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Q u a nt u m tr a ns d u cti o n r ef ers t o t h e c o h er e nt c o n v ersi o n b et w e e n  mi cr o w a v e a n d o pti c al st at es,  w hi c h

c a n b e a c hi e v e d b y q u a nt u m t el e p ort ati o n if gi v e n hi g h- fi d elit y  mi cr o w a v e- o pti c al e nt a n gl e m e nt, n a m el y

e nt a n gl e m e nt- b as e d q u a nt u m tr a ns d u cti o n.  R eli a bl e  mi cr o w a v e- o pti c al e nt a n gl e m e nt c a n b e g e n er at e d

usi n g v ari o us pl atf or ms. I n t his p a p er  w e b as e t h e dis c ussi o n o n a pi e z o- o pt o m e c h a ni c al s yst e m a n d

m a k e t h e t el e p ort ati o n i n d u c e d c o n v ersi o n s c h e m e  m or e c o n cr et e i n t h e fr a m e w or k of q u a nt u m c h a n-

n el t h e or y.  B y c o m p ari n g t h e q u a nt u m c a p a cit y b et w e e n t h e e nt a n gl e m e nt- b as e d c o n v ersi o n c h a n n el a n d

t h e tr a diti o n al dir e ct q u a nt u m tr a ns d u cti o n c h a n n el,  w e s h o w t h at t h e e nt a n gl e m e nt- b as e d s c h e m e i n d e e d

a d mits a p ositi v e tr a ns d u cti o n r at e  w h e n t h e dir e ct q u a nt u m tr a ns d u cti o n h as z er o q u a nt u m c a p a cit y.  Gi v e n

t w o pi e z o- o pt o m e c h a ni c al s yst e ms,  w e als o i n v esti g at e t h e g e n er ati o n of  mi cr o w a v e- mi cr o w a v e e nt a n-

gl e m e nt fr o m e nt a n gl e m e nt s w a p pi n g  wit hi n c o nti n u o us- v ari a bl e a n d dis cr et e- v ari a bl e s etti n gs, s h o wi n g

t h e p ot e nti als of dir e ctl y c o n n e cti n g  mi cr o w a v e q u a nt u m pr o c ess ors b y  mi cr o w a v e- mi cr o w a v e q u a nt u m

t el e p ort ati o n.
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I. I N T R O D U C TI O N

Dist a nt  mi cr o w a v e q u a nt u m pr o c ess ors, c o n n e ct e d b y
e ffi ci e nt o pti c al q u a nt u m c h a n n els, f or m a n i m p ort a nt
d esi g n of q u a nt u m n et w or ks [ 1 ,2 ].  T his d esi g n is a p p e ali n g
si n c e it tri es t o c o m bi n e t w o v er y di ff er e nt a n d i m p or-
t a nt fi el ds: ( 1) t h e s u p er c o n d u cti n g cir c uit k n o w n f or its
a d v a nt a g es i n cl u di n g e ffi ci e nt q u a nt u m c o ntr ol, h ar d w ar e
s c al a bilit y, et c [ 3 ]; ( 2) t h e o pti c al q u a nt u m c h a n n els f or
q u a nt u m i nf or m ati o n tr a ns missi o n  wit h t h e f e at ur e of l o w
c o m m u ni c ati o n l oss, r o o m-t e m p er at ur e q u a nt u m c o h er-
e n c e pr es er vi n g, et c [ 4 ,5 ]. Si n c e o pti c al a n d  mi cr o w a v e
p h ot o ns d o n ot i nt er a ct, t o b uil d u p t his q u a nt u m n et w or k,
a q u a nt u m tr a ns d u c er t h at c o h er e ntl y c o n v erts q u a nt u m
i nf or m ati o n b et w e e n  mi cr o w a v e a n d o pti c al fr e q u e n ci es is
i n dis p e ns a bl e.

H o w e v er, est a blis hi n g s u c h a q u a nt u m i nt erf a c e is
e xtr e m el y c h all e n gi n g t o t h e st at e- of-t h e- art t e c h n ol o g y
b e c a us e t h e tr a diti o n al dir e ct q u a nt u m tr a ns d u cti o n
( D Q T),  w hi c h li n e arl y c o n v erts p h ot o ns  wit h b e a m-
s plitt er-t y p e c o u pli n g, r e q uir es b ot h hi g h c o u pli n g e ffi-
ci e n c y a n d s m all a d d e d n ois e [ 6 – 8 ].  C urr e ntl y,  D Q T is
b ei n g a cti v el y st u di e d  wit h v ari o us p h ysi c al pl atf or ms,
e. g., al k ali at o ms [ 9 – 1 1 ], r ar e- e art h- d o p e d cr yst als [1 2 ,1 3 ],
el e ctr o- o pt o m e c h a ni cs [ 6 ,1 4 – 2 7 ], el e ctr o- o pti cs [2 8 – 3 1 ],

* z h o n g. c h a n g c h u n @ u c hi c a g o. e d u

q u a nt u m  m a g n o ni cs [ 3 2 ,3 3 ],  R y d b er g at o ms [3 4 ], et c.
Alt h o u g h e n or m o us pr o gr ess h as b e e n  m a d e i n t h e p ast
s e v er al y e ars f or e a c h pl atf or m (s e e t h e r e vi e w arti cl e
R ef. [ 3 5 ,3 6 ] a n d t h e cit e d r ef er e n c es), all of t h e m ar e still
b el o w t h e l e v el, o nl y a b o v e  w hi c h dir e ct q u a nt u m st at e
c o n v ersi o n is p ossi bl e.

