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ABSTRACT

The electron current density in nanoscale junctions is typically several orders of magnitude larger than the corresponding one in bulk electrodes.
Consequently, the electron —electron scattering rate increases substantially in the junction. This leads to local electron heating of the underlying
Fermi sea in analogy to the local ionic heating that is due to the increased electron —phonon scattering rates. We predict the hias dependence
of local electron heating in quasi-ballistic nanoscale conductors and its effect on ionic heating and discuss possible experimental tests of our

results.

In the process of electrical charge transport, the dissipationbetween the current-carrying electrons and the underlying
of energy via heat production plays a significant role. This Fermi sea has to be a small fraction of the total power of
effect is of particular importance in nanoscale systems, like, the circuit V4R (R is the resistance). Let us define this
e.g., atomic or molecular structures between bulk electrbdes, fraction asP = oV#/R, with o a positive constant to be
since it determines their structural stability under current determined from a microscopic theory. At steady state this
flow. It is now understood that the large current densities in power has to balance the thermal currgpi{heat per unit
nanojunctions, compared to their bulk counterparts, may leadtime) carried away into the bulk electrodes by the electrons.
to substantial heating of the nanostructure i his effect Let us first assume that the electron thermal conductivity

is directly related to the consequent increase of the eleetron follows a bulk law; i.e., it is related to the specific heat per
phonon scattering rates in the junction. In quasi-ballistic unit volumecy via the relatiork = veAcy/d, whereug is the
systems, i.e., when the mean free path is much longer thanFermi velocity, 1. is the electron mean free path, adds

the dimensions of the nanostructure, by assuming a bulkthe dimensionality of the systefnWe will later give a
lattice heat conduction mechanism, the local ionic temper- general argument to justify the form of this law in quasi-
ature is predicted to b&,, O V2, whereV is the applied ballistic systems away from electronic resonances. We know
bias?™* For the same reasons, and due to the viscous naturghat at small temperatures the specific heat of an electron
of the electron liquid,we here suggest that the local increase liquid is proportional to the electronic temperatieso that

of the electron-electron scattering rate in the junction gives

rise to local heating of thenderlying Fermi seawhether k=yT, (1)

the system has one or many conducting channels. This local

electronic temperature would also affect the electpimonon  \herey = k2 ks214/9h in three dimensions and= rkeke?id/
scattering rates and, consequently, the bias dependence o8y in two dimensionske is the Fermi momentum ankk
the ionic temperature. _ _ the Boltzmann constant. The thermal currdptJ KTe, is
In this Letter, we first estimate the bias dependence of then given byly, = ' T2 wherey' has to be determined
the local electron temperature in quasi-ballistic systems, from microscopic theory. At steady state the conditor

assuming no ionic heating is produced. We will then | implies a linear increase of the electronic temperature with
determine the effect of the electron heating on the bias pjzg

dependence of the ionic temperature. We finally discuss
possible experiments to test our predictions. T = vV 2

: : e=Vee @)

Let us start from a simple argument on the expected bias
dependence of the electron heating. Assume first no electron

phonon scattering is present in the system. The power

generated in the nanostructure due to exchange of energ

if the coefficienty._. does not vary appreciably with bias.
In macroscopic electrical contacts this result is known as
Mhe “p—0O relation”” Here, we will rederive it from a

* Corresponding author. E-mail: diventra@physics.ucsd.edu. microscopic theory and determine the quangity. in terms
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of the properties of the junction and of the electron liquid. T
This theory needs to take into account the influence of
electron-electron interactions on both the heat production
and dissipation. Two of the authors (R.D’A. and M.D.V.)
have recently shown that the dynamics of the electron liquid
in nanojunctions can be described using a hydrodynamic
approach(see ref 9 for a different hydrodynamical approach
to the electron liquid flow) so that the equations of motion
for the electron densityi(r,t) and velocity fieldu(r,t) can be
written in the Navier-Stokes forr1°

Din(r,t) = —n(r,t)V-u(r,t)

mn(r,HDwi(r) = =ViP(ry + Vioy (1) = n(rHviVe(r Figure 1. Schematic of the local electronic temperature profile of
) a nanojunction.

