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| 1.1.1.- Introduction: Why to use Bohmian mechanics?

.-Looking for extensions/limitations/contradictions of ‘Orthodox’ QM.

.- An intuitive/simpler/causal explanation of QM phenomena.

//\a Vix(ﬁ,“,rN,t): Jix(ﬁ,..,rN,t)z —}M—} Average values
® 00 o |\P(fi,“,f’N,t) © e o 0o ©
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u and fluctuations
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“Quantum equilibrium”
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| 1.1.1.- Introduction: Why Bohmian mechanics? _I

Quantum Hamilton-Jacobi equation Continuity equation
oSty (VS) . . ) OR*(F,1) Q& ( ) S(F,1)
.+ +U (7, 1) +Q(F,t)=0 + ) VIRY(I,1)-V =0
=t UED QY SRR -

Quantum potential

1 Rm'V°R(T,Y
R(F,t) 2m

\ Synthetical examples from the Physical-Chemistry community: ‘

_ Hydrodynamic quantum equation: B. Kendrix
_ Lagrangian (moving with the flow): Robert E.Wyatt

Complex Action: D.Tannor
Valid for 1, 2, 3... degrees of freedom X .Oriols, UAB Spain 5

Q(r,t) =

Unknowns: R(F,t) S(T,t)
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“ 1.1.2.- Introduction: The “many-body” problem

\PAM.Dirac, 1929 |
“The general theory of quantum mechanics i1s now
almost complete. The underlying physical laws
necessary for the mathematical theory of a large part
of physics and the whole of chemistry are thus
completely known, and the difficulty is only that the
exact application of these laws leads to equations
much too complicated to be soluble.”

MaxBom, 1960 |

It would indeed be remarkable if Nature fortified herself
against further advances in knowledge behind the
analytical difficulties of the many-body problem.”
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| 1.2.- Introduction: The “many-body” problem |

— — N 2
ihaq)(”grwt):{z f % +U(F1,..,FN,t)}<D(ﬁ,..,FN,t)

a2

® (r,,.., My ,t) Many particle wave function

The practical solution is inaccesible for more than very few electrons

n° of variables (1 particle) = 503 = 125000 variables !!
n° of variables (Total degrees of freedom) = 503N = 503Y variables !!

n° of bits= 503Y variables *16 bits/variable ~ 138 Terabytes !!

n°of PCs ~ 100000000000000000000000000000000000000 Hard disks
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‘ 1.1.2.- Introduction: Some ‘Orthodox’ solutions available in the literature

Hartree-Fock ’ °Mgny—electr(.)n Wave—functhns ha‘\:mg'the ,t,‘orm of antysimmetric product
of single-particle wave-functions (“orbitals”).

* Leads to an effective single-particle Schrodinger equation with a
potential determined by all others “orbitals™.

Density Functional Theory (W.Kohn)

*The “orbitals” are solutions of single-particle Schrodinger equation which
depends on the charge density rather than the “orbitals™ themselves.

*There are terms (the exchange potentials) that are unknown and have to be
approximated.

Quantum Monte Carlo (ex: CASINO Mike Towler) ‘

Quantum Fluid Density Functional framework: P.K. Chataraj
Hidrodynamic quantum Monte Carlo: Ivan. P. Christov

DFT Super symmetric quantum mechanics, E. Bittner
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| 1.2.1.- Our MPBT Theorem: the basic idea |

| Single-particle Bohmian tajectory x[1, | P, 1)
t o
‘-/\A/'\/\/—/‘ V(XD = OS(x,,t) / 0,

> X1 m x1=x1[t]

— W(X,,..., Xy 1)
| T OS(X,s..r Xy, 1) / OX
“/\_/ v, (X [t],.., Xy [t],t) = 1,....,mN, .

— Xl i X =[], Xy =Xy [t]

V(X [t],... X [t],1) = 8S(X1[t],..,xa,r.r;, Xy, [t],1) / O,

X =x[t]

WX [t],. .- Xgsees Xy [E],0) = W, (X, , 1)

a’

What is the equation satisfied by this single-particle wave-function ? ’
X.Oriols, UAB Spain 10
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| 1.2.1.- Our MPBT Theorem: the basic idea _|

ISR Y.o0
Lcan be witen in Sehroinger-like equaton: |

6\I’a(xa,t)__ h* 82\Pa(
ot 2m#* OX

X,,1)
2 +W(X,,1)- ¥, (X,,1)

a

17

MW, (1) O, (XD
ot 2m*  ox:
Y, (X,,1)

17

W (X,,t) +IW,(X_,1) =

What is the complex “potential’ satisfied by this single-particle wave-function ?
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1.2.1.- Our MPBT Theorem: the basic idea

What is the complex “potential” satisfied by this single-particle wave-function ?

