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With continued scaling toward higher component densities, integrated circuits
(ICs) contain ever greater lengths of nanowire vulnerable to failure via electro-
migration. Previously, plastic electromigration driven by the ‘electron wind’
has been observed, but not the elastic response to the wind force itself. Here
we describe mapping, via electron energy-loss spectroscopy, the density of a
lithographically-defined aluminum nanowire with sufficient precision to de-
termine both its temperature and its internal pressure. An electrical current
density of 10° A/cm? produces Joule heating, tension upwind, and compres-
sion downwind. Surprisingly, the pressure returns to its ambient value well
inside the wire, where the current density is still high. This spatial discrep-
ancy points to physics not captured by a classical ‘wind force’ model, and to

new opportunities for optimizing electromigration-resistant IC design.
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Electromigration is the most important threat to the reliability of interconnects in integrated
circuits (ICs)!. As continued scaling leads to smaller metallization volumes, interconnect
resistances are increasing exponentially*. Larger current densities and narrower wires make
failures due to electromigration more likely. Simultaneously, because of the increasing total
length of interconnect, robustness to electromigration must increase simply to maintain current
levels of IC reliability. The resulting squeeze creates a technological horizon only a few years
out, beyond which manufacturable solutions are not known?>.

To minimize the electromigration constraints on circuit performance, IC designers consider
all aspects of interconnect geometry and nanostructure, from the wire material to its routing,
cladding, capping, curvature, and grain structure>®. Importantly, they increasingly rely on the
short-length (or Blech) effect’®, namely that, at a given current density and temperature, elec-
tromigration is self-limiting in wires shorter than the threshold ‘Blech length’. This short-length
effect arises because the atomic motion produced by electromigration leads to a back-stress gra-
dient (i.e. an opposing stress migration) such that the net migration eventually comes to a halt?.

d7°-2! Fur-

No measurements of back stress in wires less than 10 m long have been reporte
thermore, the ‘transient’ electromigration forces observed previously build up over time as the
result of atomic diffusion and thus represent plastic deformations!'®!%172° No previous study
has observed the electron wind force that directs the atomic diffusion and is thus the ultimate
source of electromigration. The wind force produces an elastic, Hooke’s-law response created
by atoms displaced from their equilibrium positions but not moving between lattice sites . Be-
cause the wind force is proportional to the electric current density .J, both it and the induced
elastic response vanish immediately when the electric current is interrupted.

Here we present an imaging technique with nanometer-scale spatial resolution and sufficient

sensitivity to detect the electron wind force in the elastic regime. Based on electron energy loss



spectroscopy (EELS) in a scanning transmission electron microscope (STEM), the measure-
ment technique maps the bulk plasmon energy £, in a current-carrying wire. In an electron gas
model the plasmon energy,

en

E, = hy|— (1)

eom’
depends only on the valence electron density n and fundamental constants: the electron mass
m, the elementary charge e > 0, the reduced Planck’s constant A, and the vacuum permittivity
€p. Previously we have shown that, because thermal expansion changes n, maps of the plas-
mon energy can be converted into temperature maps with nanometer-scale spatial resolution??.
Such plasmon energy maps can also reveal the electron wind force, which puts some parts of a
current-carrying wire into compression (raising the density) and others into tension (lowering

the density).

Experiment

We demonstrate this technique on a 1.1 gm-long aluminum nanowire fabricated with e-beam
lithography on a 20 nm-thick silicon nitride membrane (Figs. 1 and S1). The experiment is
essentially an accelerated lifetime test, where our chosen bias current is large, but still small
enough that the expected time-to-failure is long compared to the length of the experiment.
Imaging the nanowire in unbiased and biased states while collecting an EELS spectrum at ev-
ery xy pixel produces a spectrum image for each condition. Fitting the spectra provides an xy
map of the sample in each fit parameter (Figs. S13—S17). These maps can be further manip-
ulated to extract physical parameters. For instance, comparing the intensity in the aluminum
plasmon to the intensity of the zero-loss peak (ZLP) gives an xy map of the device thickness
(Fig. 1C,D). Averaged over its length L, the nanowire’s trapezoidal altitude profile is approx-
imately parabolic with a base b = 50 nm, a height h = 30 nm, and a cross-sectional area
A = (2/3)bh = 1000 nm>.

The most pertinent fit-parameter maps show the center energy £, of the Al bulk plasmon
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Figure 1: Experiment setup: (A) and (B) bright-field (BF) TEM and annular dark field
(ADF) STEM images, respectively, of an aluminum nanowire. (C) Thickness of the aluminum
nanowire, as determined by the EELS plasmon ratio method (see Eq. S3). (D) Detail of the
region indicated by the dashed frame in (C). (E) The nanowire’s width in 1.7 nm pixels in the
spectrum image (green dashed region in (B)), and the nanowire’s cross section A as determined
by integrating its thickness over its width (fit shown in red). Where the width is clipped by
the spectrum image’s field of view, its value is extrapolated (Fig. S9). (F) The current density
and electrical potential as a function of position along the wire (Fig. S9) for the experiment
of Fig. 2B. Parts (B), (E), and (F) share the same horizontal axis. The position and potential
origins have been chosen to be at the center of the wire.



(Fig. 2). We bias the nanowire in situ with 0, 100, 0, 100, and 0 W dissipation in the nanowire,
where the bias current polarity is positive and negative for the 2" and 4™ spectrum images, re-
spectively. The spectrum images are acquired sequentially with an acquisition time of 42 min-
utes per spectrum image, with no more than 6 minutes between each map. At non-zero bias
the nanowires anneal under the influence of the current density J of 10® A/cm?, reducing the
nanowire resistance by 10% over the course of a spectrum image. Feedback holds the power
dissipation (and thus the temperature) constant, so the magnitude of the average current I for
the negative polarity (—1.07 mA) is 4% larger than that of the positive polarity (+1.03 mA).

The plasmon energy maps (Fig. 2) show grain boundaries both in the nanowire and in the
contacts, demonstrating that the xy spatial resolution and the £, energy sensitivity are sufficient
to see such atomic-scale density variations??. In the 1% scan, the plasmon energy is uniform
(excepting the grain boundaries) across both contacts and the nanowire, which indicates that
the unbiased wire is unstrained.