whereP is the pressureD; = 9; + vV is the convective . ] )
derivative operator, andey is an external potential (like the Before proceeding with the calculation of the temperature
electron-ion potential). The stress tensgyis51112 from eq 6, we need to know the form of the thermal

conductivityk . We give here a simple argument to justify

2 the use of the bulk form, eq 1 in quasi-ballistic systems at
Gij = {d(r0) + du(rt) — 50y Veo) + L0 Ve - (4) low temperatures (and bias) and in the absence of electronic
resonances. Following the Landauer approédclet us
assume the electrons tunnel across the junction from the right
electrode which is in local equilibrium with temperature
and chemical potentighr to the left electrode in local
equilibrium with temperatur@_ and chemical potential, .
If the transmission coefficient for electrons to move elasti-
cally from right to left is</{(E), the energy current transported
by the charge is of the form

wheren and{ are positive parameters which correspond to
the shear and bulk viscosity of the liquid, respectively. They
have been determined for the electron liquid using linear
response theo§/Since in the dc limit (the regime of interest
here)¢ < 5,° in what follows we will consider the shear
viscosity only. This term is the one responsible for the
heating of the Fermi sea: electrons crossing the junction
experience an internal “friction” with the electrons of the
underlying Fermi gas, thus creating electrdole pairs and Iy, O f dE EZ7 (E)[fr(E,TR) — fL(ET))] (7)
generating heat. In keeping with this hydrodynamic picture,
we supplement egs 3 for the particle densities and velocity wherefr() is the local Fermi-Dirac distribution function of
field with an equation which describes the energy dissipation the right (left) electrode at its own local temperature and
and diffusion. Since the quanti®¥oi; gives the force acting  chemical potential. Let us s@& = 0 and consider a small
on the electron liquid caused by viscosity, the equation for right electrode temperatufg = T.. For small biases, in the
the heat transfer reatis absence of electronic resonances, the transmission coefficient
9(E) can be assumed independent of energik) = 7.
T(r,)DS(rt) = gi’j(r,t)ajyi(r,t) + V- [k(r,) VT (r,))] (5) From eq 7 we therefore see thatO T¢? i.e., the thermal
conductivity, must be of the form of eq 1. In the following
we will assume ~ 1, typical of metallic QPCs, and
therefore assume the form of eq 1 ferwith the same
coefficients.

In order to obtain the temperature profile of the electron
gas inside the nanojunction and evaluate the relation between
TeandV, we need to solve eq 6 together with Navi&tokes
equations 3 with the boundary conditions imposed by the

0N (r) + V-KINVTLN] = c(Tu(r)-VTr)  (6) geometry of the junction. For an arbitrary system, this is
obviously an impossible task. Since we are only interested
where we used(r)Vs(r) = ceVT(r), ¢, being the specific  in the analytical dependence of the temperature on bias, and
heat per unit volume at constant pressiirféor an electron the estimate of the coefficients in this relation, we proceed
liquid at low temperaturesy ~ cp .16 Equations 3 and 6, as follows. Let us assume a given profile for the velocity of
with all quantities time independent, together with the the fluid and solve eq 6 with the boundary condition that
definition of the stress tensor 4, constitute a set of equationsthe temperature reaches the constant bulk value far away
that describes the charge and heat flow at steady state. Irfrom the constriction. We choose a reference frame in which
this effective theory, quantum mechanics enters explicitly the direction of the current flow is along thxeaxis and the
in the electron ligquid constantg k, andcy.’ constriction, whose length i, is centered ak = 0 (see

wherek is again the thermal conductivity arsds the local
entropy per unit volumé?

For metallic quantum point contacts (QPCs) of interest
here the electron liquid can be assumed incompresible.
At steady state eq 5 therefore becomes
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Figure 1). Let us also assume that the velocity varies Let us then estimate the maximum temperature which, in
negligibly in the g, 2) directions compared to the much larger the absence of the advection term, occurg at 0
variation along the direction.
Since the system has a variable cross section and the total 1/2
currentl has to be constant throughout the device, the fluid Ty = 1 |jd=1n 3(L)1/2E tan‘l((L)l/Z E) +
velocity and the cross section of the system are approximately neAl| 3d vy Al 2 Al 2
related via 1— rL%4A, 12
12)

A+ 1Ay
I = env,(X)A(X) (8)

In the linear transport regime and fof ~ 1, | = GgV with
Go = 2¢/h. As we have anticipated in eq 2, the relation
between the temperature and the bias then simplifiéig;to
= ve-oV, Whereye_. is a constant that can be read from eq
12. Itis interesting to note that a similar expression has been
) ) ) found in the case of superconducting _junction;, Wherg,
AKX) = (A, + rXZ)g(L_ _ XZ) + (Ac + rL_)Q(XZ _ '-_) 9) however, thg maximum temperature' msuje the junction is
4 4 4 found to be independent of both the junction geometry and
the electron properti€’.
with Ac andr positive parameters describing the minimal By using the expression afas a function of the particle
cross section of the junction and the “rate” at which it opens, density given in ref 5, we can estimate the value of the
respectively, and(x) is the Heaviside step functidfWith constanty._ for various systems. We consider here both a
this choice of the profilé\(x) we get the velocity profile we  {nree-dimensional (3D) gold point contact and a two-
need to supply in eq 6 to obtain the temperature profile  gimensional (2D) electron gas (2DEG). For a 3D golg
3) QPC with effective cross sectidq = 7.0 A2, by assuming
00 = [ 1 0("—2 B x2) L1 0(x2 B |__2) a typical inelastic mean free path in quasi-ballistic systems
X nel A+ 2 \4 A+ L4 4 of Ae ~_100 nm, we geye-«(QPC)= 65 K/V. For a 2DEG,
(10) assumingrs = 10, 4e = 10 um, andA. = 20 nm, we get
ye-e(2DEG) = 1.2 x 107 K/V.

