
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 physi
al properties of nanosized metal 
onta
ts and tip-suspended nanowires,previously restri
ted mostly to quantized ballisti
 
ondu
tan
e, is 
urrently rising. Re
entbreakthrough Transmission Ele
tron Mi
ros
ope (TEM) images have provided unpre
e-dented detail about the stru
ture and evolution of ne
ks, bridges and wires formed betweengold tips. [2, 3, 4, 5℄. They showed among other things that (110) gold nanobridges, whi
hpossess a regular 
rystalline f

 stru
ture when suÆ
iently thi
k or short, 
an develop af-ter thinning below a diameter of roughly 15 �A into very regular but now non
rystallinenanowires hanging between tips several nanometer apart. Remarkably, the new nanowires
ome mostly in dis
rete, magi
 stru
tures (Fig.1), des
ribed as 
oaxial shells or tubes, ea
htube roughly a triangular sheet folded 
ylindri
ally onto itself [4℄, as in a 
arbon nanotube.The reasons why that 
an be ex
iting are manifold. Wires in general represent a novelorganization of matter { similar but not identi
al to 
lusters { whi
h is yet to be fully under-stood. [6℄ A stru
tural transition from 
rystalline (f

) to non
rystalline nanowires in
luding
hiral ones was predi
ted theoreti
ally for de
reasing radius [7℄. Non-equilibrium ne
ks andtheir nanose
ond evolution have been relatively well explored parti
ularly through simula-tion, but these long-lived magi
 nanowires (the time s
ale is se
onds at room temperature)are not parti
ularly within the simulation rea
h. More generally the 
onne
tion betweenthermodynami
al, geometri
al, me
hani
al, ele
troni
 properties in these nanowires 
allsfor a fresh approa
h.In our theory work [8℄ we showed �rst of all that wire-tip grand 
anoni
al equilibriumis des
ribed not just by the total wire free energy, but by its string tension, measuringthe for
e between the two tips. That represents an important step, be
ause it allows thedes
ription of quasi-equilibrium of a nanowire segment suspended between two tips, andslowly ex
hanging atoms with them, to be done based on information about an in�niteregular nanowire and an in�nite regular bulk { both obje
ts mu
h simpler than the realone. Among other things, the quasi-equilibrium string tension being the for
e 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 de
rease of tension, whi
h falls to zero as the nanowire eventually breaks.Before that happens, the thinning evolution will o

asionally take a nanowire through afew perfe
t, smooth stru
tures, whose added stability will re
e
t in a lo
al minimum ofthe string tension. Our proposal was therefore that the observed magi
 nanowires should
oin
ide with lo
al 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 prin
iple feasible by expli
it 
al
ulations ofstring tension. We demonstrated that this 
an be readily a
hieved, through state-of-the-art density fun
tional ele
troni
 stru
ture 
al
ulations, whi
h we 
arried out for the simplestand thinnest 
oaxial gold and silver nanowires of various diameters and 
hiralities, all withoptimized stru
ture. 1



We found (Fig. 2) a 
lear string tension minimum for a single-tube [(7,3)-1℄ gold nanowirewhi
h is 
hiral and 
onsists of seven strands { in striking agreement with observation.Furthermore we were able to 
hara
terize the ele
troni
 stru
ture of several wires (Fig.3) showing that, for Au, the magi
 stru
tures are not 
onne
ted with ele
tron shell 
losing.The number of bands 
rossing the Fermi level, whi
h we also provided, gave information onthe ballisti
 
ondu
tan
e of these wires whi
h remains to be investigated experimentally.Finally, with theory and experiment in agreement for the geometri
al stru
ture, themi
ros
opi
 physi
s 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 dire
t 
omparison of gold with silver, another noble metal whi
h is indeed very similarto gold, but that does not possess the so-
alled surfa
e re
onstru
tions typi
al of gold.Cal
ulations showed that the seven strand [(7,3)-1℄ nanowire should be no longer stronglystabilized in silver. Nanowires possessing a less 
rowded surfa
e stru
ture are likely to bestabilized, as is also the 
ase with all ordinary 
rystal surfa
es of silver.In 
on
lusion, the view that the shape of noble metal nanowires, like that of nano
lusters,is dominated by optimization of their surfa
e [7℄ appears to be theoreti
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1 Figure CaptionsFigure 1. Experimental multi-shell stru
ture 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. Cal
ulated string tension of several tip-suspended gold nanowires. The minimumdemonstrates why (7,3) is magi
.Figure 3. Ele
troni
 stru
ture of sele
ted gold nanowires. Full (empty) dots mark single(doubly degenerate) Fermi 
rossings, indi
ating 6,6, and 8 
ondu
ting 
hannels respe
tively.Upper inset in (7,3) panel is a magni�ed detail of the bands 
rossing the Fermi level (theverti
al s
ale is from �0:5 to 0:125 eV).
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