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1 Robustness of results

Simulations have been performed on nanojunction of varying lateral size in order to investigate the validity of
the proposed approach. Almost identical rheological response versus increasing strain oscillations is observed
also in nanocontacts with larger mid-junction thickness (here, e.g., N ≈ 26). The evolution of the force-strain
phase differences with oscillating amplitude is shown in Fig. S1.

Figure S1: Force time evolution of a thicker nanojunction under oscillating strain Time dependent
force results (oscillation frequency 50 MHz , T=300 K) for a thicker (N ≈ 26) nanojunction, with initial
h0 ≈ 2.75 nm, relaxed neck length d0 ≈ 1 nm, and average neck cross section area A ≈ 1.7 nm2. Blue dashed-
dotted line: imposed lead-lead oscillating distance a(t). Large grey dots: extracted instantaneous force between
the leads. Black solid line: sinusoidal fit F (t) = F0 +(Aσ0) exp (iωt+ iφ)) of the force. Note how avalanche-like
jumps (in red), occurring at the maxima of the driving strain, gradually inverts the sinusoidal fit phase, moving
from small (a) towards large (c) imposed amplitudes. Once again, the prevalence of tensile (positive) force
shows up for all strains.
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In connection with what is already shown in main text for a thinner nanocontact, Fig. S2 displays, con-
vincingly, the N ≈ 26 nanojunction force-strain characteristics and the corresponding complex dynamical linear
response function.

Figure S2: Rheology of the thicker (N ≈ 26) nanojunction at 50 MHz strain rate. (a) Large
amplitude simulation trajectories of a thick nanojunction in the force-strain plane. Blue trajectories: half
cycle with positive strain time derivative dε

dt > 0; red trajectories: negative strain time derivative dε
dt < 0.

Black line: schematic (adiabatic) zig-zag force-strain characteristics. At small amplitudes, the straight tract
represents an essentially elastic regime, except for some residual fluctuations possibly connected with the force
field’s small (1.1 mev/atom) fcc-hcp energy difference [1]. Major yielding instabilities occurs at necking and
bellying (a∗0 ≈ 0.16 nm), which are the results of forced tensile and compressive strain, respectively. As observed
for the thinner nanocontact, the average tension force dominates the whole cycle, including the compressive
portion, causing the large jumps where the force falls near zero at the yielding strains. (b) Effective stiffness
G′ and dissipation G′′ of the complex dynamical linear response function G. Note how the overall behaviour is
frequency independent, one of the evidence for non-liquidity of the junction.
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2 Force fluctuations and noise spectrum

The simulated force between the two oscillating leads fluctuates very violently after yielding, and especially at
large strain frequencies, where the instantaneous force deviates from the sinusoidal linear response fit.

At all frequencies, and for both thin N ≈ 9 and thick N ≈ 26 nanojunctions (see Fig. S3), fluctuations
tend to rapidly increase toward yielding (a0 ≈ 0.165 nm), signaling the gross inadequacy of linear response
description beyond the elastic regime.

Figure S3: Force fluctuations frequency dependence, extracted for different strain oscillation am-
plitudes for N ≈ 9 (a) and N ≈ 26 (b) nanojunctions, respectively. For each parameters set, data is extracted
over many oscillation cycles, considering half width at half maximum of Gaussian distribution of the recorded
force signal deviating from its sinusoidal linear response fit.

In addition, we Fourier analyzed the lead-lead force

F (t) =
a0
2

+

∞∑
n=1

an cos (nω0t) + bn sin (nω0t) (1)

to obtain the noise spectrum in the two relevant regimes: a) small strain amplitude, where without slips the
nanojunction is basically elastic, with positive stiffness and b) large strain amplitude, where the nanojunction
deforms with reversible slips and stiffness is negative. As shown in Fig. S4 for the nanojunction of N ≈ 9 the
noise spectrum broadens dramatically in stick-slip regime (b), with large higher harmonic contents at ω = nω0

besides the fundamental at ω = ω0. The peak n values depend on the oscillation amplitude, reflecting the
changeable position of slips within the cycle.

Figure S4: Noise spectrum for N ≈ 9 at small amplitude a0 = 0.08 nm (a), frequency 50 MHz and large
amplitude a0 = 0.22 nm (b). The frequency scale shows n = ω/ω0. The |F (ω)| hystograms show

√
a2n + b2n,

normalized so that F (ω0) =1. Note the broad-spectrum noise generated by stick-slip at large apmplitude.
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3 Nanocontact structural slips

Here, we show how the force drops, responsible for the zig-zag character in the force-strain trajectories (see
Fig. S2), are caused by local ABC-ABA slips. To explore this structural feature, we perform an oscillatory
athermal (T = 0) simulation with strain amplitude 0.22nm, where layer ordering is easily detectable in the
N ≈ 9 nanowire as shown in Fig. S5a.

To verify the possible role of interplanar sliding in determining the occurrence of avalanche-like instabilities
at each strain cycle, we successively determine the angular distribution, now at room temperature, for the
N ≈ 26 nanocontact – central atoms only, excluding surface ones – at 50MHz. Fig. S5b reports the angular
distribution of the nanowire structure right when the nanojunction experiences the largest (0.22nm) compressive
and tensile strain within the cycle, with the appearance of a shoulder around 147◦ signaling precisely ABC to
ABA local sliding of (111) planes during the oscillation.