5 OV (%1 oW, (x,,t)
% 2
Wr(xaﬂt)+iWi(Xa9t): at =il axa
Y. (X,,1)

OF,(X,t)  OW(X[t],.. X, Xy [t], 1)
Ltstep | ot ot
O°W,(X,,t)  O*P(X[t],.» Xy»e, Xy [t],1)
x> ox 2

a

mu \P(Xl [t]"xa'9 XN [t]at) = R(Xaa )_(b [t]at)'eis(xa’ib[t]’t)/h

M Use the quantum Hamiltonian-Jacobi equations
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‘ 1.2.2.- Our MPBT Theorem: Good points \

WX W& -

17 & - =J— U.(x ,X[t].t ] W(x,,t
et |- O RO G AT AT 0

‘ Good points 0 \ [X. Oyiols, Phys. Rev. Ldtt. 98, 066803 (2007)]

4th The interacting potential for “clagsical” correlation

5% There is a real potential to account for “non-classical” correlations
I

6" There is a imaginary potential to account for non-conserving norms

XK.Oriols, UAB Spain 13
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| 1.2.2.- Our MPBT Theorem: Bad points

. OY(X ,1) n 0 _ _ . _
Vi L =0— +U,(X,, X, [t], )+ G(X,, X, [t], ) +1- I (X, X, [t], 1) P (X,,t

| Bad points : |

Ok! no problem, we will use a single-particle equation for each particles

. . N OS(X,t
Ga(xaaxbat):Ub(Xbat)+ Z 8(X ) k(X[t]at)>
k J
o ol @ [RRGD B3ED |
‘]a(Xaaxbat) 2'R2(X 8Xk Vk (X[t]t) an ( m an j})
A (sEn) o] B PRED/ K
0= 2-m( oX, ] T R(X,t)

i This 1s exactly the same difficulty found in the DFT (or TD-DFT) !
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| 1.3.1.- Approximate methods for G and J terms: The simplest approximation |

W (Xyeon Xy 1) = (X, 1) P (X > 1)

17

a’>”b

OP(x,,t) { L "f
a’’ b b

2 , }\P(xa,t)
ot 2m ox
% 5 N dS, (%, [t],t
G (X, %,[t1,0) = G [t =— k(ﬁi” )
k=1,k=a

J(x,, % [t],t) = (X [t],1) = — Z gdiln(sz(xk[t],t))

¥ (X, 1) =W, (x,,1)e2V"H0 _F () [t],t) P, (x,,1).. P, (X, [t], )
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1.3.1.- Approximate methods for G and J terms: The simplest approximation I

., OP(x_,1) h 0 _ . : .
Ih—2—= = ———+U (X, X, [t],t) + G(X_, X, [t], ) +1- I (X , X, [t], 1) p P(X,,t
p {2m6x§ (X, X, [1], 1) + G(X,, X, [t], 1) +1-J (X, X, [t], 1) p (X, 1)

(Guess: | G(x,. %, (1), 1) = G(X, (1), %, (1), 1) +..
J(X,, %, (£),1) = I (X, (1), %, (), 1) +...

W 06.0) = ¥, (x, HE AT

W The global time-dependent phase does not affect the velocity

I 2 2 t S
|hwz _h_ 8—2+U(X1,X2[t],t) L‘IVJI(XI’t) ; Xl[t]:X1[to]+J-dt :Jl(xlﬂt)z
ot 2m OX; SR O NI} X = 1]
I 2 2 t g
|hM: _h_a_2+U(Xl[t]’X2’t) I’Itlz(xzjt) ; Xz[t]zxz[to]‘FJ‘dt :]z(xzat)z
ot 2m ox, Sk S0 NI} N
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#1 (nm)

1.3.2.- Application to systems with non-identical particles

\ Example: two Coulomb interacting particles ‘

Favier Oriols @ 2010 ; Two-electron wavepacket with Coulomb interaction
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a0
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Patential energy (&)

Green=wavefunction (a.u.)