Let us now discuss the effect of local electron heating on
velocity and the fluid velocityy = v + . In the bulk the ion.ic heating. In_the 2DEQ We.expe-ctanegligiblg heating
where the heating can be considered negligiblis, related of the ions. In at9m|c—scale junctions, instead, the. ions may
to the applied bias voltage viai? = 2(Ex + eV), and since, hgat up substantlally dqe to electrephonon s-caj[termg. As

in generalyy < vr we getu, = eMmug for the fluid velocity discussed at the beginning of the paper, the ionic temperature

in the bulk?0 This is the boundary condition that eq 10 has N duasi-ballistic systems is predicted to g = ye-pV'
to satisfy for|x| =L/2, i.e.,Ac + rL%4 = muel/neV. This if no electron heating is taken into account. The constant
condition impliesrL2/4A. ~ 1, which simply reflects the ~ Ye-p has been estimated in refs 2 and 3 for atomic and
physical fact that, due to screening, the electron velocity molecular systems. If we now allow for the electron heating,
approaches the bulk value very fast away from the junction. then part of the ionic heating is lost in favor of the local
In the following we assume that deep inside the electrodes €lectron temperature. Since the source of energy is the same
the electron gas is in equilibrium with a zero-temperature for both processes (the kinetic energy of the electron), the
thermal bath, i.e., li|—.Te(X) = 02! The solution to eq 6  ionic temperature must bwer in the presence of the
can be calculated analytically and expressed in terms of a€lectron heating than without it. To first order we can assume
combination of rational, trigonometric, and hypergeometric the electror-electron and electrenphonon processes inde-
functions. From this solution we can estimate that the pendent and occurring with equal probability. Let us also
contribution of the advection termy2+ VT is controlled by ~ suppose that, for a given bias, the local electron temperature

The cross-section profil&(x) contains the information about
the geometry of the device. In the following we assume the
simplest profile possible which allows an analytical solu-
tion: the adiabatic model (see Figure 1)

The total electron velocity(x) is the sum of the Fermi

the dimensionless quantify = (Id/veAcneA)(Adr)Y2 Due in the absence of electrerphonon scatteringle, is smaller
to the quasi-ballistic assumption, we filid< 1 so that the than the ionic temperature in the absence of electron heating,
advection term can be neglected. Tion- The energy lost by an electron due to heating is “seen”
In the absence of the advection term the solution to eq 6 by the phonons as a “sink” of energy at the electron
inside the constriction|X| < L/2) is given by temperatureT.. This energy however is “lost” by the
phonons at their own rate. The balance between the power

2
Tez(x) =[! @=Ly — + dissipated away at steady state therefore gives the new ionic
neAf | 3dy [l@+rL%4A)?  (1+ A temperature

o) T ()7 () 0 Y ™
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If Tion = Te, the processes of energy release from current- (2) Todorov, T. N.Philos. Mag. B199§ 77, 965. Montgomery, M. J.;
carrying electrons to the phonon gas or to the Fermi sea Todorov, T. N.; Sutton, A. PJ. Phys.: Condens. Mattet002 14,

cannot be considered independent and a microscopic theory 5317, .
’ ; ; (3) Chen, Y.-C.; Zwolak, M.; Di Ventra, MNano Lett.2003 3, 1961.
that considers them on equal footing is needed. Chen, Y.-C.; Zwolak, M.; Di Ventra, MNano Lett 2004 4, 1709.
We point out that for metallic QPCs the theoretical values Chen, Y.-C.; Zwolak, M.; Di Ventra, MNano Lett.2005 5, 621.
for yep are of the order of hundreds of KM while our (4) Huang, Z. F.; Xu, B. Q.; Chen, Y.-C.; Di Ventra, M.; Tao, N. J.

