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Motivation

Experimental advances
Transport through nanojunctions

Measuring temperatures at the nanoscale

Nanoscale temperature mapping in
operating microelectronic devices
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Microscopic description
Functional construction

Thermal DFT

Thermal DFT and Luttinger's v-field

Including the effect of electron-electron interactions
(FGE, M. Di Ventra, G. Vignale, Phys. Rev. Lett. 112, 196401 (2014))

@ DFT efficient tool to incorporate interactions
@ Standard formulation focuses on charge density

@ Our proposal: Inclusion of the energy density as basic variable
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Thermal DFT and Luttinger's v-field

Including the effect of electron-electron interactions
(FGE, M. Di Ventra, G. Vignale, Phys. Rev. Lett. 112, 196401 (2014))

@ DFT efficient tool to incorporate interactions
@ Standard formulation focuses on charge density
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Microscopic description

Thermal DFT 5 .
Functional construction

Thermal DFT and Luttinger's v-field

@ Mechanical proxy for local temperature variations
(B. S. Shastry, Rep. Prog. Phys. 72, 016501 (2009))

e Low frequencies w < 1/7, long wave length & < 1/l
@ Allows to compute conductivities via Kubo formalism
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Microscopic description
Functional construction

Thermal DFT

Thermal DFT and Luttinger's v-field

Including the effect of electron-electron interactions
(FGE, M. Di Ventra, G. Vignale, Phys. Rev. Lett. 112, 196401 (2014))

o DFT efficient tool to incorporate interactions
@ Standard formulation focuses on charge density

@ Our proposal: Inclusion of the energy density as basic variable

hdri(r) = | =5V - ———= V4 (L+ 0)v + r1xc + B )| Si(r)
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Functional construction

Thermal DFT

Peculiarities of the KS construction

How to connect the interacting system and the noninteracting KS system ?
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Microscopic description
Functional construction

Thermal DFT

Peculiarities of the KS construction

How to connect the interacting system and the noninteracting KS system ?

Interacting system KS system
n(r,t) n(r,t)
h(r,t) — h*4[n(t)](r) hs(r,t) — b [n ()] (r)

The KS system reproduces the excess energy density !!

h(r,t) = hs(r,t) + Enuxc[n(](1) , Emxc[n(®)](r) = R [n(t)](r) — hs%[n(t)](r)
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Microscopic description

Thermal DFT Functional construction

Adiabatic local density approximation
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By (1) = o 1t¥+ve

V + (1 + %) (v + vixe) + 050PA | ¢i(r)
2 m

1 98xc(n(r,t), hs(r, 1))

/L_};?CLDA(T’ t) =

B on(r,t)
TALDA _ 1 agxc(n(rv t)7 hS(T7 t))
wxc ("'7t) - B ahs(’l‘,t)

F.G. E. Thermal DFT



Microscopic description

Thermal DFT Functional construction

Adiabatic local density approximation

2 TALDA
By (1) = o 1t¥+ve

V + (1 + %) (v + vixe) + 050PA | ¢i(r)
2 m

’L_};?CLDA('I", t) _ _1 agxc(n('rv t)7 hS(Tv t))

B on(r,t)
— 8§xc(n(rvt)7hs(r7t))
ALDA 4y — _ 1
pie} (T’ ) B8 8h5 ('r', t)

[ Sxc(n(r,t), hs(r, 1) = 8" (n, hs + errxe(n)) — s8 (n, hs) ]

... where s (| h), U0 () s taken from the uniform electron gas (PRL 110, 146405, 2013, PRL 112, 076403 2014)
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Microscopic description

Thermal DFT Functional construction

Dynamical correction

Inverting the linear response relation
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Microscopic description

Thermal DFT Functional construction

Dynamical correction

Inverting the linear response relation
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Thermal DFT Functional construction

Dynamical correction

Inverting the linear response relation
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Microscopic description

Thermal DFT Functional construction

Dynamical correction

Inverting the linear response relation

vdn 1T VL B2 foll) /g
vidm | = olt Bo (aq)

Vignale-Kohn type relaxation

Wie = /d37' <77XC

2
Vl‘ + fy |2, + Hg\2>
n K
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Thermoelectric transport
Local temperature