Q u a nt u m st at e c o n v ersi o n c a n alt er n ati v el y b e r e al-
i z e d b y e nt a n gl e m e nt- b as e d q u a nt u m tr a ns d u cti o n ( E Q T),
w hi c h first g e n er at es  mi cr o w a v e- o pti c al ( M O) e nt a n-
gl e m e nt  wit h p ar a m etri c d o w n- c o n v ersi o n, t h e n c o m-
pl et es t h e st at e c o n v ersi o n t hr o u g h q u a nt u m t el e p ort ati o n
[3 7 ,3 8 ]. Si n c e a cl assi c al c o m m u ni c ati o n c h a n n el is us e d,
E Q T is e x p e ct e d t o t ol er at e  m or e n ois es a n d, t h us, is l ess
d e m a n di n g i n t e c h ni c al d esi g n. I n f a ct, a s eri es of r e c e nt
st u di es alr e a d y s h o w t h e p ot e nti al of hi g h- fi d elit y  M O
e nt a n gl e m e nt g e n er ati o n b as e d o n t h e h y bri d q u a nt u m s ys-
t e ms i n a n e x p eri m e nt al f e asi bl e r e gi m e [3 7 ,3 9 ,4 0 ],  w hi c h
p a v es t h e  w a y f or q u a nt u m tr a ns d u cti o n i n t h e n e ar t er m.

I n t his p a p er, b as e d o n t h e pl atf or m of pi e z o-
o pt o m e c h a ni cs,  w e c o m p ar e t h e p erf or m a n c es of t h e s a m e
tr a ns d u c er  w or ki n g as  E Q T a n d  D Q T s c h e m es. F or  D Q T,
w e  m a p o ut t h e s yst e m p ar a m et ers  w h er e a n y q u a nt u m
st at e c o n v ersi o n is i m p ossi bl e.  W hil e i n t h e s a m e p ar a m-
et er r e gi m e,  w e fi n d t h e  E Q T still a d mits a fi nit e q u a nt u m
c o n v ersi o n r at e,  w hi c h is c o nsist e nt  wit h t h e r es ult i n
q u a nt u m c h a n n el t h e or y t h at a q u a nt u m c h a n n el  wit h t h e
assist a n c e of cl assi c al c o m m u ni c ati o n c o ul d t ol er at e  m or e
n ois es [ 4 1 ,4 2 ]. It is n ot e d t h at a r e c e nt  w or k [4 3 ] s h o ws
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a si mil ar a d v a nt a g e b as e d o n a di ff er e nt el e ctr o- o pti c
tr a ns d u c er  m o d el a n d  wit h a di ff er e nt a p pr o a c h.

I n a d diti o n,  w e dis c uss t h e g e n er ati o n of  mi cr o w a v e-
mi cr o w a v e ( M M) e nt a n gl e m e nt b y e nt a n gl e m e nt s w a p-
pi n g  wit h t h e e nt a n gl e d  M O s o ur c es g e n er at e d fr o m t w o
pi e z o- o pt o m e c h a ni c al s yst e ms [ 4 4 ,4 5 ].  T h e  M M e nt a n gl e-
m e nt c a n b e us e d t o tr a ns mit  mi cr o w a v e q u a nt u m i nf or m a-
ti o n t hr o u g h t el e p ort ati o n i n d u c e d c h a n n els, t h us, dir e ctl y
c o n n e cti n g dist a nt  mi cr o w a v e cir c uits.  N ot e t his i d e a  w as
s u g g est e d i n  R efs. [ 4 6 – 4 9 ] a n d l at er a n al y z e d t e c h ni c all y
i n t h e dis cr et e- v ari a bl e s etti n g [5 0 ]. I n t his p a p er  w e f urt h er
st u d y t his i n d u c e d  M M tr a ns missi o n c h a n n el a n d c o m-
p ar e t h e c orr es p o n di n g  M M e nt a n gl e m e nt g e n er ati o n r at es
b et w e e n dis cr et e a n d c o nti n u o us v ari a bl es.

I n t h e s e cti o ns t h at f oll o w,  w e first i ntr o d u c e t h e pi e z o-
o pt o m e c h a ni c al s yst e m, b as e d o n  w hi c h t h e  D Q T a n d  E Q T
s c h e m es ar e c o m p ar e d i n t h e fr a m e w or k of q u a nt u m c h a n-
n el t h e or y.  T h e tr a ns d u cti o n s c h e m e fr o m e nt a n gl e m e nt
s w a p pi n g is st u di e d at t h e e n d.  T hr o u g h o ut t h e p a p er, t h e
c o n v e nti o n = 2 is us e d f or n u m eri c al c al c ul ati o ns u nl ess
s p e ci fi e d ot h er wis e.

