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Free-electron model for mesoscopic force fluctuations in nanowires
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When two metal electrodes are separated, a nanometer-sizednaimewirg is formed just before the
contact breaks. The electrical conduction measured during this retraction process shows signs of quantized
conductance in units dB,=2e?/h. Recent experiments show that the force acting on the wire during sepa-
ration fluctuates, which has been interpreted as being due to atomic rearrangements. In this paper we use a
simple free-electron model, for two simple geometries, and show that the electronic contribution to the force
fluctuations is comparable to the experimentally found values, about 231N63-182698)01816-3

[. INTRODUCTION In this paper we study the electronic contribution to the
observed force fluctuations using a simple free-electron ap-
The electrical conductance through a narrow constrictiorproach neglecting all atomic structures of the wire: a jellium
with a diameter of the order of the electron wavelength ismodel(see also three other recent rep8it8). In metals the
quantized in units of5,=2e%/h.}? Such conductance quan- €lectronic contribution to the binding energy is significant
tization is observed at low temperatures in semiconductofMetallic binding and one might suspect that the quantized
devices containing a two-dimensional electron Y&similar ~ €lectronic energy levels in the nanowire would be reflected
effects are possiblé at room temperature in metallic wires " the binding energy. When a conductance mode closes it
with a diameter of the order of 1 nimanowires and are should produce a sharp change in the electronic binding en-

observed using scanning tunneling microscdpy mechani- ergy and subsequently the force. The quantized energy levels

cally controlled break junction¥’> or, as recently are of the order of electron volts and the wire elongation of
shown?®17 just plain macroscopic v,vires ,These techniquesthe order of nanometers, giving a change in force of the order

use the same basic principle: By pressing two metal piece f na_nongwton_s, the same as .obsgrved in the gxpenments.
onsidering this, we develop in this paper a simple free-

together a metallic contact is formed that can be stretched t ! ;
a nanowire by the subsequent separation of the electrode&}ecmn quel. The calculathns show force fluctuations of
The conductance in such a system is found to decrease € same size as in the experiments.

abrupt steps with a height of abough, just before the
contact breaks.

In a recent experiment by Rubio, Agrait, and Vielfa,
following earlier attempt$?~?? the force and the conduc-  We use a free-electron model neglecting all atomic struc-
tance were simultaneously measured during elongation, frorture in the wire, a jellium model. Further, cylindrical nanow-
formation to rupture, of a gold nanowire. They show that theires of lengthL and with two different cross sections are
stepwise variation of the conductance is always accompaniestudied: first with a circular cross sectigsee Fig. 1 and
by an abrupt change of the force. One interpretafidéh>>~2°  then with a square cross section. Under the assumed ideal
is that the structural transformations of the nanowire, involv-plastic deformation, the volum¥ of the wire will be con-
ing elastic and yielding stages, cause the stepwise variatiostant during elongation. We are interested in the tensile
of the conductance. forces acting on the wire during elongation. In general the

Il. MODEL
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E The total electronic energy of the wire is the integral of the
d energy times the density of states up to the Fermi energy and
summed over all open modes,
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FIG. 1. Model of the nanowire. The pulling foréeis acting on F=— @ = 2 2m ( E(EF— EC)3/2
a nanowire of length. and widthd. When the wire is elongated dL % w2 3

more and more transverse quantized modes are pushed above the
Fermi level and closed. The corresponding one-dimensional densi- —2(Eg— Eﬁ)l/zEﬁ}. (8
ties of states are filled up to the Fermi level.

. o . . B. Nanowire with a square cross section
force is the derivative of the energy with respect to distance; ] .
however, our system is open and we should instead consider USing the same approach as above, the transverse motion
the thermodynamic potentidl. The Fermi energyEr in of the electrons in the wire with a square cross section gives
metals is much higher than the thermal energy and we cafise to quantized modes of energy
approximate the chemical potential By and the thermody-

namic potential is found to b@ =E—EgN, whereE is the Ed= h2a? n2:ﬁ2772 n2L (9)

energy andN the number of electrons. The force is thEn " omd? 2mV '

=—dQ/dL. 5 12 ) )
where n°=1+m*, 1=1,2,..., andm=1.2,...,i.e, n

=2,5,8,10. .., and thedegeneracy is twofol¢hot counting
spin unlesd andm are equal. The second equality in E9).

