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Observation of Anomalous Non-Ohmic Transport in Current-Driven Nanostructures
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Sufficiently large electric current applied to metallic nanostructures can bring them far out of
equilibrium, resulting in non-Ohmic behaviors characterized by current-dependent resistance. We
experimentally demonstrate a linear dependence of resistance on current in microscopic thin-film metallic
wires at cryogenic temperatures, and show that our results are inconsistent with common non-Ohmic
mechanisms such as Joule heating. As the temperature is increased, the linear dependence becomes
smoothed out, resulting in the crossover to behaviors consistent with Joule heating. A plausible explanation
for the observed behaviors is the strongly nonequilibrium distribution of phonons generated by the current.
Analysis based on this interpretation suggests that the observed anomalous current-dependent resistance
can provide information about phonon transport and electron-phonon interaction at nanoscale. The ability
to control the properties of phonons generated by current can lead to new routes for the optimization of

thermal properties of electronic nanodevices.
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Downscaling of modern electronic devices and circuits
places ever-increasing demands on their operation under
increasingly nonequilibrium conditions. At small electric-
current density J in metallic materials, the electric field E is
given by Ohm’s law E = pJ, where the material resistivity
p is assumed to be independent of J. At sufficiently large J,
p generally becomes bias dependent, resulting in a non-
linear (non-Ohmic) dependence of E on J.

Non-Ohmic behaviors are common in nonmetallic struc-
tures. For instance, the conductivity of tunnel junctions is
generally bias dependent, due to the phonon-mediated
inelastic tunneling [1]. The non-Ohmic behaviors observed
in disordered graphene are associated with the bias-assisted
hopping transport of charge carriers [2]. In semiconductors,
the non-Ohmic behaviors at large bias are manifested by the
phenomenon of current saturation, which is associated with
the onset of spontaneous emission of optical phonons [3]. A
strongly nonequilibrium distribution of electrons formed at
large bias can also result in purely electronic non-Ohmic
contributions to transport properties [4].

In metallic structures, the most common mechanism of
non-Ohmic behaviors is associated with electron scattering
on phonons generated by current, generally resulting in an
increase of p with increasing current. In macroscopic
systems, current-generated phonons inevitably thermalize,
and the effects of current can be well described as an
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increase of temperature 7*(J) characterizing the distribu-
tions of both electrons and phonons. This temperature
increase is defined as Joule heating [5,6]. The thermal
energy, generated at a rate w = pJ? per unit volume, is
dissipated by the diffusion of electrons and phonons away
from the heated region, as described by the Fourier’s heat
diffusion equation [7].

Since most materials exhibit a significant variation of
resistivity with temperature, its current dependence is
commonly utilized for the characterization of Joule heating.
This approach is also often extended to nanostructures
[8—10]. Howeyver, recent studies have shown that in nano-
scale systems, the electron and the phonon distributions
may not be adequately described by a single current-
dependent temperature [11,12], because electrons and/or
phonons can escape from the system before they thermal-
ize. We broadly define this regime as the breakdown of the
Joule heating approximation. For instance, if electrons can
quickly escape and are sufficiently weakly coupled to
phonons, their effective temperature can be significantly
lower than that of phonons, resulting in complex nonlocal
energy transfer processes between the two subsystems
[13—18]. In this case, the electrons and phonons can still
be separately characterized by effective temperatures,
which are generally not the same for the two subsystems.

Electrons and/or phonons may also form a nonequili-
brium distribution within the respective subsystem, which
cannot be characterized by an effective temperature
[19-21]. Significant progress has been recently achieved
in the understanding of nonequilibrium states of electrons
and phonons at nanoscale [22-26]. However, a compre-
hensive microscopic understanding of current-induced
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thermal energy generation and transport has not yet
emerged.