;black=U1(x1.1) blue=G1(x1 1) red=J1(x1.t)
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1.3.2.- Application to systems with non-identical particles

k ExamEIe: two interacting tunneling Earticles 1

Position x [t] and x][t] (nm)

[l ! 1

0 20 40 60 80 100 120 140
Time t (fs)

Electrostatic potential

V(Xlaxz):UE(Xl)"'UE(Xz)"' d
4reeg, -‘rl—rz‘

2

Vallico Sotto, Tuscany, 2010

Potential energy (%) in RED

Two-particle Coulornb interaction  Time 4.89 (fs) Havier Oriols © 2005
WAVE PAQUET 2 WAVE PAQUET 1

Central energy 0.045 e\; -._..___Qu_a.ntral energy 0.050 eV

Patential energy (e%) in RED

o
;ﬂ{ij{,ﬁ:’i&“s\\“\

0
S

450 LEERES 450
400 ¢ 400
¥2 (nrn) x1 (nm)

Two-particle Coulomb interaction  Time 4.87 (fs) Havier Qriols @ 2005

WAVE PAQUET 2 WAVE PAQUET 1

Central energy 0.045 eV : "'-._C_entral energy 0.050 ey
D4

0.2

0.
-0.2

2 (nrm) #1 {nmyj
(1 Bohm trajectories at the real space  [] Bohm trajectary at the configuration space
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1.3.3.- Application to systems with “identical” particles

The exchange interaction appears in the symmetries of the many-particle
wave-function (in the configuration space) when particles are exchanged

l Where i1s the exchange nteraction ? J

_oP(x,,t) [ n @ ) _ o
IhT_{_2m*a—)(§+ua(xaaxb(t)at)+G(XaaXb(t)at)+I J(Xaaxb(t)at)} lI](Xaut)
6.0 2 ~Uy 0+ 35 1K, 0+Q, 00~ o)

k=1,k¢a L k J

. h VORI 0 (RARE) BS(X,b)
‘Ja(Xa’ Xbﬂt) o 2R2()—(>,t) {kéa{ an Vi (X[t]at) an ( m an ]}}

The exchange interaction appears (in the real space) as a potential energy !!
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| 1.3.3.- Application to systems with “identical” particles

Write, the fermionic/bosonic wave function as a sum of a wave-
functions without exchange interaction.

One wave-function with exchange interaction:

DX, Xy 05 Xy, 1) = C D (W X1y Xp(ayroos Xy o 1))

4

Many wave-functions without exchange interaction,

D, (%, = C'Zq’pa(Xa,t)-e“pa(””'ﬂpa(t)
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| 1.3.3.- Application to systems with “identical” particles

By imposing exchange conditions on the set of “no exchange” wave-functions

D(X,X,,0) =¥, (X,,0)-F,(X,,0) =¥, (X,,0)¥,(x,,0)

¥ (X, = \~P11(X1at)°W11(t) — \?21(X1>O)'W21(t)
P, (X, 1) =, (X, 1) W, (1) =¥, (X,,0) W, (T)

W, (4[], = 0
|2 Conditions: |

¥,(x[t],H) =0

L] L] 22
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l 1.3.3.- Application to systems with “identical” particles I

N!
qja(xaat) - Z:\Pa,p(j)1 (Xl [t]at) 'LPa, P(])a (Xa>t). .\Pa,p(j)N (XN [t],t)S( p( J))
j=1
‘“Ija,l .....
(¢]
X[t
Lija,l .....
(©)
X [t] X,[t] Source Xy [t]
<15 Drain
O (x,,t n o i Es
i% létxl ) — {_zm 5)(12 +U(X1,X2[t],....,XN [t],t)}‘Pl(Xl,t) g 12075\
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| 1.3.3.- Application to systems with “identical” particles l

4

Only antisymmetrical wave-functions are valid

204 (@) Collector Area=A=2.25 pmz
04 T tos s oo oo o naeesneiil

_______________________________

Emitter —

(b) collector

B PSR e

= i i mmmeeis  ESESERER | SeRSSTY | SwMSRTY | Svmow  SUmove e
e o=, S==s SSSw

Position x[t] and x[t] (nm)

________________________________

[¢]

Time t (fs)

0 20 40 60 80 100 120 140 160 180 200 220

Position x, (nm)

20

]

What is the difference due
to the Exchange interaction?

y (C) Collector

Area=A=900 nm°

=
o

0- _ '
Emitter
—x— 1D' Bohm
—+— 2D Bohm
-10 ﬁ A
204 x',[0]=-40.50 nm
' [0]=-23.25 —
x,[0] nm _ 5
30. x [0]=-23.25 nm .GEJ é’
x.[0]=-40.50 n @)
T i T T Jﬁ% T (-) T
-30 -20 -10 0 10 2(

Position x. (nm)

Observable results are identical when we interchange the initial position of electrons

