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We study phonons generated by current in a Pt nanowire by measuring the resistance of another nanowire
separated from the first one by an insulating spacer. For thin spacers, the resistance varies almost linearly with
current at cryogenic temperatures, while an additional quadratic contribution emerges for thicker spacers. These
observations suggest a nonthermal distribution of current-generated phonons that relax via strongly nonlinear
dynamical processes rather than few-phonon scattering. Our results provide insight into the nonequilibrium
phonon dynamics at nanoscale, which may facilitate efficient heat management in electronic nanodevices.

DOI: 10.1103/PhysRevB.105.L.100302

The rapidly increasing speed and functionalities of modern
electronic devices are enabled by the increasing complexity
and density of integrated circuits (ICs) facilitated by the con-
tinued downscaling of circuit elements [1]. The characteristic
dimensions of transistors are reaching scales below 10 nm
[2-4], approaching the fundamental limits of semiconductor
technology [5]. Further density increases based, for exam-
ple, on three-dimensional (3D) IC architectures [6—8] will
require new approaches to efficient dissipation of Joule heat
at nanoscale [9-11].

Current-generated phonons are commonly assumed to
form a quasiequilibrium distribution characterized by a local
effective temperature [12], as embodied by the interchange-
able use of the terms “Joule dissipation” and “Joule heating”
[13,14]. The former describes electric energy deposited in the
material, while the latter implies that phonons form a thermal
(Bose-Einstein) distribution and can be described as heat.
However, the observation of linear dependence of resistance
on current in metallic nanostructures indicated a nonequilib-
rium phonon distribution that cannot be characterized by an
effective temperature [15]. Similar conclusions were reached
in the studies of carbon nanotubes [16,17] and current-driven
superconductivity suppression [18]. These findings suggest
the possibility to optimize heat dissipation by utilizing a rela-
tively small flux of nonthermalized (i.e., not described by the
Bose-Einstein distribution) high-energy phonons.

Here, we present nonlocal electronic measurements utiliz-
ing a phonon-detecting nanowire separated from the phonon-
generating wire by an electrically insulating spacer, Fig. 1(a).
The separation between phonon generation and detection
allows us to confirm nonthermal distribution of current-
generated phonons, characterize inelastic phonon scattering,
and elucidate its mechanisms. Our samples consisted of two
7-nm-thick, 1-um-wide, and 18-um-long Pt wires fabricated
on top of one another on undoped Si substrates and contacted
by Cu electrodes [20]. The large nanowire length ensured
that phonon escape into the electrodes was negligible. The
wires were separated by an insulating amorphous SiO, spacer
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whose thickness d was varied between 5 and 100 nm. Similar
behaviors were observed for crystalline MgO spacers [20]
extensively utilized in magnetic tunnel junctions [21-24]. To
generate phonons, dc current /; was applied to the top wire.
The resistance R; of the bottom wire used as the phonon
detector was measured using lock-in detection with a small
ac current /; = 10 nA applied to this wire. A small ac fre-
quency f = 13 Hz was used to minimize capacitive artifacts.
Both wires were metallic with resistance of about 800 €2,
with negligible contribution from the contact resistance, as
confirmed by separate four-probe measurements. The resis-
tance between the Pt wires was at least 25 M2 at cryogenic
temperatures.

Figure 1(b) shows R;(I;) for two spacer thicknesses, d =
25 nm and 100 nm, at temperature 7 = 300 K [25]. To ac-
count for slight differences between samples, the data are
offset and normalized by R;(0). The two data sets closely fol-
low the same quadratic dependence. This result is consistent
with Joule heating and Fourier’s law of heat diffusion. Indeed,
the rate of electric energy dissipation per unit source wire area
is w=dpp jsz, where dp; is its thickness, j; is the current
density, and p is resistivity. For the studied thin-film wires,
the latter is dominated by surface and impurity scattering, as
evidenced by its weak dependence on T [Fig. 1(c)], so to the
lowest order the variation of p with j; can be neglected.