II.  PI E Z O- O P T O M E C H A NI C S

We b as e o ur dis c ussi o n o n a pi e z o- o pt o m e c h a ni c al s ys-
t e m, as s h o w n s c h e m ati c all y i n Fi g. 1 .  T h e t hi c k n ess  m o d e
of a  m e c h a ni c al r es o n at or is o n t h e o n e h a n d c o u pl e d t o
t h e  mi cr o w a v e  m o d e t hr o u g h pi e z o- el e ctri cit y, a n d o n t h e
ot h er h a n d c o u pl e d t o t h e o pti c al  m o d e b y s c att eri n g pr es-

s ur e [ 5 1 ,5 2 ].  D e n ot e â , b̂ , a n d ĉ a s t h e o pti c al,  m e c h a ni c al,
a n d  mi cr o w a v e  m o d e o p er at ors, r es p e cti v el y, a n d ω o , ω m ,
a n d ω e a s t h e c orr es p o n di n g r es o n a nt fr e q u e n ci es.  We us e a
l as er  wit h fr e q u e n c y ω L t o p u m p t h e o pti c al  m o d e a n d p o p-
ul at e it  wit h o n a v er a g e n̄ o p h ot o ns. I n t h e r ot ati n g fr a m e
of t h e l as er,  w e c a n  writ e d o w n t h e li n e ari z e d  H a milt o ni a n
of t h e s yst e m

Ĥ / = − o â
† â + ω m b̂ † b̂ + ω e ĉ

† ĉ − g e m ( b̂
† ĉ + b̂ ĉ † )

− g o m , 0 n̄ o ( â
† + ˆa )( b̂ † + b̂ ), (1 )
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FI G. 1. S c h e m ati c fi g ur e f or pi e z o- o pt o m e c h a ni c al s yst e m,
us e d f or ( a) dir e ct q u a nt u m tr a ns d u cti o n  wit h a r e d d et u n e d l as er
p u m p a n d f or ( b) a n e nt a n gl e m e nt g e n er at or  wit h a bl u e d et u n e d
l as er p u m p.

w h er e o = ω L − ω o , g e m i s t h e pi e z o- m e c h a ni c al c o u-
pli n g str e n gt h a n d g o m , 0 i s t h e si n gl e- p h ot o n s c att eri n g
pr ess ur e c o u pli n g,  w hi c h c a n b e e n h a n c e d b y t h e c a vit y
p h ot o ns.  T h e e n h a n c e d c o u pli n g str e n gt h is d e n ot e d as
g o m = g o m , 0

√
n̄ o .  G e n er all y, i n t h e pi e z o- o pt o m e c h a ni c al

s yst e m, t h e  m e c h a ni c al r es o n at or is i ntri nsi c all y c o u pl e d
t o a t h er m al b at h  wit h a t e m p er at ur e ar o u n d 1 0  mil-
li k el vi n t o 1 k el vi n. F or a s e v er al gi g a h ert z  m e c h a ni c al
r es o n at or, t h e t h er m al n ois e c a n b e r o uti n el y  m ai nt ai n e d
ar o u n d 1 [ 5 2 ,5 3 ].  Alt h o u g h t his is alr e a d y r e m ar k a bl e
pr o gr ess e x p eri m e nt all y, as s h o w n l at er, it is still c h all e n g-
i n g t o d e m o nstr at e t h e q u a nt u m st at e c o n v ersi o n at t h e
s u b- p h ot o n l e v el. I n t h e f oll o wi n g dis c ussi o ns  w e d e n ot e
t h e i ntri nsi c l oss r at e as κ m f or t h e  m e c h a ni c al  m o d e a n d
κ e ,i f or t h e  mi cr o w a v e  m o d e.  T h e  mi cr o w a v e  m o d e als o
h as a c o u pli n g p ort  wit h l oss r at e κ e ,c .  O n t h e o pti c al si d e,
w e d e n ot e t h e o pti c al c o u pli n g a n d i ntri nsi c l oss r at e as κ o ,c

a n d κ o ,i.  N ot e t h e o pti c al  m o d e t y pi c all y h as a fr e q u e n c y i n
t h e t er a h ert z r e gi m e,  m a ki n g t h e o pti c al n ois e n e gli gi bl e
e v e n at r o o m t e m p er at ur e a n d, t h us, is n e gl e ct e d i n l at er
dis c ussi o ns.

