℄ Y. Kondo and K. Takayanagi, Siene 289, 606 (2000).[5℄ V. Rodrigues, T. Fuhrer, and D. Ugarte, Phys. Rev. Lett. 85, 4124 (2000).[6℄ E. Tosatti and S. Prestipino, Siene 289, 561 (2000). (in Perspetives)[7℄ Gulseren, Erolessi and Tosatti, Phys. Rev. Lett. 80, 3775 (1998).[8℄ E. Tosatti, S. Prestipino, S. Kostlmeier, A. Dal Corso, and F. D. Di Tolla, Siene291, 288 (2000).[9℄ J.A. Torres, E. Tosatti, A. Dal Corso, F. Erolessi, J. Kohano�, F. Di Tolla, and J.M.Soler, Surfae Si. 426, L441 (1999).[10℄ The authors aknowledge disussions and help from F. Erolessi, K. Takayanagi, G.Santoro, J.A. Torres, A. Delin, and support from MURST COFIN99, TMR FULPROP,and INFM.



1 Figure CaptionsFigure 1. Experimental multi-shell struture of gold nanowires. The left part of the �gureshows model axial views. The right part shows the experimental TEM images (lower) andthe simulated immages (upper). Taken from Ref.[4℄.Figure 2. Calulated string tension of several tip-suspended gold nanowires. The minimumdemonstrates why (7,3) is magi.Figure 3. Eletroni struture of seleted gold nanowires. Full (empty) dots mark single(doubly degenerate) Fermi rossings, indiating 6,6, and 8 onduting hannels respetively.Upper inset in (7,3) panel is a magni�ed detail of the bands rossing the Fermi level (thevertial sale is from �0:5 to 0:125 eV).
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