In the 2" scan (+ bias), the plasmon energies are no longer spatially uniform. Relative to
zero bias, they increase in the left half of the wire and decrease in the right half of the wire.
These shifts imply that the wire’s left half is becoming denser while its right half is becoming
less dense. The 3™ scan produces a plasmon energy map that is similar — but not identical —
to the 1%. The 4™ scan (— bias) again creates plasmon energy variation across the nanowire, but
this time the plasmon energy decreases in the left half of the wire and increases in the right half
of the wire. The 5" and final scan shows a plasmon energy distribution that is similar to that
of the 1% and 3™ scans. Averaging the plasmon energy maps across the width of the nanowire
gives E, line profiles that show good reproducibility among the zero bias measurements. The
line profiles from the ‘+’ and ‘—’-biased nanowire differ from each other, and from the zero
bias profiles.

Because of the bamboo grain boundary effect, narrower wires are generally more resistant to

electromigration, so we expect a critical Blech product (JL). = 5000 A/cm?71%23 for these 30-
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Figure 2: Plasmon energy maps: (top) Consecutive plasmon energy maps at five currents /:
0, +1.03,0, —1.07, and 0 mA. (bottom) Line profiles generated by averaging across the shorter
dimension in each map. The direction of the electron current is indicated. The maps are 795 x 74
pixels, and each pixel is 1.7 nm on a side.



nm-tall wires at 7" < 100°C. However, the current density J ~ 1.0 x 108 A/cm? is large enough
to put this L = 1.1 ym nanowire at least near the threshold length. Thus some electromigration,
and possibly even eventual failure, is expected. The 10% resistance drops are clear evidence
that atomic migration occurs. In fact, careful analysis of the zero-power spectrum images shows
the movement of aluminum atoms in two distinct ways. First, the thickness of the aluminum,
as determined by the ratio of the plasmon peak to the ZLP, is systematically altered by the
application of the electrical current. At positive bias the left-hand side of the wire becomes
thicker while the right-hand side becomes thinner (Fig. S19). These changes reverse when
the current polarity reverses; in both cases aluminum is moving from the cathode toward the
anode. Second, the zero-power density of the aluminum, as determined by the plasmon energy,
has increased on the left-hand (right-hand) side of the wire after positive (negative) applied
bias, which again indicates cathode-to-anode motion of the aluminum (Figs. S15 and S20).
Interpreting these two effects in terms of atomic currents, we see that the thickness-changing
current is about 100 larger than the density-changing atomic current (Fig. S21).

The successive zero-bias plasmon energy maps are almost indistinguishable compared to the
+-biased plasmon energy maps, which are very different from each other and from the zero-
bias maps. The enduring, or plastic, effect on the wire density is thus small in comparison to the
transient elastic effect. While the atomic current responsible for the enduring density changes
might cause the wire to fail eventually, here the 46—49 minute periods with the current applied
(slightly longer than the scan time) are short enough that the back-stress field created by atomic
motion does not develop substantially. In other words, because the spectrum images show that
the wire is relatively unchanged from its initial configuration after the applied +1 mA has been
reduced to zero, we can conclude that the time-integrated effect of the atomic currents on the
back-stress is so small as to be negligible in comparison to the prompt response to the electron
wind force. The mass transport’s integrated effect on the atomic density is thus negligible in

comparison to the transient effect created by the bias current.



Analysis

We understand the plasmon energy’s transient response to the bias current / = J A in terms of
two distinct effects that occur on sub-second timescales: Joule heating (o< .J?) and the electron
wind force (o< J). The Joule heating pJ? (p is the resistivity) produces thermal expansion
and a concomitant density change that is both an even function of the applied current and an
even function of position about the wire midpoint. With an effective ionic charge Z* < 0
the wind force Fying = Z*eE = Z¥epJ (E is the electric field) pushes the aluminum atoms
in the direction of the electron flow, putting the upstream side of the nanowire into tension
and the downstream side of the nanowire into compression. This second density-changing
effect is an odd function of the applied current and an odd function of position about the wire
midpoint. Although both effects are present simultaneously, they can be separated via their
different symmetries under the current reversal.

We take the electron density n = ng + An, where An is the shift of n relative to its
unperturbed value ny. Expanding Eq. 1 in a Taylor series, we then construct maps of the ratio
R = (E, — Ey)/Ey ~ An/2n,, where the reference, zero-bias plasmon energy map £, is
the one acquired directly after the £, map acquired under bias. From the positive-current map
R(+1) and the negative-current map R(—1I) we then construct R(+1) + R(—1I) =~ Aneyen/n0
and R(+1) — R(—1) ~ Anga/no , where An(£1) = Aneyen = Anogg and Aneye, and Anggg
are the current-even and current-odd shifts of the electron density n, respectively (Fig. 3). The
temperature-dependent coefficient of linear thermal expansion «(7") and Aneye, give the wire
temperature 7" as described previously??, while the bulk modulus B and An,gq give the pressure

in the wire P = 3BAnqqa/n0 (Eq. S10b).

Discussion

Spectra acquired at 40 Hz within a grain in the contacts measure the plasmon energy with a

standard deviation of 10 meV, which corresponds to a fractional precision of 0.0006. This
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Figure 3: 7" and P separation by symmetry under current reversal: Relative plasmon en-
ergy shifts (Fig.2), when added and subtracted according to the sign of the applied current,
give the current-even and current-odd relative shifts of the electron density n (left axes). Alu-
minum’s density varies with temperature 7" and applied pressure P according to simple relations
parametrized by thermal expansion coefficients and the bulk modulus. Inverting these relations
gives the local 7" and P (right axes), which have their spatial () dependence fit to analytic
functions (solid red curves). The lower plot also shows the x-dependence of the current density
J (grey dashed curve) and the corresponding (i.e. expected) pressure profile (red dashed curve).
The measured pressure profile turns over sooner and more abruptly (Fig. S10) than expected for
P xzJ (Eq. 2).



statistical precision in turn corresponds to a temperature sensitivity of 3 K/ v/Hz and a pressure
sensitivity of 60 MPa/+/Hz. For comparison, a pressure-imaging technique that interrogates
nitrogen-vacancy color centers in the culet of a diamond anvil cell has recently achieved a
pressure sensitivity of 20 MPa/y/Hz>*. This technique queries the diamond neighboring the
sample with a laser beam and achieves a spatial resolution of ~ 5pum. Here we query the
aluminum sample itself with an electron beam and achieve a spatial resolution ~ 3 nm?2.

