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Force and conductance jumps in atomic-scale metallic contacts
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We have performed dynamic simulations of the pull off of a Au contact at a temperature of 1 K. The
conductance and the tensile force on the contact are calculated throughout the pull off. There are prominent
jumps both in the conductance and in the force. The force and conductance jumps generally coincide with each
other, and correspond to abrupt atomic rearrangements in the contact. The correlation between the force and
conductance jumps and the effective spring constant of the contact during pull off are in agreement with recent
experiments[S0163-182606)50744-1

Several years ago, scanning tunneliagd atomic force  tent with measurements under UHV conditidAd® in
microscopes, and a mechanically controllable break junttionwhich, at least for contacts with conductances less than about
were used to generate atomic-scale metallic confacts. 15x2e?/h, the magnitude of the tensile force has maxima in
These experiments raised the question of the relation bdhe vicinity of the conductance jumps.
tween the mechanical and electrical properties of the con- In response to these experiments, we have performed cal-
tacts. In a typical experiment, a contact is formed between gulations in which the force and the conductance are com-
metallic tip and substrate or between two metallic asperitiesPuted simultaneously during a dynamic simulation of the
and the Sma”-vo”age dc conductance is then measured dLﬁ)U” off of a Au contact. The conductance calculation uses
ing contact pu” off or Compression_ During these processeg?xplicmy the atomic coordinates from the simulation through
the measured conductance exhibits abrupt jufifps. a tight-binding model. The temperature was setitK to

In early molecular dynam|ce\/|D) simulation€®23it was reduce thermal fluctuations in the calculated quantities. In
seen that the mechanical evolution of the contact proceedsll agreement with the experiments, we find force and con-
through a series of abrupt atomic rearrangements in whicHuctance jumps which coincide with each other and corre-
the length and the cross-section of the contact chang®Pond to abrupt atomic rearrangemehits These findings
sharply. These rearrangements are separated by longer peri-
ods of elastic deformation, during which the overall atomic 20
geometry of the contact remains constant. MD simulations
showed that each rearrangement is reflected in an abrupt re-
duction in the magnitude of the force of the contacMD
simulations and simultaneous conductance calculations
vealed that the atomic rearrangements generally result in
sharp jumps in the electronic conductance of the contacts,
providing an explanation for the conductance jumps seen in
the experiments. However, there is an alternative
explanation—conductance jumps could result from the clos-
ing off or opening up of individual conductance channels
during a perfectly gradual variation in the contact cross 0 —+—+—+—+—1t+++t+1tt+t+t
section'® As a result, recently there has been much discus-
sion about the occurrence of the atomic rearrangements and
the correlation between them and the conductance
jumps0-14

In the past year, there have been reports of experiments in
which the conductance is measured simultaneously with the
force on the contact during entire excursions of contact com-
pression and pull off>"18A representative set of experimen-
tal results for the pull off of a Au contact at 300 K in ambient
conditions is shown in Fig. 1. There are jumps both in the
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conductance and in the force. Furthermore, the jumps in the 0.0 05 1.0 15
conductance generally coincide with those in the force. The tip displacement (nm)
abrupt force relaxations, in which the tensile force drops in
magnitude, provide evidence for the occurrence of atomic F|G. 1. The measured force and conductance during the pull off
rearrangements in the contact. The results corroborate th# a Au contact at 300 K. The force is measured with a cantilever
view that the conductance jumps generally occur in responsiseam of effective spring constant of 25 N/m. The plot is reproduced
to atomic rearrangements. The picture from Fig. 1 is consisfrom Ref. 16 with the permission of the authors.
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are consistent also with past calculations in which the con- 25
ductance is computed through a free-electron jellium model
assuming a rectangular contact cross section with an area and
eccentricity fitted to simulation geometritsThe calcula-
tional method has been described in detail elsewh&rén

the dynamic simulation, an initially paraboloidal Au tip with

a radius of curvature of one lattice parameter is brought into
contact with a Au substrate. Once a sizeable contact area is
established, the tip is pulled off the substrate, while the 0

applied tensile force and the conductance are calculated at
every step. Atomic interactions are described by the
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where r;; is the distance between atoms and j, 155 20 15 10 05 0.0
€=1.2793<10%2 eV, m=8, n=10, c=34.408, and applied stretch (nm)