Here, we experimentally demonstrate that at cryogenic
temperatures, common nanostructures such as thin-film
metallic nanowires exhibit an anomalous linear variation of
resistance with current. We show that this dependence
cannot be described by a current-dependent temperature,
and is thus inconsistent with the Joule heating approxima-
tion. As the temperature is increased, the linear dependence
is broadened, and behaviors consistent with Joule heating
eventually emerge at sufficiently high temperatures.
Nevertheless, signatures of anomalous current dependence
persist at temperatures as high as 200 K. We attribute the
observed behaviors to substantially nonequilibrium phonon
distribution facilitated by the fast phonon escape from the
nanoscale system. Based on our interpretation, we show
that the observed anomalous behaviors can provide insight
into the nonequilibrium electron and phonon dynamics at
nanoscale, lead to new approaches to the characterization of
electron-phonon interaction, and facilitate the optimization
of thermal management in electronic nanodevices.

Below, we discuss mainly the results for thin-film Pt
wires deposited on undoped Si substrates. Similar wires are
extensively utilized for spin-current generation in spin-
orbitronic devices that rely on the spin Hall effect exhibited
by Pt [27-31], as well as microscale heaters and thermom-
eters [32]. We have also performed measurements for other
materials and substrates: Au wires on Si, as briefly
discussed below, Pt wires on SiO, and sapphire, as well
as resistive metallic nanocontacts [33]. All these measure-
ments yield consistent results, suggesting that the observed
nonequilibrium phenomena are quite general to microscale
and nanoscale current-driven structures characterized by
efficient phonon relaxation.

The studied wires are fabricated by a combination of e-
beam lithography and high-vacuum sputtering. To ensure
consistent thermal contact between the wires and the
substrate, native surface oxide is removed from the Si
surface by etching with hydrofluoric acid immediately prior
to the Pt wire deposition. The deposited Pt is polycrystal-
line, due to the large lattice mismatch between Pt and Si.
The wires are contacted by four Cu(150) electrodes for the
four-probe resistance measurements, which allows us to
eliminate the contribution of the contact resistance between
the electrodes and the wires. Here and below, numbers in
parentheses are thicknesses in nanometers. Differential
resistance R = dV/dI is measured using the standard
lock-in technique, with ac current /,, = 10 A rms super-
imposed with the dc current / of up to £4 mA.

The measured resistivity of the studied Pt films linearly
depends on the inverse film thickness d [inset in Fig. 1(a)],
consistent with the expected contribution of surface scat-
tering [34]. For large thicknesses, the resistivity approaches
the usual values reported for bulk sputtered Pt [34]. We note
that thin Pt films deposited on SiO, and sapphire exhibit
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FIG. 1. (a) Resistance vs current for a 1-um-long, 500-nm-

wide, 5-nm-thick Pt wire deposited on etched Si substrate, at
room temperature 7 = 295 K. The curve is the best fit to the
data with a quadratic function. Inset: Resistivity of Pt deposited
on Si substrates vs inverse Pt thickness, at 295 K. (b) Same
as (a), at T =5 K. Curve is a fit with the linear function
R(I) = R(0) + a|I|, where «a is a fitting parameter. Inset: the
dependence of the wire resistance on temperature at / = 0.

significantly lower resistivity than similar films on Si [33].
Since the roughness ~0.25-0.3 nm rms of the substrate and
of the film surface, as measured by atomic force micros-
copy, is similar for all these films, we conclude that the
large resistivity of thin Pt films on Si is caused by the
diffuse electron scattering at the Pt/Si interface. This
allows us to explore a large range of transport parameters
controlled by the film thickness. We emphasize that the
reported nonequilibrium effects are also observed in thin
films deposited on sapphire and SiO,, where the interface
contribution to resistivity is much smaller [33]. Therefore,
these effects are not associated with the specific scattering
properties of the interface.

Figure 1 shows representative resistance vs current curves
for a 1-um-long and 500-nm-wide Pt(5) wire. At the
experimental temperature 7 = 295 K, the resistance R(I)
follows a quadratic dependence on current / [Fig. 1(a)].
This result is consistent with Joule heating. Indeed, electrical
energy is dissipated in the wire at a rate of W = RI?. Since
the rate of thermal energy dissipation from the wire is
proportional to its temperature increase, one can expect that
the temperature of the wire follows a quadratic dependence
on current T* = T, + CI*. The resistance of the Pt(5) wire
exhibits an approximately linear dependence on 7T close to
T =295 K [inset in Fig. 1(b)]. Thus, R([) is expected to
follow a quadratic dependence, in agreement with our data.

