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Non-perturbative Theory of Quantum Entanglement Current-Correlation in Solid State
under the presence of Energy Dissipation and Charging Effect
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We developed the non-perturbative theory of the full counting statistics for the
Solid State Entangler consisting of two capacitively-coupled single electron transistors with a common
superconducting electrode. We obtained the general expression for the cumulant generating function of the
system based on the finite temperature field theory of the Schwinger-Keldysh scheme in the coexisting
regime of both Andreev reflection and Coulomb blockade. We successfully reproduced a recent experimental
findings about quantum entanglement currents by Hofstetter et al. and showed that, adjusting bias
voltages and the effects of energy dissipation and charging energy, the quantum entanglement current (1st
cumulant) can be purely extracted avoiding other kinds of current flows. We also established fabrication
processes of SSE structure consisting of techniques of LASER fabrication of quantum dots of graphene and
carbon nanotube, and ion-beam stimulated deposition of superconducting tungsten films.



Feynman 1959

1980
21
Einstein
EPR 1935
Feynman
NOT
Bell
Andreev
SSE
Andreev

Schwinger-Keldysh

SSE
SSE
2
(CSET)  SSE
SSE

Schwinger-Keldysh

T—>00
Q{x D
X ® (a=L,R; i=1,2)
SCSET

o)

Jim % log <UT ( {_Xgp} i T/2, —T/2>
xU<{ﬂp}ﬂ7&—Tﬂ>>

> dw M({Xaw };w)
/_ooznTr'Splog{ M (0;0) }



UCJF< {ng})
= Tex exp {—; /q dr HT({Xg):F} ;7’)}

H({x .®})  Keldysh
K (i) — ) .
o+ Hr({xs' ™D X~ = x®
C. >
-T/2 0 T/2
C. <
B+ — _ )
Ko+ Hr((x(*y Yo T Xe
2 Keldysh
D-SCSET
Hy
H({x «®}) Hr
Q{x .9 -Gorkov
Keldysh MAx « P}w)
Tr Sp
8x8
M
1
®» ®
0.1
Andreev
16 T T T T
14 ® 7
2R T
:)Ej 10+ B
. -
L i
L i
0 1 L ! .
0 5 4 6 8 10

Vs - Vr (e/Cxp)

5.6
54
3,2
5.0
4.8
4.6

44
2.8

2.6
24
221

2.0
-1.0

Current (e/CygRsg)

1
| 7 (dAR)
T

1

0.0 05 1.0
Vg (e/Cyp)

-0.5

A) IL (dAR)  |g (dAR)

1L (cAR) Ir (CAR)
SCSET Andreev
SCSET

SCSET IL CAR)

Current (e/CgrRyzR)

(B)
SCSET

SCSET
ILCAR)

Hofstetter [L.
Hofstetter, S. Csonka, J. Nygard and C.
Schénenberger, Nature 461, 960 (2009)]



Andreev Andreev
eV
A 2

1SANN2013 (
L] 7 )
1
5~6 K
(
, )
( )

Au/Ti
electrod

Fujio WAKAYA, Toyoshi TERAOKA, Toshiya
KISA, Tomoya MANABE, Satoshi ABO, Mikio
TAKAI Effect of ultra-violet laser
irradiation on graphene Microelectronic
Engineering Vol .97, 2012, pp.144
- 146 DOl 10.10.16/jmee.2012.04.028

Tomoya Manabe, Shogo NITTA, Satoshi ABO,
Fujio WAKAYA, Mikio TAKAI Development of
planar X-ray source using gated carbon
nanotube emitter J. Vac. Sci. Technol. B

Vol. 31, 2013, pp. 02B1101 -
02B1104 DOl 10.1116/1.4790518

H. SHIMAWAKI, Y. NEO, H. MIMURA, F.
WAKAYA, M. TAKAIl Photoassisted electron
emission from metal-oxide-semiconductor
cathodes based on nanocrystalline silicon
J. App. Phys. Vol. 113, 2013, pp.
103705- 1—~4 DOl 10.1063/1.4801887

Tomohisa KITAYAMA, satoshi ABO, Fujio
WAKAYA, and Miko TAKAl Observation of
fringelike electron emission pattern from
triode Pt nano electron source fabricated
by electron-beam-induced deposition J.
Vac. Sci. & Technol. B Vol .21,
2013, pp. 02B107-1 —~ 4 Dol
10.1116/1.4769976

Tomoya MANABE, Shogo NITTA, Satoshi ABO,
Fujio WAKAYA, Mikio TAKAl  Development of
planar X-ray source using gated carbon
nanotube emitter J. Vac. Sci. & Technol.
B Vol .31, 2013, pp. 02B110-1~4
DOl 10.1116/1.4790518

Fujio WAKAYA, Tadashi KURIHARA, Satoshi
ABO, Mikio TAKAI Ultra-violet laser
processing of grapheme on Si0,/Si
Microelectronic Engineering Vol.
110, 2013, 358 - 360 DOl
10.1016/jmee.2013.02.062



Megumu MIHATA, Mayumi YAMAMOTO, Takeshi
INAGAKI, Fujio WAKAYA, and Shuichi
1WABUCHI Non-perturbative and
non-equilibrium  theory of  quantum
enganglement current in ultra-small solid
state entangler Extended abstract of
1SANN2013 2013, pp. 93 - 94

Megumu MIHATA, Yang Wang, and Shuichi
IWABUCHI  Non-perturbative microscopic
description of charging effect on phase
coherence of Cooper pair in Coulomb
blockade regime Extended abstract of
1SANN2013 2013, pp. 57 - 58