; ; 3 Nano Lett.2006 6, 1240.
estimate fory.. is of the order of tens of K/\?:3 We thus (5) Conti, S.: Vignale, GPhys. Re. B 1999 60, 7966.

expect that, for these systems, the electron heating contribu- (6) The linear relation between thermal conductivity and specific heat

tion to the ionic temperature is small for a wide range of in metallic quantum point contacts has been verified experimentally
biases. In the case of a 2DEG, on the other hand, either the in: Molekamp, L. W.; Gravier, T.; van Houten, H.; Buijk, O. J. A;;
ionic heating is not present or it is very small and it may be Mabesoone, M. A. APhys. Re. Lett. 199 68, 3765. van Houten,

ossible to measure the effects of the electron temperature H.; Molenkamp, L. W.; Beenakker, C. W. J.; Foxon, CSBmicond.
p p Sci. Technol1992 7, B215.

directly. In the case of organic molecules between metallic  (7) Holm, R.Electric Contacts Springer-Verlag: New York, 1967.
electrodes, it is known that., decreases exponentially with (8) D'Agosta, R.; Di Ventra, MJ. Phys. Conden. Mat#ccepted for
the length of the moleculésFor such systems, we thus publication.
expect the two effects to be of similar importance and one (&) d€ Jong, M. J.M.; Molenkam, L. ViPhys. Re. B 1995 51, 13389.
L (10) Landau, L. D.; Lifshitz, E. MFluid Mechanics, Course of theoretical
should therefore be able to observe deviations fromvite physics Pergamon Press: 19590l. 6.
dependence of the ionic temperature due to electron heating (11) Vignale, G.; Ullrich, C. A.; Conti, SPhys. Re. Lett.1997, 79, 4878.
as predicted in eq 13. However, the exact value of the (12) Tokatly, I. V.Phys. Re. B 2005 71, 165104.
parametete . requires generalization of the present theory (13) quatlon 5 can alsq bg derived from first principles for the glectron
. . L liquid applying a similar approach that was used to derive the
to thg case of nonideal condqctance,. ie., for a transmission quantum Navier-Stokes equations 3 (see ref 11).
coefficient &/ less than 1. This can, in principle, be done, (14) sai, N.; zwolak, M.; Vignale, G.; Di Ventra, MPhys. Re. Lett.
but no general analytical solution can be derived. The reason 2005 94, 186810.
is that one needs to know both the thermal Conductivity (15) l}? eqh8 v;e are afslsuming thagthe temperature variatiol;ls arelsmalcliso
P - . . that the density fluctuations due to temperature can be neglected.
dep_endence onthe transmlSSIOn_ QoeﬁICIGm and t_he Junction (16) We assume that the system is in local thermal equilibrium; thus local
profile that leads to such a coefficient. For< 1 this may thermodynamic quantities such as energy and entropy densities can
even lead to a nonlinear dependencélgés a function of be defined.
V. We can however comment that if one works at fixed (17) Itis well-known that for a translationally invariant electron, liquid
; R ; ; n(w=0) diverges for small temperatures a3t/ (See: Abrikosov,
current while varymguffor example, by acting with a gate A. A Khalatnikov, |. M. Rep. Prog. Phys1959 22, 330.) The
voltlage or by stretching the chemical bonds of the molecule, presence of the nanojunction breaks translational invariance thus
an increase of electron temperature due to reduced thermal putting an effective cut-off to this divergence. We can see this as

conductivity is expected. We finally suggest that the local follows. In an ideal electron liquid the divergence pfcan be
increase of the electron temperature in a nanojunction may &”de_mo‘l’dt_ by tbet‘;‘]““g I'” m:(”t‘:] thﬁh“s re'atdelfm;'?/v a ;famr?fs

: . g ronig relation to the value of the shear mo e thus have
be e_xt_racted by megsu“ng the JOhnSNquISt noisé. Any_ Uo = [ don(w)lm O n(w=0)/r wherer is the quasi-particle lifetime,
deviation of this noise cqmpared to the_expect_ed onein th_e which in an ideal electron liquid diverges asT#/ However, the
absence of electron heating may give direct evidence of this constriction introduces another lifetimgdue to the elastic scattering
effect. with the junctio which cuts-off the divergence of(w=0) via the

; ; relationy(w=0) = u«7c. (See also: Di Ventra, M.; Todorov, T. N.
In conclusion, we have discussed the phenomenon of local 3. Phys.: Condens, Matt@004 16, 8025. Bushong, N.: Sai. N.. Di

glect.ron heating in nanoscale_ Junct|ons._We have pred|cteq Ventra, M.Nano Lett.2005 5, 2569).

its bias dependence and estimated, using a hydrodynamic (18) Mello, P.; Kumar, NQuantum Transport in Mesoscopic Systems
approach, its magnitude in quasi-ballistic systems. We have Oxford University Press: Oxford, 2004.

also discussed its role on the local ionic heating and (19) 6() = 1if x>0, 6(0) = 1/2, and 0 otherwise.

. . . (20) In this hydrodynamic picture, the Fermi velocity does not contribute
SqueStEd systems where this effect is most “kely to be to the fluid velocity, the former being an “incoherent” part of the

observed. electron motion.
(21) If the electron temperature inside the electrodgsis not zero, the
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