At T =5 K, the dependence R([) is well described by
the linear function R(I) = R, + a|I|, where a is a constant
[Fig. 1(b)]. This dependence cannot be explained by Joule
heating. In particular, numerical simulations confirm that
for Joule heating, the dependence T*(I) of the Pt wire
temperature on the current should be quadratic even at
cryogenic temperatures [33]. The resistance of Pt is almost
independent of temperature up to 20 K, due to the freeze-
out of large-momentum phonons, and starts to increase
approximately linearly with 7 at higher temperatures [inset in
Fig. 1(b)]. Simulations show that as a consequence, Joule
heating should not affect R for currents up to about 1.8 mA,
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and should lead to an approximately quadratic dependence
R(I) for larger currents [33]. The observed dependence R(I)
is clearly qualitatively inconsistent with these expectations.

The anomalous current dependence of resistance cannot
be attributed to tunneling or electron hopping effects
discussed in the introduction, because the electron transport
properties of the studied metallic thin-film wires are
determined by scattering rather than tunneling, as can be
inferred from the decrease of resistance with decreasing
temperature [inset in Fig. 1(b)]. The effects of contact
resistance are eliminated in our measurements by the four-
probe geometry. We also perform separate two-probe
measurements that produce very similar results, except
for the overall resistance increase due to the contribution of
electrodes, confirming that the contact resistance is not
relevant to the observed effects.

We can also eliminate the purely electronic contribution
to the dependence R(I), because the linear term in this
dependence does not change sign with the direction of
current, and is negligible for inversion-symmetric materials
such as Pt [4]. One can also expect that such effects should
also sensitively depend on the band structure. However, our
results for an Au wire discussed below are very similar to
those for Pt, despite large differences in their band
structure. Resistance may be also affected by the complex
nonlocal transport phenomena, which have been reported
for mesoscopic wires with mean free path comparable to
the wire dimensions [35]. However, we estimate that the
mean free path in our Pt(5) film is only 2 nm, due to the
diffuse electron scattering at the Pt/Si interface, resulting in
negligible nonlocal effects.

We hypothesize that the observed anomalous low-tem-
perature dependence R(I) is associated with electron
scattering on nonequilibrium phonons generated by cur-
rent, whose distribution and population are qualitatively
different from that expected from the Joule heating picture.
Indeed, analysis presented below indicates that the linear
R(I) dependence can be explained within the Drude-
Sommerfeld approximation for electron transport, in con-
junction with the simple kinetic analysis of phonon
relaxation in the limit of negligible thermalization.
Independent estimates of phonon relaxation rates confirm
the validity of this approximation [33]. Fast escape of the
generated phonons from the system is expected to be the only
requirement for the observed nonequilibrium behaviors, and
therefore such behaviors should be quite common in current-
driven microstructures and nanostructures characterized by
efficient phonon relaxation.

We now discuss the dependence on temperature, which
provides insight into the mechanism of the emergence of
behaviors consistent with Joule heating at high temper-
atures. As the temperature is increased from 5 K, the linear
dependence remains evident at large currents, but the zero-
current singularity becomes increasingly smoothed out
[Fig. 2(a)]. This broadening is reminiscent of the thermal
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FIG. 2. (a) Symbols: R vs I for the same sample as in Fig. 1,
at the labeled values of 7. Curves: best fits with the linear
function R(I) = Ry + a|I| convolved with the Gaussian g(I) =
(1/v/27Al)e /227 Some of the data points are omitted for
clarity, but fitting is performed for the entire data set. (b),(c)
Parameters extracted from the data fitting: the Gaussian width A/
(b) and the slope of the linear dependence (c). The line in (b) is
the best linear fit of the data for 7 > 20 K.

effects observed in electronic spectroscopy of tunnel
junctions and point contacts, which can be accounted for
by convolving the zero-temperature spectra with the nor-
malized derivative (df,/de) of the Fermi-Dirac distribu-
tion function fo(e) = [1/(e*s” +1)], where € is the
energy relative to the chemical potential [36]. This function
can be well approximated by the Gaussian