The density shifts Aneye, and Anggqg show the even and odd symmetry about the x = 0 mid-
plane, respectively, that is expected for Joule heating oc J2 and an electron-wind force oc J 2.
Moreover, some details corroborate our expectations for the underlying physics. The tempera-
ture profile is peaked in the center, away from the thermal sinks provided by the contacts, and
can be approximated with a parabola or cosine (Eq. S6). The pressure is such that the electron
‘wind’ pushes material toward the anode. Its profile P(z) is linear for some 80% of the wire’s
length, with the pressure zero at the nanowire midpoint, and from its extrema it transitions back

to its zero value near the ends of the nanowire. This behavior can be understood by considering

the effect of the wind force Fy,,q on an elastic wire (Eq. S15), with the result

Z*ep

P(z) = Q

zJ (z), 2)

where () is the atomic volume and the other parameters have been defined previously. This
system is somewhat like an elastic rod, supported above and below, in a gravitational field
(Fig. S7), but here the applied force scales like 1/A as a function of the rod’s cross sectional
area A; as the wire widens into the contacts the (wind) force decreases with the current density
J while the nanowire’s effective (1D) stiffness increases o< A. This spatial dependence P(z)

xJ () for the plastic stress has been anticipated for decades %%

, and the elastic stress’s profile
would be expected to be similar. Assuming electrons are the charge carriers, fitting the observed
P(z) to Eq. 2 gives a value Z* = —4 for the effective ionic charge. This value is consistent

with previous reports?® and indicates that the ‘wind’ force due to momentum transfer from

electrons dominates the ‘direct’ force due to the applied electric field®>. While larger than the

10



yield strength of bulk aluminum, the observed pressures of 1-2 GPa are reasonable given that
the Hall-Petch effect greatly increases the strength of nanocrystalline aluminum?’ and that a
typical grain size in this wire is about one-third of the wire thickness.

However, other details do not corroborate our expectations. The classical wind force model
(Eq. 2) predicts that the pressure extrema occur where the nanowire widens at the contacts,
whereas the extrema are observed well inside the wire, some two wire-diameters away from the
contacts. This discrepancy is not understood, but with this STEM-EELS-based technique the
effect is gross and well-resolved spatially. The position of greatest wind-force tension — i.e.
the point of most probable electromigration-induced failure — is located 100 nm from where it
might otherwise be expected. Moreover, the length scale over which the pressure profile returns
from the extrema to the ambient is 6 x shorter than the value expected based on the 63° contact-
opening half-angle (Fig. S10). Experimental limitations due to, for example, finite resolution??
and spatial averaging generally blur sharp transitions, which makes this enhancement especially
surprising. These unexpected features of the short-length effect point to new physics. While
presently not understood, the operative mechanism is protective against electromigration, inde-
pendent of the plastic back-stress underlying the traditional Blech effect, and might be dominant
in wires < 100 nm long. As the transistor pitch in the current semiconductor fabrication tech-
nology nodes is only a few tens of nanometers, the first metallization layers in a microprocessor
contain billions of wires below this threshold. Thus a more complete understanding of this

effect might lead to a revolutionary new set of electromigration countermeasures for IC design.

Associated Content

Supporting Information
Methods, spectrum image data summary, details of atomic current analysis, and Supporting Fig-
ures S1-S21. The Supporting Information is available free of charge on the ACS Publications

website at DOI: 10.1021/acs.nanolett.xxx.
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A.1 Methods
A.1.1 Hardware

Unless otherwise noted, data are acquired using a JEOL JEM-2100F TEM (accelerating voltage
80 kV, beam current 300 pA, and probe convergence angle « = 12 mrad) and a Gatan Quantum
963 GIF spectrometer (collection angle 5 = 17 mrad). The zero-loss peak (ZLP) full-width
at half max (FWHM) of 0.6 eV is achieved by lowering the emission current to 50 pA and
carefully adjusting the high tension ripple filters. Typical spectrum images (e.g. those used to
generate Fig. 2) have a dwell time of 27 ms/pixel and spend 30% of the total image acquisition
time performing drift correction. Acquiring a high quality dark reference after each spectrum
image improves the quality of the spectra. The sample is contacted with an in situ biasing holder
from Hummingbird Scientific and biased with a Keithley Model 2400 sourcemeter controlled

with National Instruments’ LabVIEW software.
A.1.2 Device architecture

STEM-compatible substrates are fabricated by etching with KOH through a 200 pm-thick,
(100)-oriented, double-sided-polished silicon wafer to reveal a 20 nm-thick, LPCVD-grown,
silicon nitride membrane. Optically-defined Ti/Pt (5 nm/25 nm) leads terminate near the win-
dow edges. Aluminum nanowires with connections to the Ti/Pt leads for 4-wire measurements
are patterned using e-beam lithography (Fig. S1) and e-beam evaporation. High-resolution
STEM imaging (Fig. S2) shows that the aluminum is polycrystalline. Core loss EELS of the

nanowires shows the elements Al, O, N, and Si in their expected locations (Fig. S3).



Figure S1: Device architecture: (A) A silicon chip supporting an electron-transparent silicon
nitride membrane and supplied with Ti/Pt (5§ nm titanium adhesion layer under 25 nm of plat-
inum) optically-defined leads serves as the device substrate. On the membrane, which appears
black in this SEM image, an aluminum nanowire is defined with a 4-wire topology using e-beam
lithography. (B) An SEM image acquired with a 45° tilt shows the wire in profile. Shadow-
ing by the e-beam resist produces a wire that has a cross-section that is roughly trapezoidal or
parabolic. The wire’s maximum thickness is one third of the nominal film thickness.



