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RAE Atolof %zt A3 Aeirl AAPE 4 &Yt ol FHIE Aol 22 YA 19ko] AMel(Schrddinger’s cat
state), & W=ty X529 B9l duts AHY 02 ¥FFU f2& did ey I AskE
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Abstract We investigate a nanomechanical shuttle composed of a Cooper pair box qubit undergoing
nanomechanical vibrations between two bulk superconductors. Qur findings reveal that applying a bias
voltage to the superconductors can generate entangled states, represented by a superposition of the
qubit states and Schrodinger's cat states i.e., a combination of coherent states of the nanomechanical
oscillator. We analyze the formation and evolution of these states using the corresponding Wigner
function.This study is expected to contribute to the development of quantum network research using
quantum entanglement. We also expect to develop the quantum entangled network (QEN) as the

internet of things (IOT) enhanced by quantum security.

Key Words : Quantum Entanglement, Nanoelectromechanical Systems(NEMS), Quantum Entangled
Network(QEN), Quantum Entangled Internet of Things(QuEIT)

1. ME (phonon-assisted tunneling) [1-6], Z&® AF
(rectification of alternating current) [7-9], & A

A7/ AR AL} F8HA Atolo] WEk AL FAA & A 71AH $F(mechanical transport of single
2] AAGoA E53% 54S UshdUth WYiev[E] 4 electrons) [1017F 22 @4+ HojFUh WedAtost
o] AAYoA e JArASt T E2 A5 R80] Q8% (nanoelectromechanical systems, NEMS) A2F= A
&S ot olF Bo MEE E9ARI BT 7|50 &= A 55 33 714 AL"ES Hoh AUsHA Ao
dEU AdghAQl S A% Ei=-Eg HEY 5 9loH, ol#e EAL 714 AH WZHground-state
f&tn KH2atolskatiH|(2023H)0| 2l5t0] HTAEAUS.
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cooling) [11, 12] € A& E3P34(shuttle instability) [4,
13]3} 22 @44 1 98 S + AdFUh
ZAE AL NEMS 2410 FAZ oz fze &

pairs)d] 7|AH 52 2AE AFE 7FsoHA ot
] ol 2HEAE Atelo] 24 Z3KJosephson
coupling)& AT 5= AFYT [14-16]. °]&= NEMS
9] Y dehy el AT 3R AYZ Fgl
s} oJd Pk =R gt TH|EL AE= AV
Ut 2Ax FHIE AEet Ad8F ofy] AdH
(mechanical excitations) 7+9] AAGZME-L R} B4
HopollA 8% AT FAYYC [17-22]. 2 A+l
HEW, AT FHE+= 78 Ei=(phonon)9] Ao} ¥
AEo| 7FsdtH, ol B9l 0-ZE= 9 1-Z= Z A
(Fock states)9] ¥4 FH(superposition)& A4
ol SHT 4= USS HoFuFUTh [21, 22]. ol
9 Aole Z=Z WHE T A AE Aol
(quantum state transfer)2t 92 FHE 7+ FA 9
(quantum entanglement) 84S 7Fs3H gYth
¥R I3 FVe BT o EZe AH
(multi-phonon states), & #EYA9 10| AH
(Schrédinger cat states) HollA FAF JRE AAE
& e EHES AT ol2e e oF ds
of g Eot It B4 7MY ol & 2=
AeollA= A FEIE £AEH BT £ gl bl
TS Zi= JHjolAe I8 &40 it o F A&
HAo] 7hsslth= ouduth [23]. BL YR} B
0|83t PG AY 11Fo] A= Bt EofolA= &
5] ATEe] LU [24].

£ dAqtolAe e gehs] aofo] A WellA FHIE
BHE JIFFSe AS SHOE, At FHIESY Uk
st FX17] AloloflA FA AHRE B The=
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i

d A7

H Y AZ7 A AARIINEMS)Q] 2 gArst
I 71AH 52 APt M= 7FedE €'le
E3] A% slojHa| T AAHA 2R Q&
J2AE AT FH|ES Yrgshy TA7|E 2
sto] g+ ZukS(coherence)? ¥ (entanglement)
& YA HE Ao B8 A7 AP g

T

Esl’.

ot o]’ Al2aE2 7AA AREE A FEoIA A
G5 Alofd & A=F 51, 2P aigo] AdHEiet
22 w3 A e ol e 7 sl dik EjE 24
st FHIES U |AE &5 1] dod82 &
A JH Ao, F B, A AR AR 4 52 M
22 AUSE =4 &+ AU 531, o] AlzEe|
A Zx=(phonon)& "7z 3 2282 &&shd 7
Ad SA7NE FAF viRe] 847 8T 5 9o, of
£ &30 A7 AR A 9 ASo] TRt & s
P HEAIZE 758 + A& Aoz 7IHgyh

[Fig. 1] The proposed System: There are two bulk
superconducting contacts with phases @
w=+t0@ biased by voltage V with a
superconducting island (Cooper pair box) in
between. ti®)(x) are the tunneling amplitudes
for the Cooper pairs between the leads and
the CP box, dependent on position x. Vg is
the gate voltage. The figure below the
system is the result of the Wigner function
which shows the quantum entanglement
between the nanomechanical states and
charge states.