1 e—ez /26%

g(e) = N ; (1)

with 6 ~ 1.6kpT. Indeed, a linear function R(1) = R(0) +
all| convolved with the Gaussian

_ 1 —2)2A1

g(I) N ING (2)
provides a good fitting for all our R(/) data measured at
different temperatures, as shown by curves in Fig. 2(a). At
T > 200 K, the width A7 of the Gaussian becomes larger
than the range of the dc current scan, resulting in a
significant uncertainty of the fitting. Nevertheless, these
data suggest that a nonequilibrium current-driven phonon
distribution, not described by Joule heating, can be formed
at sufficiently large bias even in the ambient temperature
range. On the other hand, at small currents, thermal
broadening results in a quadratic R(I), consistent with
the dependence expected for Joule heating.

We emphasize that in the studied microstructures,
phonons are not expected to thermalize even at elevated
temperatures, due to their efficient relaxation. Instead,
behaviors consistent with Joule heating emerge because
of the thermal broadening of the electron distribution,
resulting in a nearly thermal distribution of the generated
phonons.

In tunnel junctions or point contacts, the characteristic
electron energy competing with the thermal broadening
is defined by the bias across the junction [36].

011064-3



CHEN, FREEMAN, ZHOLUD, and URAZHDIN

PHYS. REV. X 10, 011064 (2020)

We hypothesize that in the studied metallic wires, the
characteristic electron energy defining the thermal broad-
ening scale is the energy provided to electrons by electric
field between the scattering events, which is to a good
approximation proportional to the bias current. Indeed, the
Gaussian width A/ follows a linear dependence at
T > 20 K, extrapolating to Al =0 at 7 = 0 [right scale
in Fig. 2(b)]. This result is consistent with our hypothesis
that the observed broadening of R(I) originates from the
thermally induced spectral broadening of the electron
distribution, whose width is proportional to temperature.
In other words, the thermal broadening of R(I) can be
interpreted in terms of the competition between the thermal
energy kg1 of electrons, and the average energy acquired
by electrons between scattering events due to the electric
field in the wire. The broadening saturates at 7 < 20 K,
suggesting the existence of an additional nonthermal
broadening effect. Indeed, at small bias and low temper-
atures, the energy (and thus the momentum) of phonons
generated by current is small, resulting in a reduced
contribution of the generated phonons to electron scatter-
ing, and thus resistance. We expect that detailed theoretical
analysis of these broadening effects, which is beyond the
scope of the present work, will provide quantitative infor-
mation about the relevant energy scales, leading to new
quantitative insights into electron transport in nanostructures.
The slope of the linear dependence decreases with
increasing temperatures up to 90 K, and then increases
at higher temperatures [Fig. 2(c)]. These variations are
likely associated with the temperature dependence of the
phonon relaxation rate, which is dominated by the dis-
sipation into the substrate, as shown below. Qualitatively,
there is some correlation between the observed variations of
the slope and the temperature dependence of thermal
conductivity of bulk Si, which increases with increasing
temperature at low temperatures, exhibits a peak typically
at temperatures between 30 and 100 K, and then decreases
at higher temperatures [37,38]. However, the variations of
thermal conductivity are almost 2 orders of magnitude
larger than those of the slope in Fig. 2(c), suggesting that
phonon relaxation may not be adequately described by the
diffusive heat transport. Indeed, the phonon mean free path
in Si significantly exceeds the dimensions of the studied
structures [39]. Therefore, phonons are expected to quasi-
ballistically escape into the Si substrate, with negligible
contribution from the phonon-phonon scattering governing
heat diffusion. Thus, measurements of the temperature-
dependent slope of R(I) in nanostructures, such as those
discussed here, may provide a new method for character-
izing phonon transport and relaxation at nanoscale.
Nonequilibrium phonon distribution in the studied Pt
wires, manifested by the linear dependence R(I), is
associated with fast relaxation of phonons due to their
efficient escape from the system, before they become
thermalized. To elucidate the mechanisms of phonon