Figure S2: STEM images of an Al nanowire: Annular dark field (ADF, A-C) and bright
field (BF, D-F) images show a representative, 150-nm-wide nanowire’s structure at different
levels of magnification. Images C and F show the aluminum lattice inside individual grains.
Because the grains are randomly oriented, only some happen to be oriented near a zone axis,
and thus not every grain shows crystallinity. We assume that each grain is crystalline and that
this structure also occurs in our 50-nm-wide aluminum nanowires. These images were acquired
with the JEOL Grand ARM 300CF in the Materials Research Institute (MRI) at the University
of California, Irvine (UCI), using an accelerating voltage of 300 kV.
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Figure S3: Core-loss EELS mapping of an Al nanowire: Performing EELS in the core loss
regions of Al, O, N, and Si produces individual elemental maps (B-E, respectively) of the
1000 nm x 150 nm nanowire of Fig. S2, along with a combination image (A). The aluminum
signal (B) gets progressively smaller as the film gets thinner moving from the contacts to the
center of the nanowire to the edges. The nanowire’s oxide coating (C) is uniform and makes
a ~ 10 nm contribution to the nanowire’s physical width. The thin silicon nitride support
membrane gives weak but discernible nitrogen (D) and silicon (E) signals. These images were
acquired with the JEOL Grand ARM 300CF in the MRI at UCI using an accelerating voltage
of 300 kV.



A.1.3 EELS fitting

To identify regions where the aluminum plasmon can be successfully fit, we perform a simple
threshold test on the energy range 11-18.5 eV. Because the silicon nitride support membrane
spans the entire field of view, the broad SisN, plasmon (FWHM 12.6 eV) centered at 23 eV
produces a background that increases with increasing energy across the entire test range. If the
signal below 16 eV never exceeds the maximum in this background, which occurs near 18.5 eV,
then the aluminum plasmon is not large enough to fit. Therefore, if the maximum value in this
range occurs below 16 eV, we fit the aluminum plasmon in the range 13.75-16.6 eV (Fig. S4),
otherwise we categorize this region as having a negligible amount of aluminum. We estimate
that this procedure correctly identifies any pixel containing an aluminum thickness greater than
2 nm, and many that have substantially less (Fig. S5). The wire boundaries identified by this
threshold method also agree, to within a pixel or two, with those identified with methods that
are not specific to elemental aluminum, namely ADF imaging and ZLP intensity mapping.

Fit parameter maps are extracted by fitting each spectrum /(j) in an EELS spectrum image

(Fig. S4). The ZLP is fit with a Gaussian function

. : L 2
IOAbm exp _(]Abm ,U/ZLP) (Sl)

V2mo? 202 7

where 7 is the bin number, [ is the total counts under the peak, Ay, = 0.025 eV is the spec-

1(j) =

trometer bin width, o parametrizes the ZLLP width, and iz p is the center value. The plasmon

peak is fit with a Lorentzian function

. ]lAbin F/2

10) = = A = - 0 /2)

5 + A1+ A2 Apin, (52)

where I, is the total counts under the peak, I' parametrizes the plasmon peak width, yi, is the
center value, and A; + Asj Ay, parametrizes a linear background. To facilitate comparisons

between the peak widths, we plot FWHMyp = (2v21n2)o and FWHM,, =T
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Figure S4: Fitting an EELS spectrum: A single EELS spectrum (one of 64000 in each spec-
trum image) is shown normalized such that the ZLP maximum is unity. Gray bands indicate
the fit regions for the ZLP and the plasmon peak, and the vertical black and blue lines indicate
the peak center values. The difference between the plasmon center and ZLP center is defined to
be the plasmon energy. Insets show the fit regions for the ZLP and the plasmon peak in more
detail. The former is fit to a Gaussian function (Eq. S1) and the latter is fit to a Lorentzian
function with a linear background (Eq. S2).



A.1.4 Thickness determination

Using fit parameters extracted from an EELS spectrum we can estimate the sample thickness in
two different ways, both of which assume that plasmons are created in a Poisson process. The
plasmon ratio method?*?8, t;/Aa1 = I, /Iy, gives the aluminum thickness #,; in terms of the
ratio of the first plasmon peak intensity I; to the ZLP intensity /,, while the log-ratio method?’,
t/\ = In[l;/ 1], gives the total thickness ¢ of the sample in terms of the total intensity /; and the
ZLP intensity. These thickness determinations give consistent results with small spectrometer
collection angles  and large Ay;,,. However, we use large $ to maximize the count rate and
small Ay, to maximize the precision of the plasmon energy fit.

At large (3 the ratio method underestimates the aluminum thickness because, due to elastic
scattering into the first order Bragg reflections, the ZLP intensity increases faster than the plas-
mon peak intensity with increasing 5. With increasing 3 the plasmon peak also gains intensity
as the spectrometer captures more electrons that have created plasmons with non-zero momen-
tum, but this effect is smaller and incompletely reflected in the fits, which assume a symmetric
plasmon peak. (The plasmons’ dispersion adds a high-energy shoulder to the plasmon peak.)

While the log-ratio method is thus potentially more accurate than the plasmon ratio method,
it is difficult to accurately estimate the total intensity /; when the full extent of the captured
spectrum is less than 52 eV. Since we need the small Ay, = 0.025 eV to fit the plasmon
precisely and the spectrometer has only 2048 bins, we correct for the error in the ratio method
by applying a multiplicative factor of 1.42, which is determined by auxiliary measurements
on the same samples with Ay, = 0.1 eV. For instance, on the silicon nitride we might find
In[1;/Iy] = 0.35, and on the contacts we might find In[/;/I,] = 1.53 and I/l = 0.83. We

estimate the actual thickness 4; as
tAl = 1-42([1/[O>>\A17 (S?))

taking A\z; = 72 nm?. The absolute accuracy of the thickness determination is only fair (this
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Figure S5: Bulk plasmon center energy is insensitive to thickness: (A) The ratio of the inten-
sities of the plasmon peak to the ZLP shows that the aluminum film’s thickness is nonuniform
(see also Figs. 1, S1, and S9). (B) In contrast, the plasmon energy image shows that, aside
from changes at grain boundaries, the plasmon energy does not vary along either the transverse
or longitudinal direction in the wire. (C) The ADF image also shows the thickness variation,
although less quantitatively than the intensity ratio map (A). (D) A double histogram plot of the
images (A) and (B) shows the number of counts (z) as a function of thickness (x) and plasmon
energy (y). Despite a ~ 100% variation in thickness, the plasmon energy typically varies by
< 0.1%. Most of this small variation is not noise, but rather the result of the decreased electron
densities at grain boundaries??. The histogram shows two distinct humps; the larger one comes
from the wire, and the smaller one comes from the contacts.
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example gives t5; = 85 nm, when the film’s nominal thickness is 100 nm), but the good point-
to-point reproducibility of the measurements indicates that they provide precise values of rel-
ative thickness from scan to scan. We note in passing that the bulk plasmon’s center energy
is admirably insensitive to the film thickness (Fig. S5). This insensitivity is a key factor for
allowing the use of the plasmon center energy as a clean, precision probe of both temperature