III.  DI R E C T  Q U A N T U M  T R A N S D U C TI O N

A.  Pi e z o- o pt o m e c h a ni c al s yst e m f o r di r e ct q u a nt u m
t r a ns d u cti o n

Dir e ct q u a nt u m tr a ns d u cti o n li n e arl y c o n v erts q u a n-
t u m st at es c o h er e ntl y b et w e e n t h e  mi cr o w a v e a n d o pti c al
r e gi m e  wit h t h e h el p of a b e a m-s plitt er-t y p e i nt er a cti o n.
T his i nt er a cti o n c a n b e g e n er all y o bt ai n e d i n  m a n y h y bri d
q u a nt u m s yst e ms [ 6 ,1 5 ,3 3 ]. F or pi e z o- o pt o m e c h a ni cs, if
w e p u m p t h e o pti c al  m o d e i n t h e r e d si d e b a n d  wit h o <
0, t h e  H a milt o ni a n  E q. ( 1) c a n b e f urt h er si m pli fi e d  wit h
r ot ati n g- w a v e a p pr o xi m ati o n

Ĥ / = − o â
† â + ω m b̂ † b̂ + ω e ĉ

† ĉ + g o m ( â
† b̂ + ˆa b̂ † )

+ g e m ( b̂
† ĉ + b̂ ĉ † ). (2 )

We s e e a b e a m s plitt er i nt er a cti o n is g e n er at e d b et w e e n t h e
o pti c al a n d  m e c h a ni c al  m o d es, e n a bli n g t h e st at e c o n v er-
si o n fr o m o pti c al t o  m e c h a ni c al r es o n at or a n d vi c e v ers a.
T h e  m e c h a ni c al r es o n at or f urt h er pi e z o- m e c h a ni c all y c o u-
pl es t o t h e  mi cr o w a v e  m o d e a n d s w a ps t h e st at e b et w e e n
t h e m, t h us, i n dir e ctl y r e ali zi n g bi dir e cti o n al  mi cr o w a v e-
o pti c al tr a ns d u cti o n. [ N ot e t h at  w h e n t h e s yst e m is o n
r es o n a n c e − o = ω m = ω e , t h e  H a milt o ni a n c a n b e f ur-
t h er si m pli fi e d i n t h e r ot ati n g fr a m e of ω m a s Ĥ / =

g o m ( â
† b̂ + ˆa b̂ † ) + g e m ( b̂

† ĉ + b̂ ĉ † ). I n t his fr a m e, t h e r es-
o n a nt fr e q u e n c y ω = 0,  w hi c h c a n e n or m o usl y si m plif y
t h e a n al yti c al e x pr essi o ns.  T his si m pli fi c ati o n  will b e us e d
i n all l at er dis c ussi o ns.]  T o q u a ntif y t his c o n v ersi o n pr o-
c ess i n d et ail,  w e first  writ e d o w n t h e  H eis e n b er g- L a n g e vi n

0 5 4 0 6 1- 2



MI C R O W A V E  A N D  O P TI C A L  E N T A N G L E M E N T. . . P H Y S.  R E V.  A P P LI E D 1 8, 0 5 4 0 6 1 ( 2 0 2 2)

e q u ati o ns f or e a c h  m o d e a n d t h e i n p ut- o ut p ut r el ati o ns as

ȧ = A a + B a i n,

a o ut = B T a − a i n,
( 3)

w h er e  w e l a b el t h e v e ct ors a = { ˆa , ĉ , b̂ } T , a i n = { ˆa i n,c , â i n,i,

ĉ i n,c , ĉ i n,i, b̂ i n}
T , a n d a o ut = { ˆa o ut, c , â o ut, i, ĉ o ut, c , ĉ o ut, i, b̂ o ut }

T .
T h e l o w er i n d e x es “i n ” or “ o ut ” i n di c at e t h e i n p ut a n d
o ut p ut  m o d es,  w hil e “ c ” or “ i” r e pr es e nt t h e c o u pli n g a n d
i ntri nsi c l oss p orts.  L et  m atri c es

A =

⎛

⎝
i o − κ o

2
0 − i go m

0 − iω e − κ e
2

− i ge m

− i go m − i ge m − iω m − κ m
2

⎞

⎠ ( 4)

a n d

B =

⎛

⎝

√
κ o ,c

√
κ o ,i 0 0 0

0 0
√

κ e ,c
√

κ e ,i 0
0 0 0 0

√
κ m

⎞

⎠ . ( 5)

T h e a b o v e e q u ati o n gr o u p c a n b e s ol v e d i n t h e fr e-
q u e n c y d o m ai n b y t a ki n g t h e F o uri er tr a nsf or m ô [ω ] =

dt ô (t)e iω t,  w h er e ô d e n ot es a n ar bitr ar y o p er at or.
Str ai g htf or w ar dl y, t h e i n p ut a n d o ut p ut  m o d es ar e s h o w n
t o b e c o n n e ct e d b y t h e s c att eri n g r el ati o n

a o ut [ω ] = S [ω ] · a i n[ω ], ( 6)

w h er e S [ω ] = B T (− iω I 3 − A )− 1 B − I 5 .  B as e d o n t h e
s c att eri n g  m atri x,  w e c a n i d e ntif y t h e q u a nt u m tr a ns d u c-
ti o n c h a n n el, e. g.,  wit h t h e o n r es o n a n c e c o n diti o n (ω m =
ω e = − o ), a n d t h e  mi cr o w a v e t o o pti c al c o n v ersi o n
c h a n n el t h at c a n b e  writt e n as