relaxation, we analyze the effects of the wire geometry.
Phonons are expected to dissipate mainly into the thick Cu
leads and the substrate. If phonons dissipate predominantly
into the leads, then the efficiently of their dissipation should
decrease with increasing wire length L, due to the longer
average distance they travel before escaping. On the other
hand, the phonon dissipation efficiency, per unit Pt volume,
should not be significantly affected by the wire thickness d,
aside from the effects of thickness on the phonon mean free
path. However, if phonons dissipate predominantly into the
substrate, the length of the wire should not affect the
phonon escape into the substrate. On the other hand,
increasing the wire thickness d should lead to an increase
of the average phonon escape time, resulting in less-
efficient dissipation (per unit Pt volume).

Figure 3 summarizes the results for different values of L
and d. To facilitate direct comparison of different geom-
etries, we analyze the dependence of resistivity p = RA/L
on the current density J = I /A, where A is the cross-section
area of the wire. In all cases, we obtained accurate fits of the
data by using a linear dependence convolved with the
Gaussian. For the thickest (15 nm) Pt wire, the analysis is
limited to 7' < 100 K, because of the large thermal broad-
ening for this thickness.

The thermal broadening AJ is independent of the wire
length [Fig. 3(a)]. The linear slope of p(J) is almost
independent of length at temperatures up to about 80 K,
and starts to increase with increasing length at higher
temperatures. However, the dependence on length remains
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FIG. 3. Effects of the Pt wire geometry. (a),(b) Temperature

dependence of the Gaussian broadening width AJ (a) and the
linear slope (b) of p(J), for 10-nm-thick Pt wires with lengths
L =1,3,and 5 um, as labeled. (c),(d) Same as (a),(b), for 1-um-
long Pt wires with thicknesses d = 5, 7, 10, and 15 nm, as labeled
in (¢). Inset in (d): Dependence of the phonon relaxation time 7,
on the Pt thickness, determined from the data at 7 = 5 K using
Eq. (6) (symbols), and linear fit with zero intercept (line).
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modest even at T = 160 K. Thus, we conclude that at
cryogenic temperatures, phonons relax in the studied Pt
wires predominantly through the substrate.

In contrast to the effects of the wire length, wire
thickness significantly affects the characteristics of p(J),
Figs. 3(c) and 3(d). The broadening increases by a factor of
2 when d is increased from 5 to 10 nm, and saturates at
larger d. For Pt(5), it increases linearly with temperature
T > 20 K. This result is consistent with our interpretation
of the broadening in terms of the competition between the
electron’s thermal energy k7 and the energy « J provided
by the electric field between electron scattering events. The
observed curving of the dependence AJ(T) for larger Pt
thickness, especially apparent in Fig. 3(c) for Pt(10) and
Pt(15), can be attributed to the larger relative contribution
of electron-phonon scattering to the electron mean free
path, resulting in the reduction of energy acquired by
electrons between the scattering events.

The linear slope of p(J) also exhibits a significant
dependence on the wire thickness, especially apparent at
higher temperatures [Fig. 3(d)]. The slope increases with
wire thickness up to 10 nm, and then decreases for Pt(15),
in the temperature range up to 100 K where the broadening
is sufficiently small to allow a reliable determination of the
slope. These nonmonotonic variations can be explained by
the competition between the decrease of the phonon
generation rate, with increasing Pt thickness, due to the
smaller contribution of scattering at the Pt interfaces, and
the increase of phonon escape time, as shown by the
analysis below [see also inset in Fig. 3(d)].

To interpret the observed behaviors, and to evaluate the
material parameters that control the nonequilibrium phonon
distribution, we perform kinetic rate analysis of the current-
driven phonon population. In the Drude-Sommerfeld
approximation, the electron mean free path is [, =
m*vp/ne’p, where vy and m* are the Fermi velocity
and the effective mass, respectively [40]. In the presence
of the electric field, the rate of electron scattering per unit
volume is r =J/el, = nep/vpm*J. Assuming that one
phonon is generated in each scattering event, the rate of
phonon generation per unit volume is dny,/dt|y, = 7.
Relaxation due to the quasiballistic phonon escape from Pt
[33] can be described by the relaxation time approximation

dnph
dt

fph — Ny

et ()