and pressure (i.e. the wind force).
A.1.5 Profile analysis: temperature

We understand the aluminum wire’s temperature profile 7'(x) in terms of the time-independent

heat equation with a Joule-heating source term,

0 oT I*p

where x is the thermal conductivity, A is the wire’s cross-sectional area, [ is the current in
the wire, and p is the wire’s resistivity. By considering the profile as a function of one spatial
dimension x only, we are neglecting the thermal conductivity of the silicon nitride membrane.
To arrive at analytic expressions, we further take A to be constant in the wire and the contacts
to be heat-sunk at temperature 7. While both « and p change with temperature, allowing both
to vary makes Eq. S4 non-linear. The temperature dependence of p is more important, so we

neglect the temperature dependence of « and take

p=po(l+ (T —1To)/T,) = pactect + pour(1 + arcr (T — Tp)), (S5)

with the reference-temperature resistivity po = pPgefect + Pourx having defect (e.g. surfaces
and grain boundaries) and bulk (i.e. intrinsic) contributions. The temperature dependence
is parametrized either by 7}, or by the bulk temperature-coefficient-of-resistivity apcr. Then
Eq. S4 can be solved for a wire of length L with the boundary conditions 7'(£L/2) = Tj to

give

cos[(IRo/Vo)(2x/L)] 1) | (S6)

T(l’) = T(] + Tp ( COS[]RO/%]
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where Ry = Lpy/A is the wire’s resistance at zero bias and Vy = /4poxT,. This temperature
profile peaks at the center of the wire (x = 0) and reduces properly to the constant p result
T(x) =To+ I*RL/(8kA) in the limit T, — oo,

Integrating p(7'(x))/A across the wire gives the wire’s total resistance, which via Ohm’s
law V' = I R in turn gives the total voltage drop across the wire ' (not to be confused with the
volume V),

V = Vptan(RoI/ V). (S7)

Fitting the / — V profile of the aluminum nanowire to this function (Fig. S6) provides values

for Ry and Vj,.
A.1.6 Profile analysis: pressure

Hooke’s law can be written3°

1
€z = — [0, — v(oy + 0.)] + AT, (S8a)
Ey
1
ey = — oy — V(0. + 0,)] + AT, and (S8b)
Ey
1
€ = — 0. — v(o, + 0y)] + @AT, (S8c¢)
Ey

where € is the strain, o is the stress, Ey is Young’s modulus, v is Poisson’s ratio, and « is the
coefficient of linear thermal expansion. For the wire we take the stress to be entirely due to the

wind force along x, with o, = 0, = 0. Summing Eqs. S8 then gives

o
€ + €y + €= 35 + 3aAT, (S9)

Ey

30—y The trace of the strain

where we have introduced the bulk modulus B = —V% =

tensor is equal to the fractional change in the volume A—Vv. Exchanging the volume V' for the

number density n with ATX = —%—g and An(£1) = Aneyen £ Anggq then gives
A even
Slleven _ _3)AT  and (S10a)
%)
Anodd Oy
el _ S10b
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Figure S6: Current-voltage (! — V') characteristic of the aluminum nanowire: The data
(blue, acquired immediately before the 2™ scan of Fig. 2) is fit (red) to V' = Vysin(RyI/Vj)
(Eq. S7), where Ry = Lpy/A is the resistance at zero bias and V = +/4poxT,. When combined
with the nanowire dimensions as determined using traditional STEM and STEM EELS (L =
1063 nm and A = 1060 nm?, see Fig. S9), the fit value Ry = (93.82+0.03) Q gives an aluminum
resistivity po = 9.4 u€2-cm. Given pyy = 2.7 pf2-cm, this value implies pgefece = 6.7 pf2-cm,
a reasonable defect contribution given that the wire’s radius is comparable to the electron mean
free path in the bulk.

The fit parameter V|, depends on the product x7},, but these can be disentangled using the
PEET determination of the temperature profile (Fig. 3) and Eq. S6, with the results 7, = (600+
100) K and x = (180 4 20) W/(m-K). These values in turn imply a apcg = 0.005 K, which is
within 20% of the expected bulk value of 0.0043 K~!. Note that during the 7' measurement the
Ry drops after the 1%, ‘+ bias to (85.354-0.03) €2, and after the 2", ‘-’ bias to (75.3540.03)
from the value determined in this / — V. These values for T}, x, and arcr are determined by
applying the one 7" measurement to each of two results of the post-bias I — V' fits and then
averaging the two results. To find the value for Z* we take in Eq. 2 (Eq. S15) p ~ po, where p,
is the average of the two room-temperature resistivities determined by the fits to the post-bias
I — V measurements.

This combination of / — V' data with STEM imaging and precision low-loss STEM EELS
gives a remarkably complete characterization of the nanowire. With only the bulk coefficient
of thermal expansion «(7T"), bulk resistivity ppux, and bulk modulus B as inputs, we extract the
nanowire’s length L, width w, thickness ¢, room temperature resistivity py, defect contribution
to the resistivity pgefect, temperature coefficient of resistivity arcg, thermal conductivity «, and
effective ionic charge Z*, not to mention the maps detailing the local temperature and pressure
everywhere.

13



where we have separated the two terms according to their distinct symmetries under reversal
of the current /. These Eqgs. S10 relate the quantities measured via the plasmon energy ratio
R (not to be confused with the wire resistance ) to the temperature and pressure in the wire.
We extract the temperature 7' from Eq. S10a, accounting for the temperature dependence of
« as described in Ref. 22. Using Eq. S10b we find the pressure P = —o, = 3BAngq/no,
where positive (negative) P indicates compression (tension). The factor of three in the pres-
sure formula can be understood as follows: because the wire is unstressed in the two directions
orthogonal to the wire axis, to produce a given density change one requires 3 the pressure re-
quired in the isotropic case. We use the values Fy = B = 70 GPa and v = 1/3 for aluminum?!
in all calculations.