â o ut, c =
√

η ĉ i n,c + 1 − η ê , ( 7)

w hi c h is i nt er pr et e d as a b e a m s plitt er  mi xi n g t h e i n p ut
si g n al a n d t h e t h er m al n ois e.  T h e c o n v ersi o n e ffi ci e n c y η
is

η =
4 C o m C e m

(1 + C o m + C e m ) 2
ζ o ζ e . ( 8)

H er e ζ o = κ o ,c / κ o a n d ζ e = κ e ,c / κ e ar e t h e e xtr a cti o n
r ati os a n d t h e s yst e m c o o p er ati viti es ar e gi v e n b y C o m =
4 g 2

o m / κ o κ m a n d C e m = 4 g 2
e m / κ e κ m .  N ot e t his e ffi ci e n c y is

o bt ai n e d f or ω = 0 t h at is o pti m al f or a  w e a kl y c o u pl e d

s yst e m [ 4 9 ].  T h e n ois e i n p ut o p er at or ê i s d e fi n e d as

ê =
1

√
1 − η

(S 1 1 â i n,c + S 1 2 â i n,i + S 1 4 ĉ i n,i + S 1 5 b̂ i n). ( 9)

If  w e i g n or e s af el y t h e o pti c al n ois es, t h e a v er a g e i n p ut
n ois e p h ot o n is o bt ai n e d,

n e =
1

1 − η
(|S 1 4 |

2 n c + | S 1 5 |
2 n b ), ( 1 0)

w h er e |S 1 4 |
2 = 4 C e m C o m

(1 + C o m + C e m )2
ζ o (1 − ζ e ) a n d |S 1 5 |

2 =
4 C o m

(1 + C o m + C e m )2
ζ o . I n t h e pi e z o- o pt o m e c h a ni c al s yst e m, t h e

m e c h a ni c al  m o d e a n d t h e  mi cr o w a v e  m o d e ar e i ntri nsi-
c all y c o u pl e d t o t h e s a m e t h er m al b at h  wit h t e m p er at ur e
T , i n di c ati n g n b = n c = n t h ≡ (e ω m / k B T − 1 )− 1 .  T h us, f or
a fi nit e b at h t e m p er at ur e, t h e  mi cr o w a v e- o pti c al c o n v er-
si o n is a  B os o ni c t h er m al l oss c h a n n el  wit h tr a ns missi v-
it y η a n d t h er m al n ois e n e .  We d e n ot e it as N ( η , n e )
t h at  m a ps a n i n p ut st at e  wit h c o v ari a n c e  m atri x V i nt o
T V T T + N ,  w h er e T =

√
η I 2 a n d N = (1 − η )( 2 n e + 1 )I 2

( s e e t h e a p p e n di x f or a bri ef r e vi e w of t h e  B os o ni c c h a n n el
r e pr es e nt ati o n).

A c h a n n el is a bl e t o tr a ns mit q u a nt u m i nf or m ati o n as
l o n g as it h as p ositi v e q u a nt u m c h a n n el c a p a cit y (s e e t h e
a p p e n di x f or a bri ef r e vi e w). F or  m a n y q u a nt u m c h a n-
n els i n cl u di n g a t h er m al l oss c h a n n el, fi n di n g t h eir e x a ct
e x pr essi o ns of q u a nt u m c a p a cit y is h ar d. I nst e a d,  w e r es ort
t o t h e c a p a cit y l o w er b o u n d t o st u d y t h e c h a n n el pr o p-
erti es.  T h e c h a n n el N ( η , n e ) a d mits a c a p a cit y l o w er
b o u n d [ 4 1 ]

Q N
L B = m a x 0, l o g 2

η

1 − η
− g (n e ) , ( 1 1)

w h er e g (x ) ≡ (x + 1 ) l o g2 (x + 1 ) − x l o g2 x . I nt er esti n gl y,
t his b o u n d is ti g ht f or a s o- c all e d p ur e l oss c h a n n el (n e =
0). F or a p ur e l oss c h a n n el, it is e as y t o g et t h at η = 1 / 2 is
t h e t hr es h ol d t o h a v e a p ositi v e c h a n n el c a p a cit y.  T h us, f or
a t h er m al l oss c h a n n el, it is n e c ess ar y t o h a v e η > 1 / 2 i n
or d er t o g et a p ositi v e q u a nt u m c a p a cit y, si n c e t h e t h er m al
n ois e g e n er all y d e gr a d es t h e c h a n n el.  Usi n g t his n e c ess ar y
c o n diti o n a n d t h e e x pr essi o n  E q. ( 8),  w e h a v e ( n oti n g t h at
ζ e ζ o ≤ 1)