Tph

rel
where n( is the phonon population in the absence of
current, and 7y, is the relaxation time, which is equal to
the phonon escape time due to the rapid phonon escape. In
the steady state, dnyy/dt|ge, + dnp,/dt|q = 0, or

T;’*"Zf J. )
F

nph = Ny +

The parameters n, vy, and p in this expression are generally
dependent on the current density J. For good metals such as
Pt, the carrier density is to a very good approximation
independent of current. To analyze the bias-driven varia-
tions of v, we note that electric bias results in a shift of the
Fermi surface, affecting the average Fermi velocity [41].
Using the Drude-Sommerfeld approximation, we find

AT =17 /ne for the bias-driven change of the electron
velocity between the scattering events. For Pt(5) at
I =4 mA, we calculate that Avy is less than 5% of vp.
Furthermore, the net effect is expected to become negli-
gible when averaged over the Fermi surface, since the
variation of the magnitude of electron velocity depends on
the direction of wave vector. In contrast, the dependence of
p on J is generally non-negligible, as is apparent from the
experimental results discussed above. Below, we first
derive the general expression accounting for this depend-
ence, and then show that the contribution of the current
dependence of p to the phonon population in our mea-
surements is small.

To establish the relationship between the current depend-
ence of resistance and phonon generation and relaxation
characteristics, we use the Matthiessen’s rule for the
electron mean free path in the presence of current-generated
phonons, 1/1, = 1/1, + nyo,.n. Here, I, is the mean
free path in the absence of phonons, and o,y is the average
electron-phonon scattering cross section. Combining with
Eq. (4), we obtain

p(0)
1 - Tthe_phJ/e

p(J) = (5)

Expanding in powers of the current density, we obtain to
the lowest order in 7,6,/ /e

p(J) = p(O)[1 + 7pnoepnd /€] (6)

According to this relation, to the lowest order in J, the
resistivity is expected to depend linearly on the current
density, in agreement with our experimental data. The
validity of Eq. (6) is contingent upon several conditions.
First, the kinetic rate equation Eq. (3) relies on negligible
phonon thermalization. We utilize several independent
approaches to estimate that this condition is well satisfied
in the studied wires [33]. For very thick films or bulk
samples, phonon thermalization is expected to result in the
usual Joule heating characterized by a qualitatively differ-
ent dependence p(J). Second, the generated phonons must
efficiently scatter electrons, which requires that their
characteristic momentum is comparable to the Fermi
momentum of electrons, such that the electron scattering
on the generated phonons can be described by the average
scattering cross-section parameter o,.,. Because of the
energy conservation, this condition is not satisfied at small
bias, consistent with the observed rounding of the linear
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dependence around J = 0. Finally, the linear approxima-
tion for p(J) holds only for J < e/7p,0,.,. Based on
Eq. (6), this condition can be equivalently formulated as
[R(J)/R(0) — 1] < 1. This is well satisfied for the pre-
sented measurements, with the largest value of
[p(J)/p(0) — 1] # 0.17 reached at I =4 mA for the Pt(5)
wire. We have performed additional measurements of the
nonlinear regime at larger currents, which could be well
described by the general Eq. (5) without any additional
fitting parameters [33].

It should be emphasized that the obtained results are
independent of the functional form of p(7T'), which usually
exhibits an approximately linear dependence on temper-
ature at high temperatures, and saturates at low temper-
atures, due to the freeze-out of large-momentum phonons.
As a consequence, Joule heating results in a quadratic or
even slower dependence p(J), instead of the linear depend-
ence in the nonthermalized regime discussed above.

These differences are closely related to the differences
between phonon populations and characteristic energies in
the two regimes. In particular, according to Eq. (4), the
population of nonequilibrium phonons is proportional to
current density. Meanwhile, their characteristic energy is
determined by the energy acquired by electrons due to
electric field between the scattering events, which is also
approximately proportional J. We can contrast this with
Joule heating at sufficiently high temperatures, when p(7T')
is approximately linear, and p(J) is quadratic. In the
degenerate regime above the Debye temperature, the
average phonon energy is independent of 7', while accord-
ing to the Rayleigh-Jeans law, their population is propor-
tional to 7. Thus, in the Joule heating regime, the average
phonon energy is independent of J, while their population
is quadratic in J. The total phonon energy o J is the same
in both regimes, as expected since the dissipated power
is w=pJ>.