To find analytic expressions for the wire displacements and pressure gradients created by

the electron wind force, we approximate the total potential energy U of the wire as

Uz/)\dx
—/ Lo () L a)a
— 9 Y dx O wind Uz X,

where the integral of the linear energy density A\ extends over the contacts and the length L of

(S11)

the wire, which has its axis oriented along the z-direction. The first term on the second line
of Eq. S11 represents the elastic strain energy in the wire. This energy arises via Hooke’s law
0. = Eye, (Eq. S8a), where we are now neglecting thermal effects. The strain in turn is related
to the displacements u,(z) by €, = ‘Z‘—; = /. The second term is due to the wind force Fyng.
It varies linearly with the displacements u, and is scaled by the atomic volume €2 to give an
energy density.

In some ways this problem is analogous to that of a solid rod, supported above and below, in
a gravitational field: the top of the rod is in tension and the bottom is in compression (Fig. S7).

Nature adopts the solution that minimizes the potential energy density A\(u,, u'; ). We find this

14
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Figure S7: Vertical rod/mass chain analogy: A simplified, 1D model considers a vertical
rod as a chain of discrete masses m, each connected to its nearest neighbors by springs with
spring constant k. Here we show N = 21 masses with the 0" and the 20" masses both fixed.
In the absence of a gravitational field the masses are equally spaced with spacing ¢. Turning
on a gravitational acceleration g < 0 puts the top of the chain into tension and the bottom into
compression, with the position of the ;™ mass given by y; = j({+ %2(N 41— j)). The greatest
displacements from the no-gravity positions occur at the center of the chain. This mass-chain
model reproduces the functional forms of the strain (linear) and the displacements (parabolic)
created by the electron wind force in the center of a current-carrying wire.

However, the analogy of the mass chain in a gravitational field with the current-carrying
wire breaks down at the boundaries; the mass chain only gives sensible results if the positions of
the end masses are fixed, while in the current-carrying wire the wire ends are free. The analogy
works as well as it does because, in the case of a varying cross sectional area A, the wind force
decreases ox 1/A. The effective k increases oc A (for both), with the result that, in the wire’s
contacts, the combination of a stiffening wire and a vanishing wind force roughly recreates the
fixed boundary condition employed for the mass chain. In contrast, because the gravitational
force increases o m o< A, the strain in the mass-chain grows without bound if its ends are not
somewhere fixed.
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solution using the calculus of variations. Euler’s equation is:

oA d O\
ou, dzo(w) 0 (512)

The wind force is defined as Fy;,g = Z*eF, where Z* is the effective ionic charge, e > 0 is the

magnitude of the electron’s charge, and E is the electric field!. The product of the wind force

F,;inq and the area A can be written
FyindA = Z"eFEA = ZepJ A = Z¥epl, (S13)

where we have used Ohm’s law E = pJ and the definition of the current density J = [ /A. In
the approximation that p is independent of = (i.e. that dp/0T = 0), this product F;,¢A is a
constant independent of position x. Here the gravity analogy breaks down: in the gravity case

F o< A, while Fy;nq < 1/A. Evaluating Eq. S12 gives

Zrepl d du,
— <EYA o ) : (S14)

which can be integrated to give

du, —Zepl =« —Z*ep
= = S15
dx 0 aw - o @ (515)

—P:O'QCZEW)/EQj :Ey

where the x-dependence of the cross-sectional area A is now written explicitly, and where the
constant of integration has been set to zero because of the boundary condition du,/dx — 0
as x — +oo. The stress, or pressure P, in the wire is thus proportional to the electric current
I and varies with position like 2 /A(z). Thus, in the middle of the wire, where A is small and
constant, it increases linearly with the distance x measured from the wire center. In the contacts,

however, A becomes large so the stress goes to zero.

The net force F' on an ion due to the electrical potential applied across the wire may be thought of as the sum
of two terms: a ‘direct’ force due to the electric field E and a ‘wind’ force created by momentum transfer from the
electrical current’s charge carriers to the ion?. In an Ohmic material these terms are not experimentally separable.
Because Z* < 0 in aluminum, the wind force dominates in this material. We therefore refer to the net force as the
wind force throughout this paper.
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The wire’s geometry can be specified by giving its cross-sectional area A as a function
of position x along the wire. In the first approximation this function is piecewise continuous
(Fig. S8), and can be written

Ap(r) = Ao (O [z + L/2] = O [z — L/2])
+O[x—L/2] (Ag+ m(z— L/2)) (S16)
+O[—x—L/2] (Ao —m(z+ L/2)),
where O[] is the Heaviside step function, A is the wire’s cross-section, and m is twice the film
thickness times the tangent of the opening half-angle of the contacts. To give a more realistic,

analytic function for fitting, we convolve A, (x) with a Gaussian,

1 a?
60 = o (). o
to give
A(z) = Ag
+§(x—L/2)erfc[ 5o 1—;(%+L/2)effc {—\@, } (S18)

3 ([ ] 9257,

where the Gaussian width o (not to be confused with the stress o) parametrizes the effects of
resist shadowing and other resolution limitations of the e-beam lithography.

Both the piecewise continuous function A,(z) (Eq. S16) and its smoothed counterpart A(z)
(Eq. S18) are plotted in Fig. S8. Also shown are the form of the current density J(z) = I /A(x)