In a wire with a circular cross section, using the adiabatids valid for a wire of constant volume. Replaci&g with E;]
approximatiort>2° the transverse motion of the electronsin Sec. Il A gives the appropriate expressions for the wire

A. Nanowire with a circular cross section

gives rise to quantized modesof energy, with a square cross section.
%2 w2 Ill. FORCE FLUCTUATIONS
En=Ej=——8i= LB, (o . . o
2mR? 2mV Figure 2 shows a plot of the force during elongation in a

wire with a circular cross section, according to Eg). Also
where B; are roots to Bessel functions, i.ep; the conductance of the wire is shown. The wire volume is
=2.4048,3.8317. .., and thedegeneracy is twofoldnot taken to be 3 nf. The number of modes that contribute to
counting spin unlessj=0. The third equality in Eq(1) is  the conductance is taken from E(l). Whenever a mode
valid for a wire of constant volume. A mode is considered tocloses the conductance jumps one quantum unit and an
be open ifEg>E:. The number of electrons in the wire is abrupt change in the force appears. The peak-to-peak ampli-

tude of the force fluctuations between two modes is about

Er 2 nN. Figure 3 shows the corresponding force and conduc-

N=E Nn=2 fEC LD(e—E;)de (2 tance for a wire with a square cross section.
n n n

IV. DISCUSSION

2m ; o
_ =1 The force from our calculations shown in Figs. 2 and 3
_; 2L\/7T2ﬁ2\/E,: ES, 3 g

agrees both qualitatively and quantitatively with
experiments? The only significant effect of the geometry of
whereD(¢) is the one-dimensional density of states the cross section is on the degeneracy of the modes.
Force fluctuations are also seen in molecular-dynamics
simulationd®?12325and the jumps in conductance are inter-
D(e)= 1\ /z_mi (4)  Preted as due to atomic rearrangements. However, because of
m?h2 e the experimental-like conditions in these simulations, it is
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FIG. 2. Calculated conductance and force as a function of elon- FIG. 3. Calculated conductance and force as a function of elon-
gation for gold nanowires with a circular cross section and constangation for gold nanowires with a square cross section and constant
volume 3 nn?. Whenever a mode closes the conductance jumpsolume 3 nn?.
one quantum unit and an abrupt change in the force appears. The . )
peak-to-peak amplitude of the force fluctuations between twos@me order as the kinetic one and a natural extension of the
modes is about 2 nN. present model would be to include the electrostatic energy,
which would change the electronic energy. The force fluc-

. _ o ~ tuations would, however, still be present.
difficult to separate the different contributions to the binding

energy. Our interpretation is more or less the reverse: The V. CONCLUSION
electronic contribution to the binding energy is so large that . .
the change of the quantized energyglevelsgi)rg the Wire?l with We have 'shown,. using a simple free-electron mo'del, that
corresponding quantized conductance, causes the force flu e electronic contr|l_3ut|on to the force fluctuat_|ons IS com-
tuations. These force fluctuations might then give rise tooarable to the experimentally found valu_es. This COUId_ be of
atomic rearrangements, but not necessarily. Although this jfnportance to .understand the. mechamsm of formation of
a bit like the story about the chicken and the egg, our simplénetalllc nanowires as well as in the wider context of nano-
model shows that the electronic contribution must be considEnEChan'Cs'
ered seriously because it constitutes a significant part of the
metallic binding energy in these nanowires.

One electronic contribution to the binding energy, which  This work was supported by the European ESPRIT
is neglected in the present model, is the Coulomb interactiomroject “Nanowires,” the Spanish DGCIT and CICyT, and
In metallic binding the electrostatic energy could be of thethe Swedish NFR and TFR agencies.