a=0.408 nm is the fcc lattice parameter. The potential is
truncated at 2.0Gd The tip contains 287 atoms. It is at- FIG. 2. The force and conductance throughout a dynamic simu-
tached to a rectangular slab of 1620 atoms, comprising @tion of the pull off of a Au contact at 1 K, with a pull-off rate of
(111) planes. The tip and slab have the same crystal orier.08 m/s.
tation with the[ 111] direction along the axis of the contact.
Periodic boundary conditions are applied in the three orwheret(E)=V+VG*(E)V, G*(E) is the retarded Green
thogonal directions of the slab. The equations of motion offynction  for the final coupled  system, p°
the atoms are integrated via the velocity Verlet algoritim, =[G° (E)—G%*(E)]/2mi with j=1,2 are the densityj of
and a NoseHoover thermostat is appli@do all atoms in the y ) ’
cell. The time step in the simulations is 1% s. We have
performed runs with two different pull-off rates—1fa per
time step(4.08 m/$ and 10 °a per time step(0.408 m/3.
The pull-off rate of 10%a (or 10 °a) per time step is im-
posed every tenth time step by applying a homogeneous te
sile strain of 103a/L (or 10 “a/L) normal to the slab to all
atoms in the computational cell, whdtds the current length
of the computational cell. Each application of the strain in-
creases the spacing between neighbo(iridl) atomic layers
along the contact by less than 0.01@r 0.001%). In the
nine time steps before the next application of the strain at
oms follow Newtonian equations of motion modified by the
thermostat.

The calculation of the conductance employs an orthonor:
mal nearest-neighbor sltight-binding model with a half-

states operators for the two separate substrates; amglthe
Fermi energy. HereG?i(E) with j=1,2 are the retarded
and advanced Green functions for the two substrates in the
initial decoupled system. The conductance and the tensile
force on the contact are calculated every tenth time step in
the faster run and every one-hundredth time step in the
slower run.

Figure 2 shows the force and the conductance during con-
tact pull off at the higher rate of Ida per time step, or 4.08
m/s. A negative sign corresponds to a tensile force. The force
goes through stages of increasing magnitude, separated by
abrupt relaxations in which the magnitude of the force drops
sharply. The regions of increasing force magnitude corre-
spond to elastic elongation of the contact. The gradient of the
force is approximately constant during an individual elastic
. S . stage, and decreases from one elastic stage to the next, as the
filled band. The hopping integrad;; between atoms and  .,htact gets thinner. Each force relaxation marks the onset of

j decays smoothly to zero between first- and second-neare&tsudden yield process, in which the contact undergoes me-

neighbors, and is taken asi;=A for z;<z,, and cnanjcal restructuring in order to release the strain energy
2Hij=A{1+ cosn(z—2)/(z.—2)]; for zy<z=<z.. Here, ha has built up during the preceding elastic stage.

A is the nearest-neighbor hopping integral in the perfect fcC  The conductance shows abrupt jumps separated by pla-
crystal,z; is the distance between atomsnd] in units of o35 Every drop in the conductance corresponds to an
the ideal nearest-neighbor separatian=(1++2)/2 and  aprupt reduction in the tensile force. In the corresponding
z,=\/2. Periodic boundary conditions are not used in themechanical rearrangement, the contact elongates by one
conductance calculation. Instead, the slabs above and be'(ﬂvomic |ayer and the contact cross-section is reduced. The
the tip are replaced by semi-infinite perfect crystals. Weplateaus correspond to the elastic elongation stages. Occa-
imagine that the tip atoms are initially decoupled from eachsjonally, particularly in the early stages of the pull off, there
other and from the substrate atoms. The tip atoms are thegre regions of suppressed conductance immediately after a
coupled to each other and to the substrate atoms by a cojiimp and before the following conductance plateau. These
pling V, containing the respective hopping integrals. Theregions correspond to intermediate geometries in which the
low-voltage, low-temperature conductan@ of the fully  contact has some structural defect, e.g., a stacking fault,

coupled system is given By caused by the passage of a partial dislocation across the con-
0e? tact and producing increased electron backscattéfife-
e covery from these intermediate geometries also typically oc-
G=—"4m’ T pd Et'(ER) 3 ENLER], (2 y g i

curs as an atomic rearrangement, e.g., the passage of a
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against the contact conductance, from both simulations and from
FIG. 3. The force and conductance throughout a dynamic simuexperiment. The experimental points are taken from Ref. 16 but not
lation of the pull off of a Au contact at 1 K, with a pull-off rate of from the same set of results as in Fig. 1.
0.408 m/s.

relaxation mechanisms, such as strain localization in the
second partial dislocation across the contact eliminating th@eck and those that bring about the change of shape of the
stacking fault. The recovery is reflected in a small upwardcontact to minimize its total energy. As the strain rate is
conductance jump and a small force relaxation. decreased, or the temperature raised, further and slower re-
Figure 3 shows the force and the conductance during conaxation processes are gradually enabled, with corresponding
tact pull off at the lower rate of I per time step, or 0.408 differences in the mechanical evolution of the contact. In
m/s. This simulation involved over four hundred thousandgget. experimentally it is fourfd that Au and Cu contacts
MD time steps. The early stages of the pull off are similar to\ith conductances less than aboutiZe?/h, at room tem-
f[hose with the higher strain rate. Larger differences develo erature, undergo fracture by themselves, without any ap-
in the Iaf[er stages of 'ghe pull off, where the conductanc%”ed stretching, over time scales of the order of seconds.
drops to just several units o2/h and the narrowest part of This type of self-relaxation, in which the system seeks to

the contact is only several atoms across. : o
We suggest two reasons for these differences. At the a decrease its energy by spontaneously decreasing its free sur-