and the pressure P(z) (Eq. S15), which vary like 1/A and x /A, respectively.
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Figure S8: Functions of the nanowire cross-section for fitting: With perfect lithography the
nanowire’s cross section A,(x), the current density J(x) o 1/A,, and the pressure P(z) o
x/A, would be piecewise continuous (Eq. S16), as shown here (solid curves) with A, = 0.5,
L =1, and m = 6. For display purposes these functions, which have different units, have been
normalized such that their amplitudes at z = L/2 are 0.5, 2, and 1, respectively. We convolve
the piecewise continuous A, (x) with a normalized Gaussian (here with width o = 0.05) to give
an analytic A(x) (Eq. S18) and more realistic functions (dashed curves) for fitting.
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Figure S9: Analysis of cross-section, current density, and voltage: The dashed green box
in the ADF STEM image outlines the field of view (FOV) of the EELS spectrum image. The
number of pixels containing aluminum signal increases linearly as a function of horizontal
position between the ends of the wire and the intersection of the aluminum with the vertical
bounds of the FOV (A, black data). At the latter points saturation occurs: the actual width of
the contacts is larger than the value obtained by summing the pixels vertically across the FOV.
To account for the saturation we extrapolate the pixel count (A, red fit). Multiplying the width
of the wire (extrapolated pixel count times pixel size) by the average thickness (B, calculated
with Eq. S3) gives the cross sectional area (C, black data). We fit the nanowire cross section
A(z) to Eq. S18 (C, red fit), and thereby extract the parameters Ao, L, m, and o that describe the
wire geometry (x( describes the wire location relative to the field of view). The current density
J(x) (D) is computed by dividing the current I (here +1.03 mA) by the cross section data
A(z) from (C). The electrical potential V'(x) along the wire and contacts (E) is calculated by
numerically integrating the product of the current density (D) with the temperature-dependent
resistivity p(7") along the wire, using the PEET-determined temperature 7'(z). In other words,
V(z)=— [ J(@")p(T(z"))da’, where p(T) is determined from the I —V fit to Eq. S5 (Fig. S6)
and T'(z) is determined by the fit to Eq. S6 (Fig. 3).
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Figure S10: Functions of A(z) with realistic z-scaling: The nanowire cross-section A(z) is
measured with traditional STEM and STEM EELS (i.e. xy and thickness mapping, respec-
tively), and the current density J(z) scales like 1/A. According to a classical model (Eqs. S11-
S15) of the electron wind force’s effect on an elastic wire, the pressure P(z) should scale like
xJ. For the nanowire of Figs. 1-3 we measure L. = 1063 nm, m = 347 nm, and ¢ = 7 nm
with traditional STEM and STEM EELS (Fig. S9). This value for m is within 10% of the value
2 x tan(63.2°) x 90 nm = 356 nm expected based on the measured contact opening half-angle
(the angle specified by the e-beam lithography mask is 63.5°) and deposited film thickness.
Plotting the functions &< A(z), o< J(z), and < P(z), where the overall normalizations are as in
Fig. S8, gives the solid curves shown. (The Gaussian smoothing parameter o is seen to be ba-
sically negligible compared to the L and m length scales.) However, fitting the P(x) measured
with STEM EELS density mapping returns L = 920 nm, m = 2110 nm (holding 0 = 7 nm
fixed), which gives the dashed red curve (normalized here like the solid red curve). The me-
chanical model of the wind force’s action on the nanowire thus produces a functional form that
fits the data well, but that fails to explain the observed spatial dependence of P(x). Specifically,
the observed P(z) turns over too soon and reverts to zero too abruptly, returning to its unper-
turbed value well inside the wire, where the current density is still high.
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Figure S11: Similar temperature and pressure profiles occur in serpentine wires: The left
column shows a series of R ~ An/2ny maps, where the applied electrical current is alternating
with increasing magnitude from image-to-image from top-to-bottom. (These R maps all are
computed using the same initial / = 0 reference image.) Plus signs indicate the conventional
current source, i.e. the contact the electrons flow toward. To extract approximate values for
the current-even (temperature) and current-odd (pressure) effects, we combine maps adjacent in
this time series in current-even (center column) and current-odd (right column) combinations,
making no correction for the differing current magnitudes. As expected, the current-induced
T and P effects both get consistently larger as the current magnitude increases. The 7" and P
effects are also consistently even and odd, respectively, about the wire center, and even and odd,
respectively, in the current’s polarity. Interestingly, the P effect, like the 7' effect, is insensitive
to curvature in the wire: it is unimpeded by corners. At the largest current value (G), a divot
appears on the leftmost of the wire’s vertical sections, where the wire is darker and thus in
tension. This divot eventually develops into a void and the wire fails. Throughout this data set
the P extrema occur well inside the wire, where the current density is still high. Furthermore,
the wire fails specifically (frame G, leftmost vertical leg) where the tension is largest, and not
where the tension maximum would be expected in a classical wind force model (nor, e.g. where
T is large).
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Figure S12: Speed of elastic response: (A) This serpentine wire failed near the right contact
two-thirds of the way through a spectrum image. The R map shows step discontinuities in
every leg, indicating that the wire density returns to its J = 0 value within a single row’s
scan time (198 pixels/row x 21 ms/pixel = 4.1 s). (B) Line profiles extracted by averaging
the rectangles in (A) over their narrow directions are fit with hyperbolic tangents. In all cases
the transition width is consistent with a step discontinuity. (C) The asymptotic values of R
‘before’ and ‘after’ (failure) are extracted from the fits and plotted. In the absence of any plastic
deformations, the ‘after’ values would be a line on a horizontal line at £ = 0. Likewise, the
‘before’ values would show the simultaneous effects on the density of the temperature and the
wind-force pressure — see Figs. 2-3. The spatial distribution of the ‘after’ asymptotes indicates
some plastic deformation, i.e. atomic currents. Subtracting these values from the ‘before’
asymptotes reveals the prompt effects that depend on the current /. Both the temperature oc 12
and the pressure o< [ effects show non-zero signatures.
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A.2 Fit parameters extracted from spectrum images: maps and line pro-
files

Figures S13-S17 show maps of the parameters of Eqs. S1-S2 extracted by fitting the spectrum
images used to create Figs. 2-3. Below each map is a corresponding line profile that gives the
parameter averaged vertically over the non-zero pixels (pixel count plotted in red) only. The
795 pixel x 74 pixel maps displayed are aligned spatially relative to each other and are centered
halfway between the points where the pixel count saturates.

Each of Figs. S13-S17 shows one particular perspective on (i.e. slice through) the data. To-
gether they provide concise summary of the entire data set consisting of five spectrum images,
each of which is 800 pixels x 80 pixels x 2048 energy bins x 4 bytes/bin = (0.5 GB. The main
takeaway is that, as a function of applied bias, the variations in p, (Fig. S15, right column) are
far larger than those of any other fit parameter (Figs. S13-S17). The sensitivity of the center
bulk plasmon energy i, to density changes, and the relative insensitivity of y, to other geo-
metric and chemical factors (e.g. thickness, cladding, support), make it extraordinarily useful

for revealing the effects of temperature and pressure.
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Figure S13: Slices A; and A,: Maps and line profiles of the fit parameters A; and Ay, which
characterize the linear background at the aluminum plasmon (Eq. S2). This background primar-
ily results from the silicon nitride plasmon. The background shows no appreciable variation in
the course of the experiment, either as the bias varies or as a function of time.
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Figure S14: Slices Iy and I;: Maps and line profiles of the fit parameters [, and I;, which
characterize the intensities of the ZLP and the first aluminum plasmon (Eqgs. S1-S2). The ZLP
intensity is smaller in the contacts, which are thicker than the aluminum wire. Areas with too
little aluminum plasmon intensity are not fit. While the ZLP intensity shows no appreciable
variation in the course of the experiment, either as the bias varies or as a function of time, the
plasmon intensity varies slightly. These variations indicate aluminum thickness changes — see

