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Electronics at the nanoscale:

source 5 drain

channel

Nanoscale device with a source-channel-drain configuration

e Channel can be a molecule, quantum dot, impurity, graphene nanoribbon
 Electrons propagate from the source to the drain

» Presence of time-varying components such as a time-dependent gate voltage,
temperature gradient, incident laser, incoming electromagnetic signal,
mechanical deformations

e Current is dynamic: transient regime, long-time regime

e Theory: quantum + many-body + nonequilibrium
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Single-site channel with a time-varying gate:

Current flowing out of the left lead:

No source-drain bias voltage: 1} =0

Current response to the gate:

* not instantaneous

e overshoots

« oscillates

« eventually settles down to a
steady value

Frequency spectrum:
e dc component

current (LLA)

e transient oscillation at f = 0.7 x 10'° Hz

Gate exerts a time-dependent potential on
the channel

Step-function gate is switched on at ¢t =0

Chemical potentials:
pur, =FEr =20 pr = Ep — Vb

Temperatures: 7% = TR — 300 K
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Current when the gate potential is a pulse:
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current (LLA)

Potential pulses and ramps:
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varying the ramp width
source-drain bias potential: V;, = 0.3 eV

varying the leads-channel coupling
P = oRC =18 eV
MO = R0 =20 eV
¢ =RC =22 eV

ECC, Int. J. Mod. Phys. B 31, 1750105 (2017)

Gate potential: U,

= 40.3 eV

20

3 fs
1 1 :
PSS No source-drain bias potential:
Vi =0
Current flowing into the right lead
1fs IR (t)
| pulses
13 ’ I ' | ' E
I (@)
12— =
é 11 1 1 1 I 1 l
g 13 = I ' I ;
I (b
12 - =
”0 % I ]IU 1I5
time (fs)

o=HA=

Basic Science

“““““

AR Institute for (% Asian Network School and Workshop on Complex Condensed Matter Systems
i@i 11)5 - Hanoi, Vietnam, 20-24 November 2017




Nanoswitch:

Coupling between the two leads
varies with time

e step function switch-on
e gradual
e modulated

stationary

rotatable
disk

T Switch-on speeds:
Step function
@ 4 Slow

Slowest

mA]

[

Form of the slow switch-on:
L IR (1) = v tanh wgt

current

Power-law fit to the current:

I(t) = I (ti) h sin (wt + ¢) + Lo

0

time [fs]
ECC and G. Liang, J. Appl. Phys. 110, 083704 (2011)
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current [nW]

hermal switch (phonon transport):

dynamic
— coupling P
T, - - ,l, =~ T,
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ECC and J.-S. Wang, Phys. Rev. B 81, 052302 (2010)
ECC and J.-S. Wang, Phys. Rev. E 82, 021116 (2010)
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With electron-phonon interactions:
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ECC, F.A. Bayocboc, and C.M. Laurio, AIP Conf. Proc. 1871, 030003 (2017)
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Calculating the time-dependent current: An example

source channel drain
/|
il
Vs
Left Lead Hamiltonian: Right Lead Hamiltonian:
1t =Y ckalar + 3 ok (afa; + ajar) HR =S Bl + 5ok
k kj k kj
Center Hamiltonian: Couplings:
Hy = ey CJ{Cl HYC = lF <a$cl + c]iao)
HY = U(t) clex U(t) = —qVy(t) HRC = RC (CJ{bQ + b;cl)

H® = Hy + Hf

Total Hamiltonian: # = H* + H® + HS + H*° + H®C + Hf

E.C. Cuansing, Int. J. Mod. Phys. B 31, 17501015 (2017).
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Current from electron flow and electron energy flow:

Current out of the Left Lead:

) =~ ) =~ [11.8V]) = 2qRe oGS 0.0

dt h

Current into the Right Lead:

IRt = <q%> = % ([H,N"]) = —2¢qRe [U%C GlcQR’<(t,t)}

positive current » flowing to the right

Lesser Nonequilibrium Green’s Functions:

Gh(nt) = 3 (e () G, t) = 7 (Bh)en(t)

Electronic Energy Current out of the Left Lead:

L dH" L LC CL,<
Q™(t) = dt = QRG[(EOUm ‘|‘U00U01 )Glo (t, t)}

Electronic Energy Current into the Right Lead:

dHR
QR(t) = <7> = —2 Re[( 5“2R1C +0227}21 )G%R <(t t)}

THA
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Nonequilibrium Green’s Functions:

Perturbing Hamiltonian: HE = U(¢) 0101
Contour-Ordered Green’s Function: o Keldysh contour

1 ()

G5 (r1,m2) = =1 (Teen(m)al(r2) ) = = (Tee #1007 ey (r)al(72))

= Gy (1, m) + / a7 GSC,y (r1, 7 U (') G (' )

0

Use analytic continuation and Langreth’s theorem:
Retarded CL Nonequilibrium Green’s Function:

t
Gio™" (11, ta) = Grof (b1, 1) + / dt' GIyg (t, 1) U () Gy (t 12)

Advanced CL Nonequilibrium Green’s Function:

t
Gy “(t1.t2) = G5 (tnota) + [t G (0 0) U G0 )

Lesser CL Nonequilibrium Green’s Function:

t
Gio " (t1,t2) = GfoLo<(t17f2)+/0 dt’' GI" (1, ) U () Gl (t, ta)

t
+ [ G ) U G )

/ dt’ / dt"’ GCCT (t1,t ) (t/) G1C1(736<(t/7t//) U(t”) G?OL’a(t”’b)
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Nonequilibrium Green’s Functions: CC terms

CC Contour-Ordered Green’s Function:

1 ) i ’
G%C(Tl,Tg) =3 <TC 01(7'1)01(7'2)> =3 <TC e~ # J HEdr cl(ﬁ)cJ{(Tg)>O

= G + [ dr' G5y (n, ) U GE m)

C

Retarded CC Nonequilibrium Green’s Function:

t
Gir (t1,t2) = G%Cor(thtz)ﬂL/O dt’' G11 g (t1. ) U) GIL" (t ta)

Advanced CC Nonequilibrium Green’s Function:

t
G (0. t) = G5 () + [t GRS (0. ) U G040 )

Lesser CC Nonequilibrium Green’s Function:

t
G (t1,t2) = G?1Co<(t1at2)+/0 dt’' GT" (4, )Y U () GIS (¢ t2)

t
/dt G~ (t, Y U) GL(t ta)

/ dt/ At G (b, ) U () GrGg™ (8, ) U ) G (1 1)
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Steady-State Green’s Functions

Adiabatic switch-on of the leads-channel coupling
HL+HR+H§+HLC+HCR

3 too

» 400

B +HvH

-OG{
0

t

Steady-State Contour-Ordered Green’s Function
LT ek LA () o) (1)l ()

7
GEC(riym) = =1 (Teer(m)el (m)) =
—911 7177'2 /dT /dT”gﬁ T, T 211(7' T )Gn 0(7' 7'2)
= vio” 9o (T, ) v + via ghe (7, T v

Self-Energy: X1,(7/.7") =

Analytic continuation and Langreth’s theorem + Fourier transform

(B) = [(B+in) — ¢~ 557 (2)]

. CC,r
Retarded: G
Advanced: GSS(E) = [G?SJ( )}

: CC.<( cC CcC
Lesser: G11,0 (B) =Gy OT( ) E ( )G oa( )
Haug and Jauho, Quantum Kinetics in Transport and Optics of Semiconductors
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CL Steady-State Green’s Functions:

CL Steady-State Green’s Functions:

. CL,r CC,r L,r
Retarded: Glo (B) = Giig (B) vig’ gog (B)
Advanced: GSE(B) = [G?&{(E)]
. CL, ca, L, ca, c, CL,a
Lesser: G10,0< (E) =Gy (E) Vo  9oo~ (E) + Giig (E) X1 (E) Gioo (£)

Equilibrium Green’s Functions of the Leads:

Can be determined from the Equation of Motion of a Free Lead:

Retarded Equilibrium Green’s Function:

2 2
g"”(E):U—Q((E+z’n)—5)ii—2\/112—(5—E)2 —v<e—FE<w
v

Advanced Equilibrium Green’s Function:
9" (E) = (9"(E))"
Lesser Equilibrium Green’s Function:

g<(E) = —frp(E) (¢"(E) — g*(E)) fop(E) = (e(E—M)/kBT n 1)

—1
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Summary: How to calculate the time-dependent current

1. Equilibrium Green’s Functions of the Free Leads in E-Space:

L»r L,a L, < R,r R,a R, <
900 >900 1900 922 1922 > Y29

2. Steady-State Green’s Functions in E-Space:

CC,r ~CC,a ~CC,< CL,r ~CL,a ~CL,< CR,r ~CR,a ~CR,<
G11,0 >G11,o 7G11,0 G1o,o >G10,0 7G10,0 G12,O >G12,0 =G12,0

3. Fourier transforms of the Steady-State Green’s Functions into t-Space

4. Nonequilibrium Green’s Functions in t-Space:

L

5. Left and Right current:

I%(t) = 2q Re|otC GS<(t, 1) I*(t) = —2qRe [vglc GR<(t, t)}
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Thank you for
your attention!
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Calculating the equilibrium Green’s function of a free lead:

H = Zek a,ar + kaj (akaj + aTak)

kj

—
Log@g

€
L
0

L@ M

Equation of motion of electrons in the lead:

(H-E)g=-1
/5—E v 0 0 \ (900 go1 902 \ (1 0 0 0
e—F w 0 gio 911 gi12 01 0 O
0 v e—F v g20 ¢g21 922 - — 0 0 1 0
0 0 v e—FE g3 931 932 0 0 0 1
(e—F)goo+vgi0o=—1
v goo + (€ — E) gio +vg20 =0
Ansatz: g, = cAlm—nl
. 2 _ (- _ F)2 2
A= e:l:z'q cosq = £ b SiIlq — \/U (8 ) c = __G:I:zq
v v v
2 . 2 21
we get:  gmn = —Zei’q“m_”'_l) Jgoo = §<E —e)+ ﬁ\/UQ — (e — E)?
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Solving the iterative equation for the retarded NEGF:

Retarded Nonequilibrium Green’s Function:

t
Glg " (11, t2) = G5y (t1, t2) + / dt! G (ta, ) il (1) G (¢ 12)

In the form:
tN
fta;ts) = folta,ts) + | folta, U)o (') f(¢, t)dl’
ty
Use numerical integration:
N numerical
f(tayto) = fo(ta,ts) + Atz ci fo(tasts)v(ti) f(ts,tp) ¢ = integration
N =1 coefficient
f(tasts) = At Y e foltasti)o(ti) f(tist) = folta,to)
i=1
Construct the equivalent matrix equation: Az =5
1 — Ateifo(ti, tr)v(t)  —Atcafo(ty, t2)v(ta) - f(t1,te) fo(t1,tp)

—Atcyfo(te, t1)v(t1) 1 — Ateafo(ta,t2)v(t2) flta,ty) | — | folta,ts)

which can be solved by taking the inverse: z = A"1b
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With electron-phonon interactions
right

left

heat heat

bath bath
drain

L (qgm +piqo)

Electron part:
Hy® = v,

Phonon part:
L L L
Heat baths: Hy =) €550 + > vind)%  Couplings:
k ik
C C
k ik

Channel:
L R C LC RC
H,=HY + HY + HS + H-C + H}

Phonon Hamiltonian: »
Electron-Phonon Interaction HS, = M.,(t) <pJ{ + pl) e
H=H.+H,+H,

Total Hamiltonian:
Asian Network School and Workshop on Complex Condensed Matter Systems
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Thermal switch:

dynamic
— - coupling —
TL — - l . — - TR

knknk\\n\ n//kukuk

2 - — o0 kY T — 5 3
semi-infinite left lead semi-infinite right lead
Hamiltonian for the left and right leads:

1 E (X 1 E (0% (e (e
) 1]

Coupling between the leads:

HR (1) Zu VLR R

Total Hamiltonian of the system: H = H" + H® + H'R(¢)
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