C o m C e m >
1

2
√

2 ζ o ζ e − 2

2

≥
1

(2
√

2 − 2 )2
( 1 2)

as t h e l e ast r e q uir e m e nt of t h e s yst e m t o h a v e a p ositi v e
c h a n n el c a p a cit y. It is  w ort h n oti n g t h at t his c o n diti o n
is n ot s u ffi ci e nt si n c e t h e t h er m al n ois e as  w ell as t h e
n o n u nit e xtr a cti o n r ati os c o ul d f urt h er d e gr a d e t h e c h a n n el
b e h a vi ors.  C urr e ntl y, gr e at e ff ort is b ei n g p ut o n d esi g ni n g
a n d i m pr o vi n g t h e e x p eri m e nt al d e vi c es.  Alt h o u g h h u g e
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pr o gr ess h as b e e n  m a d e i n t h e p ast d e c a d e [ 7 ,8 ,5 2 ,5 4 ], t h e
r e q uir e d p ar a m et er r e gi m e f or p ositi v e c a p a cit y is still h ar d
t o r e a c h  wit h st at e- of-t h e- art t e c h n ol o g y.

I V.  E N T A N G L E M E N T- B A S E D  Q U A N T U M
T R A N S D U C TI O N

A.  M O e nt a n gl e m e nt f r o m pi e z o- o pt o m e c h a ni c al
s yst e m

I n  R ef. [3 8 ]  w e pr o p os e d a n e nt a n gl e m e nt- b as e d q u a n-
t u m tr a ns d u cti o n s c h e m e t h at first g e n er at es hi g h- fi d elit y
M O e nt a n gl e m e nt a n d t h e n c o m pl et es t h e q u a nt u m tr a ns-
d u cti o n b y t el e p ort ati o n.  T h e i d e a b e hi n d t his is b as e d o n a
w ell- k n o w n r es ult i n q u a nt u m c h a n n el t h e or y: a v er y n ois y
c h a n n el c a n h a v e p ositi v e q u a nt u m c a p a cit y  wit h t h e assis-
t a n c e of a cl assi c al c o m m u ni c ati o n c h a n n el. I n t his s e cti o n
w e  m a k e t his i d e a  m or e c o n cr et e b as e d o n t h e pi e z o-
o pt o m e c h a ni c al s yst e m.  We s h o w t h e s yst e m is a bl e t o
g e n er at e  M O e nt a n gl e m e nt t h at i n d u c es a n e nt a n gl e m e nt-
b as e d tr a ns d u cti o n c h a n n el  wit h p ositi v e q u a nt u m c a p a cit y
e v e n  w h e n t h e s yst e m h as z er o c a p a cit y t o p erf or m a n y
dir e ct q u a nt u m tr a ns d u cti o n. I nst e a d of usi n g a r e d d et u n e d
l as er,  w e p u m p t h e o pti c al  m o d e o n t h e bl u e si d e b a n d
wit h o > 0.  A d o pti n g t h e r ot ati n g- w a v e a p pr o xi m ati o n,
t h e  H a milt o ni a n r e a ds

Ĥ / = − o â
† â + ω m b̂ † b̂ + ω e ĉ

† ĉ + g o m ( â
† b̂ † + ˆa b̂ )

+ g e m ( b̂
† ĉ + b̂ ĉ † ), ( 1 3)

w h er e t h e o pti c al a n d  m e c h a ni c al  m o d es ar e dri v e n i n
t h e p ar a m etri c d o w n- c o n v ersi o n r e gi m e a n d a t w o- m o d e
s q u e e z e d st at e c a n b e g e n er at e d (si mil arl y, t h e  H a milt o-
ni a n c a n b e f urt h er si m pli fi e d  wit h t h e s yst e m o n r es o n a nt

o = ω m = ω e ).  M e a n w hil e t h e  m e c h a ni c al e x cit ati o n c a n
s w a p t o t h e  mi cr o w a v e  m o d e t hr o u g h t h e pi e z o- el e ctri c al
c o u pli n g, l e a di n g t o a n e nt a n gl e d  M O o ut p ut st at e. I d e all y,
t h e o ut p ut e nt a n gl e d st at e is a t w o- m o d e s q u e e z e d v a c u u m,
w hil e i n r e alit y, t h e t h er m al n ois e a n d dissi p ati o n d e gr a d e
it t o a  mi x e d t w o- m o d e s q u e e z e d  G a ussi a n st at e.  T h e o ut-
p ut st at e c a n b e o bt ai n e d i n a s c att eri n g pi ct ur e,  w h er e t h e
i n p ut  G a ussi a n st at e ( v a c u u m or t h er m al) is tr a nsf or m e d
i nt o a  G a ussi a n st at e u n d er a  G a ussi a n u nit ar y.  A  G a ussi a n
u nit ar y is e q ui v al e ntl y d es cri b e d b y a s y m pl e cti c tr a nsf or-
m ati o n o n t h e st at e q u a dr at ur e [ 5 5 ].  A g ai n, t o o bt ai n t his
tr a nsf or m,  w e first  writ e d o w n t h e  H eis e n b er g- L a n g e vi n
e q u ati o n f or e a c h  m o d e a n d c o m bi n e t h e i n p ut- o ut p ut
r el ati o ns