Applications

Applications
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Thermoelectric transport
Local temperature

Applications

Steady state heat current through single site impurity
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Thermoelectric transport
Local temperature

Applications

Time-dependent density
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Time-dependent density
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Time-dependent density
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Thermoelectric transport

P Local temperature
Applications ocal temperature

Temperature induced charge and energy wave
in atomic chain (100 sites)
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Thermoelectric transport

Applications Local temperature

Defining a local temperature via zero-current conditions
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Thermoelectric transport

Applications Local temperature

Defining a local temperature via zero-current conditions
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Local temperature for single

Yprobe

Applications

Thermoelectric transport
Local temperature

site impurity
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Thermoelectric transport

Applications Local temperature

Local temperature for atomic chain (100 sites) (1)

0T; /Ty for Ty = 0.025V
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Thermoelectric transport
Local temperature

Applications

Local temperature for atomic chain (100 sites) (I1)
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Thermoelectric transport

Applications Local temperature

Summary

@ Thermal DFT: ab-initio description of thermoelectric transport
@ Time-dependent " Thermoelectrics”

@ Local temperature at the nano scale
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Thermoelectric transport

Applications Local temperature

Summary

Conclusion

@ Thermal DFT: ab-initio description of thermoelectric transport
@ Time-dependent " Thermoelectrics”

@ Local temperature at the nano scale

Development of functionals

Implementation of “thermal” KS equations

When does the electron-electron interaction become
important for energy transport (Hydrodynamic regime) ?

What is this ¢ potential ? Can it be microscopically justified ?
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Thermoelectric transport
Local temperature

Applications

Thank you for you attention!
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Thermoelectric transport

Applications Local temperature

The action functional

complex time plane

Keldysh contour C

Y to —ihf

Ao, Y] =1 1nTr{TTe*%J;: [+ fabr {w(r0)h(r)+0(r)a(r) }] }
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The action functional

complex time plane

Keldysh contour C
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Thermoelectric transport

Applications Local temperature

The action functional

complex time plane

Keldysh contour C

Y to —ihf

—1BQ[0%, ] = ’LlnTr{ BlH—uN+[dr {(r)
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h(r)+0(r)i(r)}] }



Thermoelectric transport

Applications Local temperature

The action functional

complex time plane

Keldysh contour C

Y to —ihf

Ao, Y] =1 1nTr{TTe*%J;: [+ fabr {w(r0)h(r)+0(r)a(r) }] }
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Thermoelectric transport

Applications Local temperature

The action functional

complex time plane

e 7T

Keldysh contour C

Y to —ihf

Ao, Y] =1 1nTr{TTe*%J;: [+ fabr {w(r0)h(r)+0(r)a(r) }] }

e )

Legendre transformation yields A[n, h]
_ 6A[n, R ~ _ 0A[n,h]
[7/)(7’,7’) ~ Sh(r,T) ] [v('r,T) ~ on(r,T)
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Thermoelectric transport

Applications Local temperature

Decomposition of the action functional

Adiabatic approximation

Andiafy p1 / Fln(r), h(r)] = / /d3r h(r, ) — %/CS[N(T)JL(T)}
//d3r h(r,T) Sadla[ ,h]
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Applications Local temperature

Decomposition of the action functional

Adiabatic approximation

Andiafy p1 / Fln(r), h(r)] = / /d3r h(r, ) — %/CS[N(T)JL(T)}
//d3r h(r,T) Sadla[ ,h]

Dynamical contribution (everything else!)

Aln, h] = //ddr h(r, ) — (sad‘a[n h] + 592 [, h])
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Thermoelectric transport

Applications Local temperature

Decomposition of the action functional

Adiabatic approximation

Andiafy p1 / Fln(r), h(r)] = / /d3r h(r, ) — %/CS[N(T)JL(T)}
//d3r h(r,T) Sadla[ ,h]

Dynamical contribution (everything else!)

Aln, h] = //ddr h(r, ) — (sad‘a[n h] + 592 [, h])
Exchange-correlation contribution

Sxc[n, hs] = 8[n, hs + enxc[n]] — Ss[n, hs]
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