- . . ver macr ic tim
tual atomic rearrangements the system is mechanically urjace Over macroscopic time scales, shows that the contacts

stable. At those points, a small change in the atomic posi<'_;1re intrinsically unstable in a global sense. The result of any

tions may result in an observable change in the geometrg:ven simulation or experiment may thus depend not only on
after the rearrangement is completed. The two simulationd€ @Pplied strain rate, but also on the actual tahtionof
contain different numbers of time steps with differing indi- ("€ respective run. In the present simulations, both strain
vidual geometries. By the above argument, it may be ex!atésare much higher than in the experiments: the simulation
pected that the outcome of an individual rearrangement mayith the lower strain rate extends over about 4 ns whereas
change from one simulation to the next. Once such a differa typical experimental scan lasts about 50 ms. In general,
ence appears, even if it involves just one atom, the two simucurrent MD simulations of contact fracture are limited to
lations stop being directly comparable to each other and, i0—100 ns or less, giving a difference in time scales of at
general, they subsequently diverge further apart. Indeed, wieast five orders of magnitude relative to a typical experi-
have observed that even with the same strain rate, a different. Nonetheless, as the strain rate in the simulation is low-
ence in the initial atomic positions of less than #8 results  ered one would expect collective relaxation processes to be
in a visible subsequent divergence both in the absolute vaknhanced, particularly if they involve only a few atoms, as in
ues of the conductance and in the positions of the condudhe evolution of the shape of the neck in the final stages of
tance jumps. the pull off. This would also be consistent with the diver-
The second reason for the difference between the twgence between the two simulations.
simulations is related to the time scales for the mechanical However, the presence of force and conductance jumps,
relaxation processes in the contacts. There is a spectrum ahd the correlation between them, can be seen clearly in the
such processes, with time scales ranging over many orders tfsults of both simulations. The slope of the force versus
magnitude. The fastest relaxation mechanism consists in thgiretch curves in the elastic stages can be used to estimate an
response of individual atoms to the applied strain. In thiseffective spring constark for the contact. Figure 4 shows
process, the time scale for which is of the order of the atomi¢he estimated versus the conductance of the contact for the
thermal vibration period, each atom continually adjusts itstwo simulations together with experimental points from
average position seeking to remain in a local energy minireferencé® (not from the same set of results as in Fig. 1
mum. Then there is a hierarchy of collective, many-atomThe details of the three sets of results are different. This may
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be expected sinck depends not only on the radius of the In conclusion, we have calculated the conductance and
constriction, but also on the overall shape of the cofhtact the tensile force throughout dynamic simulations of the pull
and the latter cannot be expected to reproduce in detaipff of a Au contact &1 K with strain rates of 4.08 m/s and

However, the overall agreement between the three sets 8408 m/s. The details of the two simulations are different,
results is good. The rough magnitudekd the same in each the differences being more prominent in the later stages of

case. Both the calculated and the experimental results showe pull off. The.se d|fferenc_es reﬂe.ct th_e presence of a hle_r-
N . archy of relaxation mechanisms, with different characteristic
oscillations in thek versus conductance curves.

. ) . time scales. Qualitatively, with both pull-off rates, the con-

Finally, both experiments and calculations show somegact eyolves through a series of mechanical rearrangements.
conductance plateaus, particularly in the final stages of theach rearrangement is reflected in an abrupt reduction in the
pull off, that are quantized in units ofé?/h, and others that force and a corresponding conductance jump. The correla-
are not. For example, the last two plateaus in Fig. 3 are veryion between the force and conductance jumps, the size of
close to 2 and 1 quantum units, respectively, while earliethe forces and the effective spring constant of the contact
plateaus are sloped and noisy. At the same time, in each cagering the pull off agree with experiment.

the transitions between neighboring plateaus are accompa- The authors are grateful to G. Rubio, N. Agrand S.

nied by force jumps, indicating underlying atomic rearrange-yjeira for the permission to reproduce the experimental plot
ments. These observations show that there is no contradighown in Fig. 1 and for suggesting Fig. 4. We thank J. B.
tion between individual conductance plateaus beingPethica for many discussions. The calculations were carried
guantized, and the respective contact geometries beingut in the Materials Modelling Laboratory. TNT is grateful
linked by abrupt rearrangementtst® to St. John’s College, Oxford, for financial support.
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