The dissipated energy produces a heat flux ¢ = w flowing
through the spacer and the sensing layer into the substrate,
and spreading over the characteristic depth z. defined by the
wire width, as seen from the COMSOL simulation Fig. 1(d)
[20]. In the 1D approximation, this can be modeled by a heat
sink with the temperature 7 at the depth z. below the sensing
Pt wire. According to Fourier’s law, g = —« VT, where « is
the thermal conductivity of the substrate. We infer that the
temperature of the detector wire Ty = T + zodp; p js2 /K does
not depend on the properties of the spacer and is quadratic in
I;. Above the Bloch-Griineisen temperature ® ~ 50 K [26],
the resistance R, of the detector wire is linear in 7' [Fig. 1(c)],
so R, is expected to be quadratic in I, in agreement with the
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FIG. 1. (a) Schematic of the studied structures and measurement.
(b) AR;/R;(0) vs I for d = 25 nm (circles) and 100 nm (crosses),
at T = 300 K. Here, AR; = R;(I;) — R;(0). Curve: COMSOL [19]
simulation for d = 100 nm. The result for d = 25 nm (not shown)
is nearly identical. (c) Ry vs T at I, = 0. The dependence R,(T') is
similar. (d) Cross section of the temperature distribution calculated
ford = 100 nm, at I, = 4 mA and 7" = 300 K.

data and the COMSOL [19] simulations based on Fourier’s
law [curve in Fig. 1(b)].

Similar analysis predicts a quadratic current dependence of
the source resistance Ry, but with a coefficient that depends on
the spacer. The resistivity of the Pt wires saturates below O,
Fig. 1(c). Therefore, for measurements performed at 7 < ®g,
Joule heating should result in almost constant R, at small
I;, crossing over to a quadratic dependence at large I, as
illustrated by the COMSOL [19] simulation [dashed curve in
Fig. 2(a)] [20].

The dependence R,(I;) measured at 7 = 7 K is qualita-
tively different from this prediction [symbols in Fig. 2(a)].
It can be precisely fitted by R;(/) = R;(0) + y, where y is a
linear function of |/;| convolved with a Gaussian of width A/,
y(@, ALy, L) = a [ dI{I|e” =025 1 /27 AL [solid curve
in Fig. 2(a)] [27]. A similar result obtained in Ref. [15]
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FIG. 2. (a) Ry vs I; for d =5 nm, at T = 7 K. Symbols: data;
dashed curve: COMSOL simulation; solid curve: fitting with the
function y («, Alj, I;) defined in the text. (b) Measured AR;/R;(0)

vs I; for d =5 nm (solid curve) and 100 nm (dashed curve), at
T = 7 K. The measurement error is smaller than the linewidth.

was interpreted as evidence for the nonequilibrium distribu-
tion of current-generated phonons that cannot be described
by an effective temperature. We now outline this interpre-
tation. According to the Drude-Sommerfeld model, the rate
of electron scattering in the source wire is proportional to I;.
Assuming that one phonon is generated in each electron scat-
tering event, and neglecting the effects of inelastic scattering
on the phonon population before they escape into the sub-
strate, the kinetic balance relation gives a linear dependence
of the current-generated phonon population on current [15].
Electron scattering on these phonons leads to a linear depen-
dence Ry(|I;)]).

In this picture, phonon distribution must be nonthermal by
the energy conservation argument. The deposited electrical
energy is quadratic in /;, while the number of the generated
phonons is proportional to |I;| and thus the average energy
per phonon is also proportional to |I|. The same conclusion is
obtained by considering the energy imparted by electric bias
to each electron between the scattering events, which must
be transferred to the phonon generated upon scattering. The
observed smoothing of the weak singularity at I, = O is then
explained by the reduced cross section of electron scattering
on the low-energy phonons generated at small /;.

For the thermalized phonon distribution below the
Debye temperature ®p = 240 K of Pt, the average phonon
energy (€) is linear in 7', as follows from the Debye integral
() o [5 (e — )7'kTxPdx/ [y~ (e — 1)"'x?dx o T. Thus,
for T, oc I, (€) oc I2. At T > ©p, the average energy of ther-
malized phonons is independent of T, as follows from the
Raleigh-Jeans law for the thermal mode population, n(e) =
kT /€. One concludes that the linear dependence of R, on |I|
is inconsistent with thermal distribution of current-generated
phonons.

Nonlocal measurements provide a test for this interpreta-
tion. If the distribution of phonons injected into the spacer
is nonthermal, their inelastic scattering is expected to re-
sult in gradual thermalization, i.e., redistribution of mode
populations towards Bose-Einstein distribution. Thus the de-
pendence R;(I;) should be close to linear for thin spacers
and approach the form expected for Joule heating for thick
spacers. Indeed, the measured R;([;) for d =5 nm is close
to the linear dependence R,(ly), while for d = 100 nm it is
close to parabolic [Fig. 2(b)]. As a consequence, at small I
the normalized R is larger for d = 5 nm than for d = 100 nm,
and smaller at large I, with a crossover at |[;| = 4 mA.

