** Origin of entropic forces
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Temperature
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Modeling the entropic "force"

“Contact” "System”
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Down > Up
S(E)
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Modeling the entropic "force"

“Contact” "System”

I p F(— 8)@ ﬁFH £)

Down > Up

F(-¢) = W(E,+¢)

F(+¢) W (E,)

KT
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"Density of states”

W Conta CT" Electrons with effective mass ‘m’
+ E ID: D ~ 1AE E \
D(E)
2D: D ~ E° = 1
S = k InW
>
Need to consider D(E)

3N dimensions:
See Feynman, 3D: D ~ +E ]
Statistical Mechanics,
Chapter 1 ———
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Modeling the entropic "force"

“Contact” "System”

I p F(- 8)@ ﬁFH £)

Down > Up
S(E)
F(-¢) = W(E,+¢)
For any “contact” in equilibrium F(+s)  W(E,)
Easier to give energy to it,
£
than to extract energy from it. = &Xp (ﬁj
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Second law

E.+ E, = 0
' i 4 Fl(_ El) Fz(_Ez)
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A heat engine

N 0.25}
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I
TD TD = 6OK !
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] S
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T, = 300 Q
T=300Kk %
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Voltage --->

Cf. Feynman lectures,
Vol.1, Ratchet and pawl
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Analyzing the heat engine

For(— &) — ex (ij
Fo(+6) P KT,

Hy E_g¢

&

.~ Fr(-8) ng(E) ps(E—¢)
minus

Fees(+&) ng(E—¢) pr(E)

Hg
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Analyzing the heat engine ..

a I
Fer(- &) _ (ij
k_u.u_i TD/ Fo(re) PUKT,
Fer(hw) o (h_a)j E
Feo(+ho) ¥ KT,
HR E_g¢ n
N(w) +1 (ha)]
| — — | 2
> N(w) b kT, @
. 1 l, ~ FB<—R(_5) nR(E) pB(E_g)
Yes if N(w) = — MiNUS
exp(kTD)‘l Focs(+e) Ng(E-2) py(E)
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Entropic forces in NEGF

Hy E_g¢ n

5 > F

n+p=DOS

- [c"]+[c" |=[A]

.~ Fr(=8) ng(E) ps(E—¢)
mINus

Fes(t8) ng(E-¢) pr(E)
Fer(-8) (i]
Fo(ro Pk
Dijkl(_ g)

E
_ exp( j
leji(+ &) Kg To
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NEGF equations for elastic scatterers in equilibrium

=i [2—2+]/ I Green function
74 1
Z G] = [EI-H-%1-2,—- Z
" H Eﬂz 6] = [ -2 Is ]
“Electron density"
21 22 n _ + + in~+
| | G" = GI,G*f, + GG fi+ GING
"Hole density"

GP = GI,G' (1-f,) + GG (-f)+ GZMG*

"Density of states” Dephasing Broadening
A = G"+GP [£'] = DI[G'] ] = [Er+z]
= 1[G-G'] [Z,] = DIG] = 1[Z, - %]
£~ D[G"]
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Energy exchange in NEGF

r=i[Z-X Dephasing, general
y a [E"(E)] = D(+&)[G"(E-4)
H

ﬂlq E“ ° [E™(E)] = D°(&)[G"(E-e)]
21 2

] [M(E)] = [Zf(E)+=2(E]

[Dp(g)]ijkl - [D(_g)]lkji =B = IhE] - %[FS(E)]

"Density of states” Elastic Dephasing Broadening
A - cace  [ENEN = DIG"EN ] = [g ez
= i[6-G1  X.(E)] = DIG(E)] — i[Z,- 2]

=*(E) =K{[G"(E)]
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Energy exchange in NEGF

r=i[z-x"] Energy exchange
Va [E'(E)] = D(s)[G"(E -]
H

”1§ E“ ° [E™(E)] = D°(&)[G"(E-e)]
51 5

1 [[(E)] = [Z0(E)+ZX(E]

[Dp(g)]ijkl - [D(_g)]lkji =B = IhE] - %[FS(E)]

"Density of states” For scattereran equlibriun
A = G'+G" Dj (=€) _ exp( . j
= i[G-G" B
G-G Dyi(+€) ke Ty
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Like semiclassical theory .. sort of ..