ȧ = M a + N a i n,

a o ut = N T a − a i n,
( 1 4)

w h er e  w e gr o u p t h e o p er at ors i nt o t h e v e ct ors (si mil ar

t o t h e pr e vi o us s e cti o n) a i n = ( â
†
i n,c , â

†
i n,i, b̂ i n, ĉ i n,c , ĉ i n,i)

T ,

a = ( â † , b̂ , ĉ ) T , a n d a o ut = ( â
†
o ut, c , â

†
o ut, i, b̂ o ut , ĉ o ut, c , ĉ o ut, i)

T .

T h e r es o n a n c e c o n diti o n is t a k e n ( o = ω m = ω e ).  L et
m atri c es

M =

⎛

⎝
− κ o

2
− i go m 0

i go m − κ m
2

i ge m

0 i ge m − κ e
2

⎞

⎠ , ( 1 5)

N =

⎛

⎝

√
κ o ,c

√
κ o ,i 0 0 0

0 0
√

κ m 0 0
0 0 0

√
κ e ,c

√
κ e ,i

⎞

⎠ . ( 1 6)

T a ki n g t h e  m o d e o p er at ors i nt o t h e fr e q u e n c y d o m ai n,  w e

fi n d t h at a o ut = S̃ · a i n,  w h er e S̃ = N T (− iω I 3 − M )− 1 N −
I 5 .  Usi n g t h e r el ati o n

q̂
p̂

=
1 1
− i i

â
â † , ( 1 7)

w e c a n c o n v ert t h e s c att eri n g  m atri x i nt o t h e c orr es p o n di n g
q u a dr at ur e r e pr es e nt ati o n

x o ut = S · x i n, ( 1 8)

w h er e S is t h e d esir e d s y m pl e cti c tr a nsf or m  m atri x.  T h e
v e ct ors x i n/ o ut c oll e ct all t h e i n p ut a n d o ut p ut  m o d e q u a dr a-
t ur es. If  w e l a b el t h e t w o- m o d e ( mi cr o w a v e a n d o pti c al)
o ut p ut st at e q u a dr at ur es as x = { ˆq o , p̂ o , q̂ e , p̂ e }

T , a c orr e-
s p o n di n g c o v ari a n c e  m atri x V o ut

o e wit h t h e el e m e nts d e fi n e d
b y V ij = 1 / 2 { x̂ i − x̂ i , x̂ j − x̂ j } c a n b e o bt ai n e d, a n d it
c a n b e e x pr ess e d i n t h e st a n d ar d f or m

V o e =
V A V C

V T
C V B

, ( 1 9)

w h er e V A = u ( ω )I 2 , V C = w ( ω )Z 2 , V B = v ( ω ) I 2 .  T his
m atri x f ull y c h ar a ct eri z es t h e o ut p ut  M O  G a ussi a n st at e
(i g n ori n g t h e first  m o m e nt of e a c h  m o d e si n c e  w e o nl y
c ar e a b o ut t h e st at e e nt a n gl e m e nt),  w h er e t h e di a g o n al
el e m e nts u ( ω ), v ( ω ) r e pr es e nt t h e c orr es p o n di n g o ut p ut
p o w er s p e ctr u m d e nsiti es a n d t h e el e m e nt w ( ω ) i n di c at es
t h e q u a dr at ur e c orr el ati o ns.  A g ai n, pi c ki n g t h e r es o n a nt
fr e q u e n c y (ω = 0), t h e  m atri x el e m e nts c a n b e si m pli fi e d
as

u = 1 +
8 C o m [ 1 + N t h + C e m (1 + N t h − N t hζ e )]ζ o

(1 − C o m + C e m ) 2
,

v = 1 +
8[ C e m (C o m + N t h) − (C o m − 1 )2 ( ζe − 1 )N t h]

(1 − C o m + C e m ) 2 ζ − 1
e

,

w =
4[ 1 + C e m + C o m + 2 N t hC o m (1 − ζ e ) + 2 N t hζ e ]

(1 − C o m + C e m ) 2 /
√

C o m C e m ζ e ζ o

.