All the R; vs Iy curves obtained at 7 =7 K are well
approximated by the sum of the function y (¢, Al, I;) used
for fitting the local measurements, with the same value of
Al, and the quadratic function ,313 [inset in Fig. 3(a)]. The
former describes the “primary” phonons generated in the
source wire that diffuse to the detector without experiencing
thermalizing inelastic scattering. The quadratic contribution
reflects the presence of a “secondary” group of phonons gen-
erated in the spacer due to inelastic scattering of the “primary”
phonons [28].

The linear contribution exponentially decreases with in-
creasing d, with the decay length dy = 44 & 2 nm, Fig. 3(a).
The quadratic contribution increases with increasing d, which
can be also described by the same exponential form, Fig. 3(b).
These results are consistent with the effects of inelastic
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FIG. 3. (a),(b) Amplitudes o (a) and 8 (b) of the linear and the
quadratic contributions to R, (/;) vs d, determined from fittings such
as those shown in the inset for d =5 nm and 7 =7 K. Curves
are fittings with the exponential dependences age™ /% in (a) and
Bo — Bre~¥% in (b), with the same dy = 44 nm. (c) Schematic of
the phonon mode population vs mode energy close the source (left)
and the detector (right).

scattering in the spacer that decreases the primary phonon
population and increases the secondary phonon population,
as schematically shown in Fig. 3(c) for two local phonon
distributions in the spacer—one close to the source wire and
another to the detector.

We note that the quadratic contribution extrapolates to a
finite B(0) = 8 x 10~* mA~2, indicating that the secondary
phonons are also generated at the Pt/SiO, interfaces. We
can estimate the probability P, that the primary phonon is
transmitted elastically across the Pt/SiO, interface by using
the extrapolated value B(00) = 2.8 x 107> mA~2. Account-
ing for the two Pt/SiO; interfaces separating the source from
the detector, we obtain Pf, = 1-8/28,i.e., P,; = 0.85.

Based on the energy conservation arguments discussed
above, the density n; of the primary phonons and their av-
erage quasiparticle energy €; are proportional to |I;|. The
distribution of the primary phonons is schematically shown in
Fig. 3(c) as a peak, while the secondary phonon distribution
is approximated as Bose-Einstein distribution. The quadratic
dependence R, (I;) for the secondary phonons means that their
density n, is quadratic in I, so their average energy e, is
independent of I;. At T > ®p, this would be indeed consis-
tent with the degenerate Bose-Einstein distribution. However,
for thermalized phonons at T =7 KK Op, € o<]s2 (see
above), i.e., the secondary phonons are not thermalized. This
is not surprising since, at least for thin spacers, phonons are
expected to experience only a few scattering events before es-
caping into the substrate. Meanwhile, thermalization requires
many scattering events that change the phonon population and
redistribute their momentum and energy.

To analyze inelastic scattering that results in the gen-
eration of secondary phonons, we consider the continuity
equations in the relaxation time approximation, dn;/dt =

—V -f; — n; /7, for the primary phonons and dn, /9t = —V -
f, + ni€1/tiner for the secondary phonons. Here, f; , are the
quasiparticle fluxes, and we used energy conservation to relate
the secondary phonon generation to the annihilation rate 1/t;,
of the primary phonons. In the diffusive phonon transport
approximation justified by the small phonon MFP [,; ~ 5 nm
in amorphous SiO, at cryogenic T [29,30], f; » = —DVn, 5,
where D = v,l,;/3 is the diffusion coefficient and v, is
the phonon group velocity, which can be approximated by
the sound velocity ~4.5 km/s in amorphous SiO;. Thus we
estimate D ~ 7.5 x 107% m?/s.

The phonon distribution in the spacer depends only on the
coordinate z directed into the substrate, whose origin is set
in the SiO, spacer at the boundary with the source. For the
stationary state, we obtain

ni(z) = nVe=/VPm,

€1 €\ . _ (D
na(z) = nio)— + (n;()) — n(lo)—>e VD

€ €

where n(lo) (néo)) is the primary (secondary) phonon density

at z = 0. These dependences are consistent with the observed
variations of « and g [Fig. 3(b)], allowing us to estimate the
inelastic scattering time t;, = dg /D = 270 ps. The inelastic
scattering length, defined as the total phonon path between in-
elastic scattering events, is ;, = 7j,v,;, = 1.2 pum. This value
is much smaller than the sound attenuation length charac-
terizing low-frequency acoustic waves, but is still promising
for optimizing thermal management in nanodevices by using
transport of nonthermalized phonons.