[ (E)] = D()IG"(E-¢&)]
[X(E)] = D°(9)[G"(E-e)]

q'ﬁ~ Trace[GP(E) ="(E) [D°)1] = _[D(—g)]]T
minus G"(E) 2™(E)] [Dp(g)]ijkI - [D9),,
dN T O \ _ in T n
~——{pEF()InE-2) =MEN = [D(a]]ic"(E-2)
minusin(E){'[F ()] {p(E—&)} =2E)] = [[PE9] [G*E-#)
M [
dng

~ F(+e) ng(E-¢) pr(E)

minus For(—6) ni(E) ps(E—¢)

dt
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Like semiclassical theory .. sort of ..

"Demon” in equilibrium [ZM(E)] = D(&)[G"(E- )]
Fer(-8) _ exp(i] [Z"(E)] = DP(¢)[G"(E - )]
FRB(-I— 8) kTD H:Dp(g)]] _ [[D(— g)]]T
FCEINew _ (ij
FGale Pk,
Dijkl(_ g) ex (6‘]
leji(+ g) - P KTo
P E FeaInE—2) /()] = [[D()]]iG"(E-2)
minus{n(E)}T[F(—g)]T{Vp(E—g)} =€) = [[oe g):-T [G°(E - )]

[
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NEGF equations .. including “everything” .. almost ..

=i [Z—E+]/ T Green function
7 G] = [EI-H-%-%S,— % ]7
A H Eﬂz
“Electron density"
21 22 Gn . GF G+ .I: + IN~+
. = 2 2 + GF]_G fl-l— GZS G

"Hole density"
GP = GI,G' (-f,) + GG (-f)+ GZMG*

"Density of states”

A :: i[znj(ﬁ]p Current # =Trace @FlA] f1 — [FlG”]]
Broadening Energy [2(B)] = [[D(g)]] [G"(E - ¢&)]
r] - [rese] e [seE)] = D9 [67(E -2
- (- (EN = [hE] — S[r(E)]
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“Contacts” not in equilibrium

Semiclassical
For (= &) . (i]
Fo(re Pkt

NEGF

Dy (= &) _ ex (ij
D|kji(+5) - P K Te

FB(—R(EZO) 1

- 2 S5 .. can be handled if we know the
Fe(e=0) 0 state of the scatterer ..

c—>0
eXp( KT j
C
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Scatterers driven off equilibrium

Non-interacting spins:
Bloch equation

an Lo
Y =y(mxH) V
o0
N L Magne‘rlza‘rlon
T Tor'que 5 (m)
4T “Spin-Torque"

(|
d
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Scatterers driven off equilibrium

Nanomagnets: LLG equation

(1+a2)@:y(rﬁxﬁ)
A

S

a N N —
- (mmeH ) ' Magnetization
Gilbert damping "Spin- m
Torque”
. 2. (m)
+T " Spin-Torque"
P q H 1
y 2
H Hext + H int (m) | '
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Bistable “"contacts”

— LLG EquaTlon

ity Mg

Voltage

Current

NCN
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Classifying demons

No demon .. just source/drain
Rigid demon .. gates

Elastic demon .. in equilibrium

Inelastic demon .. in equilibrium

Elastic demon .. out-of-equilibrium

Inelastic demon .. out-of-equilibrium

Bistable demon

NCN
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** Entangled Demon

Entangled !
.
*A
. S
e (=
Source| Channel |Drain

Sl
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Classifying demons

No demon .. just source/drain
Correlated/

Entangled Rigid demon .. gates
Magnetiza 1
7 Demons!! Elastic demon .. in equilibrium

Inelastic demon .. in equilibrium

Elastic demon .. out-of-equilibrium

Inelastic demon .. out-of-equilibrium

Bistable demon
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