Fig. S18.
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Figure S15: Slices pizpp and jip: Maps and line profiles of the fit parameters pizip and fiy,
which characterize the center energy values of the ZLP and the aluminum plasmon (Egs. S1-
S2). The uzp values define the energy zero. Accordingly the entire spectra have been shifted
by an integer number of bins such that the ZLP maximum shown here is within one bin-width
of zero. The puz p values have a standard deviation of 0.007 eV, which is smaller than the
spectrometer bin width Ay, = 0.025 eV. The 1, data is the same as that shown in Fig. 2. The
maps of 11, show both the grain structure of the aluminum wires (at a grain boundary the values
dip by 9-17 meV??) and shifts due to temperature and the wind force. Within a grain in the
contacts the standard deviation of j, is 0, = 9.8 meV, which, when compared to the mean
pp = 15.185 eV gives a noise-to-signal ratio o,/ i, = 0.0006.
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Figure S16: Slices FWHMyz;p and FWHM,,: Maps and line profiles of the fit parameters
FWHMz; p and FWHM,, which characterize the full-width at half-maxima of the ZLP and the
aluminum plasmon (Egs. S1-S2). The FWHMs show no appreciable variation in the course
of the experiment, either as the bias varies or as a function of time. The ZLP FWHM has an
average value of 0.64 eV, and the plasmon FWHM has an average value of 1.3 eV.
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Figure S17: Slices x7;p and x2: Maps and line profiles of the reduced chi-squared x* values
for the Gaussian (Eq. S1) and Lorentzian fits (S2), which show the goodness of the fit. In each
case the fit windows (£0.2 eV for the ZLP, and 13.75-16.6 eV for the plasmon) are chosen to

minimize the y? parameter.
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A.3 Atomic currents
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Figure S18: Thickness from [, /], ratio: Maps and line profiles (left) of the ratio I,/ give
an estimate of £5;/Aa (see discussion after Eq. S2). These data show the contacts to be thicker
than the center of the wire. The corresponding cross section profiles (right) are calculated by
applying Eq. S3 to the maps on the left, summing across the maps’ vertical dimension, and
multiplying by the pixel size. The cross section profiles have not been corrected to account for
the extent of the contacts outside the field of view (see Figs. 1, S9), so in the right-hand column
the cross section values in the blue bands (where the pixels value is constant) are smaller than
the actual cross section.
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Figure S19: Atomic currents: thickness. The thickness profiles of Fig. S18 are almost indis-
tinguishable. However, subtracting the 1% from the 3™ (A) and the 3™ from the 5" (B) reveals
some systematic differences. Running the (conventional) electrical current from left-to-right
cause the thickness to increase on the left side of the wire (A). Reversing the current causes
the thickness to increase on the right side of the wire (B). These thickness changes have cor-
responding effects on the wire cross section (C and D, also derived by subtracting panels from
Fig. S18). As explained in Fig. S18, the values in (C) and (D) in the blue bands are not reliable.

The changes in cross section in (C) and especially (D), which represent plastic deforma-
tions, have a similar spatial profile to that of the pressure (Fig. 3), which reflects the elastic wind
force. In particular, the changes in both the thickness and the cross section peak well before the
wire widens into the contacts.
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Figure S20: Atomic currents: density. Systematic differences in the plasmon energy maps
with zero electrical current (the 1%, 3", and 5" scans of Fig. 2, shown again in the right-hand
column of Fig. S15) indicate that the electrical current applied during the 2" and 4™ scans
moves some atoms. To quantify this atomic current .J,, we invert Eq. 1 to find the electronic
number density n = (E,/h)*(epm/e?) in terms of the plasmon energy F,. Applying this
relation to the Fig. 2 zero-current £, line profiles and subtracting, we find, after dividing by 3
(the ratio of the electronic number density n to the atomic number density n,) and the scan time
(42 minutes), the time rate of change of the atomic number density dn, /dt during the 2™ (A)
and 4™ (B) scans. Using the 1D continuity equation On, /0t = —d.J,,/Ox, we then numerically
integrate the curves A and B, starting at the left boundary, to find J, along the wire axis ()
during the 2" (C) and 4™ (D) scans. Green bands in (C) and (D) indicate regions where the .J,
values are not reliable because the 1D approximation is not good in the contacts.

In a zeroth-order approximation we would expect J, to have a ‘top-hat’ profile like that
of the current density, 1.e. J, oc J. However, the atomic diffusion constant is exponential in
the temperature, and the wire is hottest at its center. Accounting for the spatial variation of the
diffusion constant gives a roughly parabolic .J, profile, as seen in D and, to a lesser extent, C.
Both C and D show the four main qualitative features that we expect, namely that .J, (i) is in
the same direction as J, (ii) changes sign with J, (iii) has its largest magnitude near the wire
center, and (iv) goes to zero at the contacts.
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Figure S21: Atomic currents: thickness-density comparison. We consider the atomic current
as consisting of two components: an cross-sectional area-changing component (Fig. S19) and a
density-changing component (Fig. S20). To compare the magnitudes of these two components,
we write the total number of atoms /N, in terms of their number density n, with N, = n,V,
which can be differentiated to give AN, /N, = An,/n, + AV/V ~ An,/n, + AA/A. Nor-
malizing the changes in the cross section (Figs. S19 C and D) by its mean value gives AA/A (A
and B, respectively). Similarly, normalizing the changes in the density (proportional to Fig. S20
A and B) by its mean value gives An, /n, (C and D, respectively). Comparing A and B above
with C and D, we see that the area-changing atomic current is roughly x100 larger than the
density-changing current.

Because the experiments are so brief, these atomic currents (which result in plastic defor-
mations) produce negligible stress in comparison to that of the prompt (i.e. elastic) response to
the wind force (Figs. 2 and S15).
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