We now analyze the mechanisms of secondary phonon
generation. Inelastic scattering is usually described in terms
of few-phonon processes governed by the quasiparticle en-
ergy and momentum conservation [31-33]. In these processes,
the average energies of the generated phonons linearly scale
with those of the annihilated phonons, which is inconsis-
tent with our results. A cascade of few-phonon scattering
could result in thermalization. However, this cannot explain
similar behaviors observed over a wide range of spacer thick-
nesses. Damping of long-wavelength acoustic wave can be
described by the diffusive Akhiezer mechanism associated
with the strain-induced modulation of phonon spectrum [34].
This quasiadiabatic mechanism is relevant to long-wavelength
phonons propagating over macroscopic distances, but not to
the high-energy phonons studied in this work [20].

Since inelastic scattering requires anharmonicity, but weak
anharmonicity underlying the few-phonon processes cannot
account for our observations, we conclude that secondary
phonons are likely generated due to strongly anharmonic
dynamics. In crystalline materials, such dynamics may be
associated with dislocations and local impurities, as well as
incoherent interfaces [35,36]. Anharmonic dynamics in amor-
phous materials is generally expected due to the metastable
structure and may be related to the bosonic spectral peak
[37-39] and to the problem of phonon glass [40,41].

Here, we consider for concreteness a bistable atomic
configuration, Fig. 4(a). Such bistable states result in the
ubiquitous 1/ f noise present even in crystalline materials [42]
and are likely abundant in amorphous SiO;. To model phonon
scattering by a bistable defect, we consider a wave packet
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FIG. 4. (a) Schematic of the 1D simulation of inelastic phonon
scattering by a strongly anharmonic defect as a chain of masses
connected by springs. Top inset: example of a strongly anharmonic
defect associated with a bistable atomic position in amorphous solid.
Bottom inset: potential vs displacement for the mass ng attached
to the anharmonic springs. Left (right) inset: mode energy vs wave
vector times the lattice constant for the phonon wave packet before
(after) scattering. (b) Wave vector distribution vs time during phonon
scattering on the defect. (c) Average wave vector of the generated
phonon modes vs incident phonon wave vector, obtained by cutting
out twice the Guassian width around the wave packet center after
scattering.

propagating along a 1D ring of masses n = 1-300 connected
to their neighbors by springs [Fig. 4(a)]. All the springs are
linear with the same spring constant, except the two springs
connected to the mass ny = 150 are described by the double-

well potential energy U (x) = —kyx?/2 + ksx*/4, resulting in
bistable equilibrium of mass ny [bottom inset in Fig. 4(a)].

Dynamics spanning both potential wells cannot be de-
scribed by the perturbative anharmonic expansion, because
of the saddle point of the potential at x = 0. Wave packet
scattering on the defect results in the generation of a broad
range of modes throughout the entire Brillouin zone, Fig. 4(b),
instead of the harmonics expected for weak anharmonicity
[43]. The average wave vector of the generated modes remains
almost constant when the center wave vector of the incident
wave packet is varied by more than a factor of 5 [Fig. 4(c)],
consistent with our experimental observations. This result in-
dicates a breakdown of the perturbative picture [44], enabling
nonresonant scattering not constrained by the usual quasipar-
ticle momentum and energy conservation laws.

Our model serves as a simple illustration of the proposed
phonon relaxation by strongly anharmonic scattering. We ex-
pect that future more rigorous analysis will shed light on the
microscopic mechanisms relevant to specific materials. For
amorphous materials, it must include diffusons, locons, and
propagons [41,45], beyond the scope of this work.

In summary, we utilized nonlocal electronic measurements
to show that a highly nonthermal distribution of phonons is
generated by electric current in nanostructures at cryogenic
temperatures. We demonstrated an approach for the character-
ization of their inelastic scattering and used it to demonstrate
that the latter is dominated by strongly anharmonic, nonper-
turbative processes. Our results suggest heretofore unexplored
routes for optimizing heat management in electronic nanode-
vices.
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