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Motivation

E.g. / Tri-gate transistor

Source ® Transmission
® Total current
® Conductance

Spatial information

Visualize .

Real—-space picture for the conducting phenomena in a nano device

@ Eitornchannols OpenMX and Software Advancement project@ISSP

® Real-space current density



H. Kim and Y. Hasegawa, PRL 114, 206801 (2015).

Conductance evolution and tip position
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Eigenchannel in the STM experiment -

H. Kim and Y. Hasegawa, arXiv: 1506.05528
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transmission probability, t,
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Observed channel and Objective 4

Fit : Multiple Andreev reflection formula — observed [-V
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Microscopic picture
from a first-principles calculation
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Transmission between semi—infinite electrode

Left ﬁCL Hcr Right
electrode m electrode
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Central (device) region
Ge(E) = {E — He — E.(E) — ER(E)}!
i $.(E) = (E —He, )G (E — Hye)
p(r) = Lf dE [G-(r,r,E +i0) — G(r,7,E —i0)|f(u — E)
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Conductance and eigenchannel

theory

Current dE -
J = | T @IE - 1) = £~ )

T(E) = Go(E)IL(E)GL (E)TR(E)

Nearlly zero bias—> ] x Tr[T(O)](uL — UR)

k/Conductance

Eigenchannel M. Paulsson and M. Brandbyge, PRB 76, 115117 (2007).
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Visualize
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Numerical procedure and condition

(1) Structure optimization of slab model (periodic)
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: method
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: \__ Optimize yellow

super cell of . >

region only 4% 4 Pb(111) unit

(3) Device green’s function (48 atoms, Hex)

Numerical conditions

e OpenMX (Localized basis set + Pseudo potential)
(Project for advancement of software usability@ISSP)

« GGA-PBE functional

e k points:2X2x1(1), 2% 2x200(2), 2 % 2(3)

e Smearing: 1600 K (0.01 Ry)

:  Basis: Pb8.0—-s3p3d3f2 (Empty atoms on surface)

e I[gnore Spin—Orbit interaction

(2) Electrode(periodic)
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Result

H. Kim and Y. Hasegawa, PRL 114, 206801 (2015)
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Transmission probability of each channel
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Result
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Conductance [G/G]
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Result

and p,

The sme as 330 nm
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Transmission
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Result




- . 14/26
Optimized structure (height of each layer)
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Summary 1

€ We implemented a function for calculating eigenchannels in
OpenMX (Project for advancement of software usage@ISSP).

€ Conductance and eigenchannels in STM experiment of
Pb(111)surface—Pb tip are reproduced semi—quantitatively.

@ We explained the relation between spatial distribution of
eigenchannels and tip—surface structure.
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Outline

* Why eigenchannel and currentdensity ?

e Part 1. Eigenchannel on Pb(111) surface
* Motivation: STM experiment of Pb(111) surface
* First-principles eigenchannel analysis

* Result
* Summary
* Part 2. Implementation of currentdensity in OpenMX [ . .J _L I

* Motivation
* Conventional method for currentdensity

* Method
e Currentdensity in NEGF method
 Difficulty and improvement

* Result
e 8-Zigzag Graphene Nanoribbon with domain wall

e Summary
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Left
electrode

Currentdensity in nanosystem
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Right
electrode

-
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-
-

-
-
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C. Li, L. Wan, Y. Wei, and J. Wang, Nanotechnology 19, 155401 (2008).

<+ Correction for the

«—__~— Hybrid functional
Non-local potential \/\_’ .
Pseudopotentails

EBU 1B:XB;]
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Conventional method

Lei Zhang, et al, PRB 84, 115412 (2011).

Current

30 40 50 60 70 80
7 direction (a.u.)

Source and drain from electrodes
e Identical to the result of the Landauer formuE at the center

dn practice, it is hard for OpenMX>

(Objective: Avoiding this difficulty.,
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Currentdensity with non—local potential

With non—local potential
oY(r,t) -—I? : : | P
= = g Y(r,t) + f A3r' Vi, rHy@',t) (1)

\,*/ Hybrid functional

Y*(r,t) x (1) —y(r,t) x (1)° Pseudopotentails

= o5t =V - Jroc(r, t) + pPnLoc(T) 1) Z 4 lﬁi)(ﬁjl

ot
Jioc(r,8) = 5 [, OV (r,0) = ¢ (n OV, O]

.
PNLoc(T, 1) = l'J d*r' V(r, v, O (r,t) —c.c

C. Li, L. Wan, et al, Nanotechnology 19, 155401 (2008).
INLoc(Tt) =V - @npoc(T, £)

dp(r,t ) 4
& pg; ) il [ILOC(TJ t) +]NLoc(7"; t)] 4 QDNLOC(T; t) = pNLoc(r; t)

Poisson eq.