Vallico Sotto, Tuscany, 2010

X.Oriols, UAB Spain 24



Quantum many-particle computations with Bohmian trajectories
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‘ 2.1.1.- The electron transport at the nanoscale: the “many-body” problem

atom-atom cpulomb intergction
kinetic energy of the electrogs electron-atom coulomb irfteraction

kinetic energy of the atoms electron-potential due tol external bias
electron-electron coulomb intéraction atom potential due to external bias
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‘ 2.1.1.- The electron transport at the nanoscale: the “many-body” problem

What is an electron device ?_ | Pointer

eter

1.- Open system

2.- Statistical system q M]_Battery
RL VrN(t)

3.- Far from equilibrium

Device Actlve Region =

4.- Strongly correlated system SA

_ We measure the total (conduction + displacement) current in

Continuity equation the ammeter, which is identical to that in a surface of the

l active region.
dplot+V-J, =0 Wy  V-(J +aD/ot)=0 My g (t)=1g (1)
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Quantum many-particle computations with Bohmian trajectories
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| 2.2.1.- Our quantum Monte Carlo algorithm: The Bittles simulator

<AO>= Jin 52 2 la®

G-distribution:
initial position of Bohmian trajectory
H-distribution:

initial energy of the wave-packet

rlo Casino (MONACO)

I-_.-h-_- | A 3 e (Stationary and ergodic system)
t-tz‘_.;___." | B = < I > — llm_j I h (t ) * dt
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2.2.2.- Our quantum Monte Carlo algorithm: DC current

i DC current for a Resonant Tunneling Device SRTDZ ‘

| Caorrent

ey | EMITTER Resomant exergy 4 Peck curent
| |AGa Aa| Damer
T | Caka | wed

AlGs A8 boarier

GaA | COLLEGTOR Jd; Volloy curert
1 Aglled blas

(x) Hotersstrncture (i) Band strmtture

In the 80’s, engineers expected that RTDs would substitute the FET transistor
Now, it is a very useful scenario to understand QM phenomena at the nanoscale.
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‘ 2.2.2.- Our quantum Monte Carlo algorithm: DC current

|DC current for a Resonant Tunneling Device (RTD) |

[G. Albareda et al. Phys. Rev. B 79, 075315 (2009)]

=
i

T T T T T T T T T T T
le mean-field le  many-fields

'+ ?’:‘2 ' 7]
I : FE |
i / N

=
N
T

[EEN
o

~ T#T X -l T:Tmax T

<ﬂ 0.8 Source Source i

— . .

C 06+ Drain Y Drain N )

QO Emitter

et L

— 4 . .

S5 04F -- many-fields 3 -

@) - -+ many-fields 4 \ frieg .o
02L —O— mean-field 1 _

) Collector

—O— mean-field 2
—/\— mean-field 3
—vl— mean-fieldl 4 . . -

. l 0.2 0.4 0.6 0.8 1.0
Drain Voltage (V)

o
o
—

Electron transport beyond the standard mean-field approximation.
We include many-particle interaction effects on the current.
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2.2.3.- Our quantum Monte Carlo algorithm: current fluctuations

I

\ Quantum Noise: J Mmﬁﬁf
o

1) Al =1t -1 C (7) S, (w)

Fluctuations Autocorrelation Fourier transform

Engineers do not like noise, it makes errors in the device.

Physicist enjoy noise, because it shows phenomena that are not shown in DC

S, (w=0)
<l >

Fano Factor = F =

Vallico Sotto, Tuscany, 2010 X.Oriols, UAB Spaln 32



2.2.3.- Our quantum Monte Carlo algorithm: current fluctuations

MEffeetofCoulombIcoRelation N CUREARARANGISEN]  (x orior ArLa5, 5595 (2000

BUMCHING OF ELECTRONS Xavier Oriols © 2003
4 . . . . . . . . 6 r T r T r T r T 035 Transmission coefiicient v, E TIME: 0144 fg
BlAS: D1ED my
| (a) o O Our approach : (a) 45 O Ourapproach 03 v
_ ; ; i ) . — W K
A) # Particles emitter 5 1\ — #Particles emitter 025 + assua:vi;’;zcmet
34 ,® \ | #Particles collector 1 o | # Particles collector 0z " particle +
= ' — - Esakiresults [16] ~ 4 / “ = = Visual guided line 3 015 N
< é |G) §_ ] U pelli
S / \ = ! ! E 0os
: 4 \ I I :
| ]
= @ () = @I \ +
8 / EFE E, ® 8 21 / \‘ 008 Patential energy va.
14 A Emiter Colector ® D H o) © T & 7 o ‘
E.. 14 @/ So 015 .
& L 7/ ®- &- O-- O
x=0  x=L FROZEN POTENTIALS 1@ SELF-CONSISTENT POTENTIALS o A a PBD. . o120 14D
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0 T T T T T T T T O T T T T
a
O) 1.4 S) \ ANTHFEUNCHING OF ELECTRONS Kavier Oriols © 2003
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) \ i I .1 035+ Transmission coefficfent vs. E TIME: 0160 fs
\ — — Buttiker results [6] 1 = = Visual guided line 1 O = - : + BIAS: 0080 v
B ! A Er rrozen 03y
5 b "6 \ 035k # — Wave packet
*5 \ © t}\/ ’ # associated to
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2 \Q 02 ~QZQ 8 v O, Lo
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pYo) @
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~O / 005+ )
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i i . . 0 0 40 60 a0 100 120 140
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2.2.4.- Our quantum Monte Carlo algorithm: transient and AC current