ol AFolA Fa = Al P2 ol=et
of3Hy 24Hdissipation) 22 I FAL AJE7} Hr=A|
A5(decoherence)st= ZAE d|dsk= AYYh
ATFAES ol FHEWM] fAs V1A ' ¥
(ground-state cooling), &4 YHEY(dynamical
decoupling), & E= volazyt FAVIE XL 5
o|HZ|E ofF|ElA|el 22 TRt 7S AFSIAL s
Utk E3L o84 7o mEd 21k 32F 0l8S
of 7|AH Al2”olA et By AeAde 24T
T 3o, ol F3f A== 3l JHIE st FA
F HY ZT2EES 7AY 4 sy 251 A9 7]
=o] A& At wt, v A 5% 2HE F
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H|EQ] §3tS R} ERARA, AIA, BAE I AR
g SREL 22 vl I Ve Aol FaTt 9
< ¢ A0 7qgyt

3. Higret RE AJAH

AIRFE 7| A1 Mot FHIE AAH] Aghs 1
g 1o et JdFUT o] AA"FE T le) 8 2
A Atolo] YA|gt AL AH(superconducting
island) 02 =, 9gHy 50| 7Pyt A&
501, o] A& g4 7S (pillar) €l F2H & 9le
H, 1 252 23 AAE 27T 5 AUk
AolE AZFL 2AHE A(superconducting island)
of A7 HAEE FATU. & dAqolM= ol A A
s} FH|E, E3] FH % AAHCooper pair box, CPB)
2 zdagsty, 7|4 Ai(basis states)= Hdlgo] 9
3 71& gYrh o] Ade A Wl 3= 79 4
(Cooper pair)°] E4st=A] o2 07 12 Yehd 4
9lom, z+z+ 'ZA Ale(neutral state)' @} 'E& A
(charged state) & 25 4= &Yt
CPBt ¥4 A= A= Atelo] HY Z3Ntunnel
coupling) s} FHE A 7t Holg 7HssiAl &Y
o} AE9] Ao] AZE(transition amplitude)S ZHE
At A= Aol Aol A% AN (superconducting
phase)°l] 93 JFS LHUT FoMol A3 24
T AAolE HUEd EE2 Aol sl AeHeR
EoEAY oldUth. A7t 7R AR 2L wof
A Zopduch. E3 M3 AT A A7 Hlol
ofA HS Vi AL 94 Aol @of AlZE 9= w3t
£ fsiH, ol 2A4<& BAA(Josephson relation)
o(0/dt=2eV(/h ol i 71&dYch. Ast FH|ES}L
g5ty 7|50 AE 59T d9gots fUEY
H=Hy+ H o o) b3} 22 oz ¥3d 4
154

o

£

%

~2 ~2
= Ecos(@())6, + hw (%+ %) )

H, = eEpsin(0(t))o,

SIUEYST Hod] A ¥4 =2 CPBe H3 24%A|
/\1'0194 By Z23Z YEH o= fAo] =34 #
2 Uehl, o714 B 2L oHA](Josephson

energy)® A& Aol 27 (supercurrent)E W&
o] = 71221 Hclo] Ytk & Atojo|9] 7
UAE FZ W= Atol9] F o] O(¢)o] s %
AUt oldfl, Ast FHIE THEE Fo|A9 o
2] PH(Pauli matrices)o| AREEH, E3] #HE (1,0)
7 (0,1) o] 22+ 37 Aell(charged state)oF F/d el
(neutral state)E YEIE 71AA FojgYtt.

Hool A g ishe WA 95 p U A
A5AE 74T ol

x5 23S A5hy EFAQl X
AstAQl 229]9] ot ArefQl Zi=o] A ARt o
AR ol o8] 0] 7} n = a'adl P
Sk 7l4= Aol 25 7]eo] Ut sidEYQt Hi
Y st 9 Hzk9] 252 7|&ske A7) 4 958 &
2| A(nanomechanical and electronic subsystems)
Atol9] A3kg A9siH, ol= B 2% 97 &4
840 95 s A ddesE ZAFEYh

4. 24

AEGE WA (Lindblad equation)& ©]-8-51H
oFo] AEl(Cat-state)Q] SHaA A7t wslo] it

leh‘.lﬂ

9l-3(decoherence)ol W3t A+E T & AN,
S g3 o] 71ed 4+ GUth
do__ 1
7 H (1), 0()] ©)
1
+T \Jot) T}~ Q{JTJ,p(t)} ,
H(i)= E}COS(W‘)OA‘I +hod'a

+e sin(t)(a" +a)o,

oA71IA o) el HehE vehi UE B
o, I't Z4ulgolL, = AX AU B3
o) o2z 3 WA e Al A

Agos molxl HUENS FABfste] Hotael
491e st Bz UEAR 714 AUt

ol 50 L WIS T2 IS 3 WA ol
EslelA RS o] BelAvt 9R BEY JENEL
sto] ek fAISHA Botn Aggo] W 2e
74 g

T19go] Jel(Cat-state)®] SIS Ak skt 7]