Figure S5: Nanocontact structural and interplanar sliding features. (a) Local structural slip during a
0.22nm strain oscillation for the N ≈ 9 nanocontact, at zero temperature. (b) Angular distribution at maximum
compressive/tensile strain (0.22nm) of the thicker N ≈ 26 nanojunction at 300K. The dark arrow highlights the
appearance of a shoulder around 147◦ signaling the ABC to ABA interplanar local sliding. Simulated frequency
is 50MHz.
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4 Zig-zag model

The simple toy model introduced in the main text and characterized by

σ(ε) = kε− jnΘ(ε(t)− εn) + jbΘ(εb − ε(t)) + σi

ε(t) = ε0 sinωt
(2)

where k is the elastic stiffness, and jn (jb) are the necking (bellying) jumps at yield strain εn (εb), and σi is the
intrinsic stress at zero strain, can help us to understand the role of vertical jumps in determining the values of
G′. As already mentioned, the effective stiffness can be calculated as ratio of the Fourier transforms

ε(ω) =
ω

2π

∫ π/ω

−π/ω
ε(t) exp (−iωt)dt =

ε0
2i

σ(ω) =
ω

2π

∫ π/ω

−π/ω
σ(ε(t)) exp (−iωt)dt

=
kε0
2i
− jn
πi

√
1− (εn/ε0)2 − jb

πi

√
1− (εb/ε0)2 + 0

(3)

leading to the formula:

G′ =
σ(ω)

ε(ω)

∣∣∣∣
ω=ω0

= k − 2

πε0

[
jn
√

1− (εn/ε0)2 + jb
√

1− (εb/ε0)2
]

(4)

This is the exact equivalent of least square fitting protocol we employed to extract G′ from the MD simula-
tions.

For several values of jn and jb – renamed simply j here –, Fig. S6 shows the zig-zag response of this toy
model, and the corresponding effective stiffness G′ calculated from Eq. (4). The stress jump amplitude j plays
a crucial role in determining G′ sign reversal. When the applied strain is still within the elastic regime, the
overall slope in Fig. S6a remains positive; at the yield slips however, both necking and bellying, the stress drops
to zero, turning negative the overall slope, and thus G′.

Figure S6: Zig-zag stress-strain model for parameters: j = jn = jb, εn = |εb| = 0.5, ε0 = 0.7,
σi = 0.5, and k = 1. (a) Model stress-amplitude characteristics, mimicking the avalanche-like slips in the
simulated nanojunctions. The overall slope highlighted by dashed lines represents a rough approximation of G′.
(b) G′ calculated using equation Eq. (4). Note how G′ turns negative for j = 1, the value making the stress
jumps touch zero, as in simulations. The model demonstrates how a large average tensile stress, imposes also a
large value of stress jumps, j –as the result of touching zero– necessarily for G′ to turn negative.
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5 Energy barriers and attempt frequency

The regime adopted by each strain-induced slip of the nanojunction may be rationalized by standard transition
state theory, where the inverse rate

2πτ−1 = ωL = Ω exp−∆/kBT (5)

is controlled by an energy barrier ∆ and an attempt frequency Ω. While both quantities depend on specific
nanojunction and its conditions, we obtained an order of magnitude of the barriers from the total energy
evolution of the athermal nanocontact of Fig. S5a, and extract a rough value between 0.2 and 0.4 ev of the
energy jumps, proportional to the barriers (possibly slightly underestimated by the force field), associated with
single slips (Fig. S7). We also ran a 300K non-oscillatory simulation of the nanocontact (N ≈ 9), pre-strained
by −0.12 nm, a regime close to a bellying slip. A long simulation 0.25µs only showed just white noise in the
force, from which we estimate a conservative upper bound Ω ∼ 10 MHz for the attempt frequency. Assuming
qualitatively therefore, a barrier of 10 kBT and an attempt frequency of 10 MHz we obtain a crude crossover
frequency estimate ωL ∼ 500 Hz.

Figure S7: Energy jumps at slips. Evolution of total energy during an adiabatic strain oscillation at T=0 in
the N = 9 junction. Two orange dashed lines show a typical energy barrier of a single slip, e.g., bellying. The
jumps provide an order of magnitude of the slip energy barriers.
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6 Heat conductance

The heat conductivity of a metal such as gold is largely electronic. Thus the mechanical heat generated inside
the junction by oscillatory strain is basically conducted away by electrons at the Fermi surface. The heat
conductance in the bulk metal is related to electrical conductance through the Wiedemann-Franz relation. For
our nanojunctions, however, since their typical length is smaller than the electron’s mean-free-path –37.7 nm
for gold[2]–, electrical conductance is ballistic, and not diffusive as in bulk. It has been conclusively shown that
the Wiedemann-Franz relation holds also in ballistic nanochannels[3, 4], which for the nanojunction with cross
section N ≈ 9 at 300K for instance, gives:

κballistic = N × π2k2BT

3h
≈ 2.56× 10−9 WK−1 (6)

Using this value, we can estimate what would be the increase in temperature in an ideal nanojunction, in
presence of the ballistic electronic heat conductance. With a mechanical Joule power of 2 ev/cycle ∼ 1.6×10−11

W in the case of N ≈ 9 while oscillating with amplitude of 0.22 nm at frequency of 50 MHz, the expected
temperature increase would be

∆T =
1.6× 10−11

2.56× 10−9
≈ 0.006 K (7)

In our MD simulations the electronic conductance, responsible for about 95%[4] of total heat conductance in a
real gold nanojunction, is of course absent. Moreover, we only thermostat the two thin solid lead slabs supporting
the whole contact of length h0 (see Fig. 1). Unsurprisingly we observe a higher simulated temperature rise of
the interior nanocontact than that estimated above, but still below 15 K, thus unable to cause melting, and
altogether irrelevant.
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Juan Carlos Cuevas, Edgar Meyhofer, and Pramod Reddy. Quantized thermal transport in single-atom
junctions. Science, 355(6330):1192–1195, 2017.

8