e deseadent iclss i |

[A. Alarcon, JSTM, 2009(P01051) (2009)]

VxH=J_+0D/ot = V'(jc +8|j/6t): 0 —\\A Continuity equation
'l

V.-D=p BB Poissonequation ——— — —
op/At+V-J, =0
301 ¥ _ 8  Surface 2 (S2) - Mahnd; ¥avier Oriols © 2003 Omega Yolume
g e aul : N
= 0 E.’ g 04 < 04 20
E Surface 1 (S1) " E 4 z =
- - - Method ! [ &] 4
© a0 —Medni; 502 =10
! 8 : 2 N
- w0
A Surface3 (53 Memil 30| | Surfaced (s4)  hemedi] 0 *
~ 2 ) ¥ i i i £ 10
3 = B0 B0 -40 20 0 20 40 20 0 % )
: 0 - E W [:nm Y (nm)
=]
E -2 &) X 1|:| Cond —_ - .
3 onduction current T w10 Conduct. + Displac.
- 5 =
————r : T
1.54 . Surface 5 (S5) ';Me“ﬂi; _ 3] Surfaceﬁ(Sﬁ) M"ﬁ“"d; = 'S
El R i 20 Eo
= 00 : g S @
: Y 3 :
- : Q i 10 E
1.5 0.04 -1
N s TP Y 7 RV
40 45 S0p 555,60 65 70 40 45 S0 55,60 65 70 time (ps) time (ps)
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‘ 2.2.4.- Our quantum Monte Carlo algorithm: transient and AC current

— [G. Albareda et al. Phys. Rev. B, 82, 085301 (2010)]

x 10°

2

- " Cutofffre;quency
e

= aY H
- H
-
w

Lead delay

=
o=
[

’“”"-RLCresponsel
W — RLCresponse 2
~-Numerical filtered 1

—awc

Spectrum RI, s

0 1 2 3 - 4 5 6 7 » 10" 10" 10"
N0, & x10 Frequency, Hz

1 Ng Ny

Non-ergodic system (ensemble average): < I (t)>= lim ——— I, . ()
Ng.Npow N N “—~ &~ 9
g h g=1 h=l
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| 3.- Conclusions and future work _I

1.-We have shown the existence of a single-particle Schrodinger equation
that computes a many-particle Bohmian trajectory.

2.- Its practical application needs an educated guess on the potentials.

We are able to compute DC, AC, transients and (current and voltage) noise
with electron-electron correlations.

Simulation time 1-2 days for a complete I-V curve (N=100 electrons)
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3.- Future work

_The BITLLES Simulator _|

Bohmian Interacting Transport in Electronic Structures

We have a three years project by the Ministerio de Ciencia e Innovacion to
develop the BITLLES simulator through project TEC2009-06986.
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3.- Future work

* This book provides the first comprehensive discussion on the
practical application of Bohmian ideas in several forefront research

nn I] I i e [I B 0 II m i a II fields written by leading experts, with an extensive updated
bibliography.
L —
-%?""'Me c II a n I cﬁ * This book provides a didactic introduction to Bohmian mechanics

_ oL easily accessible for graduate and undergraduate students including a
~«From Nanose¢ale Systems to Cosmology thorough list of exercises and easily programmable codes.

Lﬂ‘%yg : §
l Readershiu

The book is addressed to students in physics, chemistry, electrical
engineering, applied mathematics, nanotechnology, as well as both
theoretical and experimental researchers who seek an intuitive
understanding of the quantum world and new computational tools for
their everyday research activity.

978-981-4316-39-2
Cloth, 400 pages (approx.)
Fall 2011, US$149

\ How to order J

Xavier Oriols and Jordi Mompart You can place an order from any good bookstores or email
us at sales@panstanford.com for more information.

Vallico Sotto, Tuscany, 2010 X.Oriols, UAB Spaln 39



3.- Conclusions and future work
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