148 AM=QIEN8=E =X HM11¥ X235, 2025

olt

E9] A9l3(decoherence)ol| WIZsARE, CPBY ¥
A A2 Aol B6ital M-S dych 0171*1
FHEE HARE ZFst= F 7K AdHY %
(superposition)2.2 Y, ol ¢y 9 If 4%
(eigenstates)JY T}

E3h SEe 439 F8 dRleE 9 44
(phase dephasing)oll 28& $EUT A4 242 7
HE7} -5 S48 999 A st=S ol &
J= 0,9t} olo] wet P=eke ug4)(Lindblad
equation) thdt Zo] #@AFUTE

dp __ %[H(t),p(t)] +I'o,0(t)o,

:‘-’é

o —Tp(t). )
AsHA|9 FA+ AHE B3] s, 914 T

(Wigner function) Wi(x,p,t)& A83l= Zo] He

At} ole ot 2ol AYgyth

”—lhfp(ery,x—y,l‘) 4

i2py

4,

W(x,p,t) =

)dy,
x-HHJA9] I FH(density

eXp(

A7 p(x1,x2,0=
matrix) JUYTh

A Bx Wz, p,t)7F 129 2ol 10| 4
Hl(Cat-state)& JAH 02 AJZtsls| F= AS RIS
& JFUY r==£5 FHo| FaskE A A
(immobile state)@ <U3fl, Y1 EXE= ZHQl2o| gl

4-Qofl= UeRRA] 2= 7H] Fi(interference fringes) 2
%HO}‘:’% =9 @S 2= Aol EAYYT

a9 200 B4 AFH0AY 9114 Tt A =]
Qlél’]‘jr z71°0] & 719 d9Z A= HiololA AY

= ApAet 3 oA Q7keH 91y e e gb,} =

4 & BF 7HAA =AY, ol F FHIE AHY 4
A Z2A Y F 10| AJel(cat states) 7] HA=
Rt}

ru°"

ro

-

2= gk 2sa st FHE Ale|9] 3l v
o] Atefi(entangled cat state) Aol oigh Ao
(decoherence)?] ¥k A& T =9 AAS ¢

QI (1) FsHd WEAY E=(phonon) &4} (ii)
1 % ARHCooper pair box, CPB) W A5} Atej 7t
EH(lipS 1HPEU

Ag5o] 10| Y BdE D] Wofiste] 1k
o] ei7t As UehdA] A sh= Aol ofyz, 235]H
A9 JFo=E s AT 1Fo] A 71E AJE
£0| £ YAE(mixed ensemble) FEIZ LYEPES

TASAEU viEe R, ¢l 1gfo] A= 29
L A7t 2AY(decoherence time scale) UollA Ad
3t H]EE RAsH S FRIsksYth

-5-
0 0
5 ,
* 10 =5 P

[Fig. 2] Wigner distributions: The Wigner function
W(x, p) for Ej/hw = 1.4 is plotted at special
time. Two entangled states of qubit and
nanomechanical oscillator develop after
applying the protocol with bias voltage, two
cat states emerge.

5. =9 ¥ ZE

$e 23t A5 5k o5 ettt FH A A
ZHCooper pair box, CPB) FHIEZ FAH YL=Ax}
A5t A AR FR; FHEE AFSFAF U o] AlA
oA B3 2H=A F 747F CPBeF 4 & EET
(Cooper pair tunneling)& &3 2% 0] 9loH, o]
3RS Q71 HlolojA HQtof| s AlojHYTh

B 9 224 9L shesl] AT B
ZAE(AC Josephson) F3He7t CPBY 7]74114 s

Frkeet FHT o, CPBY 714 A9}t A5A 0-2
= JHE :'qu 27| &5 AHi7t *17]'01] et FHE
eiet ¢ E 7|44 JH=E 2188k E)16t3l
FUth 9 =RolA HiojolA HE 2Asts X

Z2 ARtote], Yedstd FS|HE 9] IR F
Hoz F/dH olent aLJol AJHl(cat states)E EH3}
= 48 AH9 42 /=T & A EdsUT
(26]. ol AgHY FAHL 979 F(Wigner
A4S 5ol Ao, ol 39 F&

A% S oJulgeh

Q! —l—o]

function) 4

Yehfol vl
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o] A AIh= Ast FHE| 5ty Auky e
FHOE A FEE QTG £ Q= o|EF
TP} 53], s Zi=(multi-phonon) 4 A
Z= E(Fock) AHIETH &5 5ol gt A0l =
o} oFx} EAl(quantum communication)oA -S43t
A WAooz grbgun o]E o]&ste] & ¢ Y
EQZE AP 4 e o242 71E0] v E A
71 4= qlom, A Heto R RYE AREQIEUS
HHof 2 71998 & & Sle 71277 2 Aol &
Utk olE 7R R R HE YEJI(QEN)
gk A7t s] olFold AL 7@yt [27-29].
o2 ¥ HE AFEQIHYWU(Quantum Entangled
Internet of Things; QuEloT)S 5al 7ste HSl At
EQEUY AldE & AlgAol =H71E 71 Ut

gl
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