Currentdensity in NEGF 20/26

ot Hep, Hcgr
Electrode /T )
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o o o @
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- - Central(device)|  GRR
L. V. Keldysh, Sov. Phys. JETP 20, 1018 (1965). T. Ozaki, et al., PRB 81, 035116 (2010).

Gc(E) = {E — H¢ — EL@_ Sp(E)}Y !
2rE — 3, (E)=(E—-H¢)G, (E—Hy)
Total current: d% = Iin[zl‘](\’\/ f S 5
J = | ST [Ge B Yo BFE — i) — F(E )}

Currentdensity:
s = Z[GAchéc]i L@V = iV O] E = ) = FE — pg)]
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Electrode
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ij Lei Zhang, et a/, PRB 84, 115412 (2011).
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Result of the conventional method
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Obtain V - J through a different route
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Solution

In the steady state

6,0(7;/6: V- Jroc(T) t) + PNLoc(T) T)

the continuity equation — ﬁ

PNLoc(T) = =V - Joc(T)

Boundary condition for the Poisson eq.

d L ~ % X
= [0 E =)~ FE - ) Y [e®RECERE], [ ¢, 1@y

C. Li, L. Wan, et al, Nanotechnology 19, 155401 (2008).

-
-

-
-

Force identical to the Landauer

‘ ‘ formula at boundaries

|

Identical in whole region
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8—Zigzag graphene nanoribbon

Numerical conditions
* OpenMX (Software Advancement Project@ISSP)

~ « LDA-PZ functional
L« Norm-conserving PP
~ * Basis: C5.0-s2p1, H5.0-s2
D ~ * PW cutoff (Poisson eq.): 120 Ry

Magnetization: 0.24 1 /edge/cell

* Magnetic moment at edges
* Spin filter effect (Domain wall)

T. Ozaki, et al., PRB 81, 075422 (2010).
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Currentdensity
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Conservation of currentdensity

Local:
Conventional: —

Our method: —

Landauer: -

Position along a-axis

Conserved currentdensity

Local: Effect of non-local

potential in the vicinity of
C atoms.

Our method: Identical to the

div J [uA/Bohr]

Landauer formula at each
slice.

150 Local: @
100 |— Conventional: @
Our method

oladadad b A ALF
50 '_?‘“f’i"’f YYFf.

-100 | & |
-150

o
b

L position along a-axis R
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Summary

€ When we implement the conventional method for the
currentdensity into OpenMX, there is a difficulty in the
Poisson equation for computing non—local current.

@ We developed a new method for computing non—local term
with the aid of the continuity equation. And we implement this
method into OpenMX (Software advancement project).

@ We applied this method to 8—Zigzag graphene nanoribbon.

& Targets

@ (Anisotropic) tunnel magneto—resistance device.
& Graphene (nanoribbon)

€ SiC

& Etc'-:

* We can also compute the non—collinear spin currentdensity

J,,/(r)  3X%3 matrix at each spatial point(spin X velocity)



Transmission between semi—infinite electrode
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theory
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Detall for calsurating eigenchannel

|t;(E)):Special superposition of
M. Paulsson and M. Brandbyge, PRB 76, 115117 (2007).

/\@Cﬁﬁg Spectral function

A TRt = t|t;))  Hermite
Aplay) = a;|a;)
2
A" = (Vag lag), -+, vay lay))
AL/2°21/2F s A1f2°2—1/2 A1/2 p—1/2
A2 FYRAR AV A2 0y = 6, A2 AT

(ol B

ﬁdfi) = t;|t;) In the real space
|tl> — A\i/zli?» | > ti(r) i [Xl(r)i"')XN(r)]lti>

In OpenMX deTXi(T)Xj(T) # 0y
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Lowdin orthogonalizations

The Kohn-Shame eqn. in the non-orthogonal basis space

Hlp;) = &Slp;) Sij = | &rxi(r)yx;(r)

/ \Solve directly Generalized Eigenvalue Problem

Lowdin ort.
AS-Y2t51/2t ;) = ,81/251/2t ;) Slsi) = silsi)

@ \ SY2 = (s 151), /SN Isy))

6=1/2% — [ —1/2 —/2
o) §71/2t = (572 |s5y), - sn))

7= ¢-1/2[¢-1/2¢ ;) = ST/ @;)
Others?

H|p;) =



J)

Léwdin ort. for G¢, T, T, eigenchannels

Any vectors

Hamiltonian H = $-1/2&-1/21
@) = 72T @y)

Green’s function ( = §1/2t5$1/2
Basis set

Self energy . s - g e
Line width [ =S$7Y2Is~/2 Xn(r) = ZXn (S
n

l | Obtain it in the orthogonal basis space

(E)[E(E)) = t;(E)|t;(E))
\’_‘/ Diagonalize in the orthogonal basis space

~Jv

[y = SR ) .
Transform to the non—orthogonal basis space