The result Eq. (6) demonstrates that the linear slope of
the dependence p(J) provides direct information about
phonon relaxation and electron-phonon scattering. For the
studied Pt wires, because of the effects of electron scatter-
ing at the film interfaces, as reflected by the thickness
dependence of resistivity [inset in Fig. 1(a)], the phonon
population [and thus the slope of p(J)], determined by the
balance between phonon generation and escape rates,
exhibits a complex dependence on d [Fig. 3(d)]. This is
reflected in Eq. (6) by the dependence of the slope of p(J)
on both p(0) and 7,;,. To gain insight into the observed
variations, we use ¢,.,;, determined from the temperature
dependence of resistivity [33] and the measured p(0) to
calculate the values of 7, for different Pt wire thicknesses
d. The dependence of 7., (d), determined from the 7 = 5 K
data, is well described by a linear function with zero
intercept, as expected for the substrate-dominated relaxa-
tion [inset in Fig. 3(d)]. The experimental values of 7, are
in a semiquantitative agreement with the calculation of the

quasiballistic phonon escape time into the substrates based
on the acoustic mismatch theory [33]. These results confirm
that phonon relaxation in the studied Pt wires is dominated
by the fast quasiballistic phonon escape into the substrate,
which facilitates nonequilibrium current-driven phonon
distribution.

We have confirmed the general relevance of the observed
behaviors to nanostructures with efficient thermal dissipa-
tion, by measurements of current-dependent resistance in Pt
wires fabricated on different substrates, as well as resistive
metallic nanocontacts [33]. Here, we briefly discuss the
results for an Au(5) wire deposited on hydrofluoric acid-
cleaned undoped Si substrate. A Ni(0.5) wetting layer is
inserted between Au(5) and the substrate, to improve
adhesion and ensure the continuity of the ultrathin
Au(5). The geometry of this wire is identical to that of
the Pt(5) wire in Figs. 1 and 2. At T = 5 K, the dependence
R(I) is well approximated by the linear function [Fig. 4(a)],
in agreement with the results for Pt. This dependence
becomes increasingly broadened with increasing temper-
ature, with the broadening proportional to temperature at
T > 20 K [Fig. 4(b)]. The temperature dependence of the
broadening is almost identical to that for Pt(5). At7 =5 K,
the resistance of the Au(5) wire is 4 times smaller than that
of Pt, while the linear slope is about 3.5 times smaller than
for Pt(5). In contrast to Pt(5), the slope for Au(5) mono-
tonically increases with temperature. This dependence is
similar to that observed for Pt(10) and Pt(15), but the
magnitude of the variations is smaller, closer to Pt(5) and
Pt(10).

The similarities between the results for Pt and Au, two
materials with very different electronic band structures,
confirms that the mechanisms underlying the observed
effects are likely quite general to microscale and nanoscale
systems characterized by efficient thermal dissipation. The
almost identical thermal broadening for Pt and Au implies
that the energy acquired by the electrons due to the electric

(@) < 1.5](0)
85- t
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_ 80+ 3 os
S 75 g
\4 oy
70- £ %%
g 40
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FIG. 4. (a) Symbols: resistance vs current for a 1-uym-long,

500-nm-wide Au(5) wire on Si substrate, at the labeled values of
temperature. Curves: results of the data fitting with a linear
function R(I) = R(0) + a|I| convolved with the Gaussian. (b),(c)
Parameters extracted from the data fitting: the Gaussian width A/
(b) and the slope of the linear dependence (c). The line in (b) is
the best linear fit of the data for 7 > 20 K.
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field between the scattering events is almost the same for
the two materials. Based on the Drude-Sommerfeld
approximation, this energy is proportional to the effective
electron mass and Fermi velocity, and inversely propor-
tional to the electron density. The latter is similar in Pt and
Au, while the effective electron mass is about 1.6 times
larger in Pt and the Fermi velocity is about 1.4 times smaller
[42]. Thus, the almost identical values of AJ likely result
from a fortuitous cancellation of different contributions to
thermal broadening. Studies of other materials where such
a fortuitous cancellation is not expected can provide a
critical test for the proposed interpretation.