Kosuke, NAKAHAMA, Michiaki TAKAHASHI,
Satoshi ABO, Fujio WAKAYA, Mikio TAKAI
Effect of electron focussing in X-ray
sources using LiTa0, crystals excited by
Neodyum-Yttrium Lithium Fluoride laser
light J. Vac. Sci. & Technol. B
Vol. 32, 2014, pp 108-1—~108-5 DOI
10.1116/1.4864307

Satoshi ABO, Pei Ri, Xin Yuan Yao, Fujio
WAKAYA, Mikio TAKAl Analysis technique
for ultra shallow junction using
medium-energy-ion-scattering-time-of-fl
ig-ht elastic-recoil-detection-analysis
Surface and Interface Analysis,

Vol .46, 2014, pp. 1192 - 1195 DOl
10.1002/sia5590

Fujio WAKAYA, Tadashi KURIHARA, Nariaki
YURUGI, Satoshi ABO, Masayuki Abe,Mikio
TAKAI Maskless laser processing of
graphene Microelectronic Engineering

Vol .141, 2014, pp. 203-206
DO1:10.1016/jmee.2015.03.049

Yoshio YAMADA, Satoshi ABO, Fujio WAKAYA,
Katsuhisa Murakami Masayuki Abe
Observation of fringelike emission
pattern in magnetic field Proc. INTERN.
Display Workshop Vol. 21, 2014,
pp.599 - 601

14
Fujio WAKAYA, Tadashi KURIHARA,
Satoshi ABO, Mikio TAKAl Ultra-violet
laser processing of grapheme On Si0,/Si
38™ International Conference on Micro
and Mano Engineering 2012 10 17
Toulouse( )
Fujio WAKAYA, Masahiro KAJIWARA,
Satoshi ABO, Mikio TAKAl Contactless
Sheet Resistivity measurement Using
Magnetic Force Microscopy 25t
International  Microprocesses and
Nanotechnology Conference 2012 11
01 C )
Megumu  MIHATA, Mayumi  YAMAMOTO,
Takeshi INAGAKI, Fujio WAKAYA and
Shuichi IWABUCHI Non-perturbative and
non-equilibrium theory of quantum

enganglement current in ultra-small
solid state entangler International
Symposium on Advanced Nano- devices
and Nanotechnology 2013, Hawai (USA)

Megumu MIHATA, Yang Wang, Shuichi
1WABUCHI Non-perturbative
microscopic description of charging
effect on phase coherence of Cooper
pair in Coulomb blockade regime
International Symposium on Advanced
Nano- devices and Nanotechnology 2013,
Hawai (USA)
S. NITTA, S. OKAWAKI, S. ABO, F.
WAKAYA,, M. TAKAl CNT Cold Cathode
with Side-gate Electrode for Flat
Panel X-ray Sources 26" International
Vacuum Nanoelectronics Conference
2013 7 8 H—~2013 7
12 Roanoke, USA
Tadashi  KURIHARA, Fujio WAKAYA,
Satoshi ABO, Mikio TAKAl  Graphene
laser number selective process by
ultra-violet laser irradiation 39"
International Conference on Micro and
Nano Engineering, 2013 9
16 H~2013 9 19 London, UK
K. MARUISHI, F. WAKAYA, S. ABO, M.
TAKAI Observation of Graphene Using
Magnetic Force Microscopy 26"
International  Microprocesses and
Nanotechnology Conference
2013 11 5H~2013 11 8

S. OKAWAKI, S. NITTA, S, ABO, F. WAKAYA,
M. TAKAI Fabrication of Carbon
Nanotube Field Emitter with Side-Gate
Electrode and Its Emission Property
20" International Display Workshop
2013 12 4 H—~2013 12
6 s
Satoshi ABO, Takahiro Uezato, Fujio
WAKAYA, M. TAKAI Electro emission from
pryelectric crystal excited using high
power infra-red laser and its x-ray
source application 27" International
Vacuum Nanoelectronics Conference
2014 7 6 H-~2014 7 ,10
Engelsberg, Switzerland
Hidetaka SHIMAWAKI, Masayoshi NAGAO,
Tomoya YOSHIDA, Yoichiro NEO, Hidenori
MIMURA, Fujio WAKAYA, Mikio TAKAl 27
International Vacuum Nanoelectronics
Conference 2014 7 6 H—~2014 7
10 Engelsberg, Switzerland
Fujio WAKAYA, Tadashi KURIHARA,
Nariaki YURUGI, Satoshi ABO, Masayuki
ABE, and Mikio TAKAl Maskless laser
processing of  grapheme 40
International Conference on Micro and



o

@

Nano Engineering, 2014 9 22 H~
2014 9 26  Lausanne, Switzerland
S. OKAWAKI, S. ABO, F. WAKAYA and M.
TAKAI  X-ray source using CNT field
emitter with side-gate electorode
27" Microprocesses and Nanotechnology
Conference 2014 11 04 H—~2014
1 7 Fukuoka, Japan

Hidetaka Shimawaki, Masayoshi Nagao,
Tomiya YOSHIDA,Yoichiro NEO, Hidenori
MIMURA, Fujio WAKAYA, Mikio TAKAI
Photoassisted Field Emission from
p-type Silicon FEAs. 21° International
Display Workshops 2014 12 3 H~
2014 12 5 Niigata, Japan
Yoshio YAMADA, Satoshi ABO, Fujio
WAKAYA, Katsuhisa MURAKAMI, Masayuki
ABE, Mikio TAKAI, Observation of
Fringe [like Emission Pattern in
Magnetic Field 21°* International
Display Workshops 2014 12 3 H~
2014 12 5 Niigata, Japan

IWABUCHI, Shuichi

40294277

WAKAYA, Fujio

60240454