ACKNOWLEDGMENTS

IR. Landauer, J. Phys.: Condens. MatteB099(1989. cia, U. Landman, W. D. Luedtke, E. N. Bogachek, and H. P.
2C. W. J. Beenakker and H. van HoutSglid State Physic&ca- Cheng, Scienc@67, 1793(1995.
demic, San Diego, 1991Vol. 44. 9L. Olesen, E. Lagsgaard, |. Stensgaard, F. Besenbacher, J.

3D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. Schiftz, P. Stoltze, K. W. Jacobsen, and J. Kirslmv, Phys.
Ahmed, J. E. F. Frost, D. G. Hasko, D. C. Peacock, D. A. Rev. Lett.72, 2251(1994.
Ritchie, and G. A. C. Jones, J. Phys2@ L209 (1988. 1007, Brandbyge, J. Sclita, M. R. Sensen, P. Stoltze, K. W.
4B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G. Will-  Jacobsen, J. K. Nskov, L. Olesen, E. Leegsgaard, I. Stens-
iamson, L. P. Kouwenhoven, D. van der Marel, and C. T. Foxon, gaard, and F. Besenbacher, Phys. Re%288499(1995.

Phys. Rev. Lett60, 848 (1988. 1IN, Agrait, J. G. Rodrigo, and S. Vieira, Phys. Rev4R 12 345
SN. Garcia(unpublishegl (1993.
5N. Garcia and L. Escapa, Appl. Phys. Léit, 1418(1989. 123 L. Costa-Kraner, N. Garcia, and H. Olin, Phys. Rev.35, 12
7J3. 1. Pascual, J. Mendez, J. @ez-Herrero, A. M. Baro, N. Gar- 910(1997.

cia, and V. T. Binh, Phys. Rev. Leff1, 1852(1993. 133, L. Costa-Kraner, N. Garcia, and H. Olin, Phys. Rev. L€f8,

8J. 1. Pascual, J. Mendez, J. @ez-Herrero, A. M. Baro, N. Gar- 4990(1997.



57 BRIEF REPORTS 8833

¢, J. Muller, J. M. van Ruitenbeek, and L. J. de Jongh, Phys. Rev??A. Stalder and U. Drig, Appl. Phys. Lett68, 637 (1996.

Lett. 69, 140 (1992. 23y. Landman, W. D. Luedtke, B. E. Salisbury, and R. L. Whetten,
153, M. Krans, J. M. van Ruitenbeek, V. V. Fisun, I. K. Yanson, and , Phys. Rev. Lett77, 1362(1996.
L. J. de Jongh, Naturé.ondon 375, 767 (1995. J. A. Torres and J. J. Saenz, Phys. Rev. L&t}.2245(1996.

25T, N. Todorov and A. P. Sutton, Phys. Rev5B, 14 234(1996.

26C. A. Stafford, D. Baeriswyl, and J. Bki, Phys. Rev. Lett79,
2863(1997.

273, M. van Ruitenbeek, M. H. Devoret, D. Esteve, and C. Urbina,

163, L. Costa-Kraner, N. Garcia, P. Garcia-Mochales, and P. A.
Serena, Surf. Sci. LetB42 L1144 (1995.
YN. Garcia and J. L. Costa-Kmeer, Europhys. New7, 89

o, (1996 _ N Phys. Rev. B56, 12 567(1997).
G. Rubio, N. Agrait, and S. Vieira, Phys. Rev. Lef, 2302 28C. Yannouleas and U. Landman, J. Phys. Cheml(B, 5780
(1996. (1997.

'°N. Agrait, G. Rubio, and S. Vieira, Phys. Rev. Lef4, 3995 29 | Glazman, G. B. Lesovik, D. E. Khmelnitskii, and R. I.
(1995. Shekhter, JETP Let#8, 238(1988.

20A. Stalder and U. Drig, J. Vac. Sci. Technol. B4, 1259(1996. 30E. N. Bogachek, A. M. Zagoskin, and I. O. Kulik, Fiz. Nizk.
21y, Landman, W. D. Luedtke, N. A. Burnham, and R. J. Colton, ~ Temp. 16, 1404 (1990 [Sov. J. Low Temp. Physl6, 796
Science248 454 (1990. (1990].