At T = 5 K, the normalized slope [1/p(0)][dp(J)/dJ] is
only 20% smaller for Pt(5) than for Au(5). According to
Eq. (6), this implies that 7,0, is similar for these
materials. However, estimates based on the temperature
dependence of resistivity show that 6,_pp, p X 46,_ph Aus
and therefore the phonon relaxation time in Au(5) at 5 K is
about 5 times larger than in Pt(5). The difference between
phonon relaxation times becomes even larger at higher
temperatures, as manifested by the increase of the slope for
Au(5). This difference is likely associated with the much
larger phonon escape time from the Au film. The escape
time calculated from the acoustic mismatch at Au/Si
interface, assuming isotropic momentum distribution of
the generated phonons, is 75 ps, less than half of the
relaxation time determined from the slope of R(7) at 5 K
[33]. We speculate that the large value of 7, for Au
originates from its poor wetting of the substrate, resulting in
reduced phonon transparency of the interface with Si.
Elucidating the relationship between wetting and phonon
transparency of interfaces, by measurements such as those
presented here, will be important for gaining further insight
into thermal relaxation mechanisms in nanostructures, and
for optimizing the thermal management in nanoelectronic
devices.

In summary, our measurements and analysis have
demonstrated that the phonons generated by electric current
in conducting microstructures characterized by efficient
thermal dissipation, generally form a strongly nonequili-
brium distribution that cannot be described by a temper-
ature. The nonequilibirum distribution is manifested by the
linear dependence of resistance on current qualitatively
inconsistent with the expected effects of Joule heating. The
linear dependence is observed at sufficiently high currents
at temperatures as high as 200 K. The dependence of the
observed phenomena on the structure, geometry, substrate,
and interface properties, and temperature can provide
unique information about the electron-phonon scattering,
phonon relaxation rates and mechanisms, and thermal
effects.

The most important message of our work is that on the
microscopic level, scattering of electrons driven by electric
bias generates phonons with a nonthermal distribution,
whose contribution to resistance and other material

properties can be qualitatively different from those
expected for Joule heating. This result is expected to have
broad implications for the optimization of thermal proper-
ties of electronic devices and nanostructures, and for the
studies of current-induced phenomena. For instance, at
high current densities, the linear dependence R(I) asso-
ciated with the nonequilibrium phonon distribution can fall
significantly below the approximately quadratic depend-
ence expected for Joule heating. In this regime, the average
energy of phonons generated by current is larger than that
of thermal phonons described by Joule heating, but their
population is smaller than the thermalized population with
the same total energy. This regime may be advantageous for
the optimization of thermal management in nanoscale
devices, for several reasons. First, additional energy dis-
sipation due to electron scattering on the generated pho-
nons can be significantly smaller than in the Joule heating
limit, reducing the possibility of thermal runaway [23].
Second, the escape of the generated nonequilibrium pho-
nons from the system can be more efficient than for Joule
heating, due to the smaller rates of phonon-phonon
scattering. Finally, the generated high-frequency phonons
are less likely to contribute to current-induced physical
degradation associated with the slow metastable mechani-
cal degrees of freedom.

Current-induced phenomena have been extensively stud-
ied in the context of spin Hall effect, in thin Pt films similar
to those discussed in our work [10,27-31]. Our results may
warrant reexamination of the Joule heating effects in these
experiments. Similarly, low-temperature thermoelectric
measurements at nanoscale commonly employ resistive
heating of wires similar to those analyzed in our study. As
we have shown, such resistive heating can result in a
strongly nonequilibrium distribution characterized by sub-
stantially different phonon density (and its gradients) than
inferred from Joule heating. We also note that the non-
equilibrium phonon effects discussed above may have
contributed to the linear current dependence of resistance
recently observed at cryogenic temperatures in nanoscale
spin valves, and attributed to quantum magnetization
fluctuations [43].
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