( 2 0)

We s h all s h o w t his st at e is i n d e e d e nt a n gl e d i n t h e f oll o w-
i n g s e cti o ns.
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B.  T el e p o rt ati o n i n d u c e d t r a ns d u cti o n c h a n n el

Wit h t h e  M O e nt a n gl e m e nt g e n er at e d fr o m t h e pi e z o-
o pt o m e c h a ni cs, bi dir e cti o n al q u a nt u m tr a ns d u cti o n c a n b e
a c hi e v e d usi n g t el e p ort ati o n. I n t his s e cti o n  w e s h o w t his
e nt a n gl e m e nt- b as e d c o n v ersi o n i n d u c es a  G a ussi a n c h a n-
n el t h at c a n r e a c h n o n e z er o q u a nt u m c a p a cit y i n a l ar g e
p ar a m et er s p a c e.  Ass u m e t h at  w e  w a nt t o c o n v ert a n i n p ut
mi cr o w a v e st at e  wit h c o v ari a n c e  m atri x V i n t o t h e o pti-
c al r e gi m e.  A c c or di n g t o t h e st a n d ar d pr ot o c ol [ 4 5 ,5 6 ,5 7 ],
w e first s e n d t h e i n p ut  m o d e a n d t h e  mi cr o w a v e  m o d e
of t h e e nt a n gl e d s o ur c e V o e t hr o u g h a 5 0: 5 0 b e a m s plit-
t er a n d p erf or m a h o m o d y n e  m e as ur e m e nt t o o bt ai n p a n d
q q u a dr at ur es fr o m t h e t w o o ut p uts, r es p e cti v el y.  U p o n a
c o n diti o n al dis pl a c e m e nt, t h e i n p ut st at e c a n b e r e c o v er e d
o n t h e o pti c al si d e.

T h e o ut p ut st at e c a n b e c o n v e ni e ntl y d eri v e d i n t h e
Wi g n er r e pr es e nt ati o n (s e e a p p e n di x f or a bri ef r e vi e w of
t h e r e pr es e nt ati o n). I niti all y,  w e h a v e a t hr e e- m o d e  Wi g n er
f u n cti o n u p t o n or m ali z ati o n

W i(x ) ∝ e − 1
2 x T (V o e ⊕ V i n)

− 1 x , ( 2 1)

w h er e x = (x o , x e , x i n).  Aft er t h e b e a m s plitt er, t h e h o m o-
d y n e  m e as ur e m e nt a n d t h e f e e d f or w ar d c orr e cti o n, t h e
fi n al  Wi g n er f u n cti o n of t h e o pti c al  m o d e is gi v e n b y

W f (x o ) ∝ d x i nd x e e
− 1

2 x T [F T U T
B S (V o e ⊕ V i n)

− 1 U B S F ]x , ( 2 2)

w h er e U B S d e n ot es t h e b e a m s plitt er u nit ar y.  T h e  m atri x
F c orr es p o n ds t o t h e dis pl a c e m e nt o p er ati o n t h at t a k es t h e
f or m

F =

⎛

⎝
I 2

√
2 t1

√
2 t2

0 I 2 0
0 0 I 2

⎞

⎠ , ( 2 3)

w h er e t1 = κ ( I 2 + Z 2 ) /2 a n d t2 = κ ( Z 2 − I 2 ) /2, Z 2 i s t h e
P a uli- z  m atri x a n d κ is a n ar bitr ar y g ai n f a ct or.  T o i d e ntif y
t h e t el e p ort ati o n i n d u c e d q u a nt u m c h a n n el, o n e c a n c o n-
ti n u e e v al u ati n g t h e i nt e gr al. I nst e a d, t o a v oi d t his t e di o us
i nt e gr al,  w e g o t o t h e c h ar a ct eristi c f u n cti o n b y F o uri er
tr a nsf or mi n g t h e  Wi g n er f u n cti o n.  R e m e m b eri n g a g e n er al
G a ussi a n i nt e gr al f or m ul a

d x e − x T V x + x T ξ ∝ e
1
4 ξ T V − 1 ξ , ( 2 4)

t h e o ut p ut c h ar a ct eristi c f u n cti o n c a n b e s h o w n t o b e
s p e ci fi e d b y t h e first s u b- bl o c k of t h e i n v ert e d  m atri x

[F T U T
B S (V o e ⊕ V i n)

− 1 U B S F ]− 1 , ( 2 5)

w hi c h c orr es p o n ds t o t h e o ut p ut c o v ari a n c e  m atri x.
Str ai g htf or w ar dl y, b y pi c ki n g o ut t h e first s u b- bl o c k,  w e

fi n d t h e i n p ut c o v ari a n c e  m atri x is tr a nsf or m e d as V i n →
T V i nT

T + N wit h

T = κ I 2 ,

N = V A − V C Z 2 T − (V C Z 2 T )T + T T Z 2 V B Z 2 T

= ( v κ 2 + u − 2 w κ ) I 2 . ( 2 6)

O b vi o usl y, t his d e fi n es a si n gl e- m o d e  B os o ni c c h a n-
n el, e. g.,  w h e n κ < 1, it  mi mi cs a t h er m al l oss c h a n n el
N ( η , n e ) wit h a n e ff e cti v e tr a ns missi vit y η a n d e ff e cti v e
t h er m al n ois e

η = κ 2 < 1, ( 2 7)

n e =
v κ 2 + u − 2 w κ

2 |1 − κ 2 |
−

1

2
. ( 2 8)

N oti n g t h at t h e g ai n f a ct or κ is ar bitr ar y, t h e e ff e cti v e η
t h us c a n b e l ar g er t h a n 0. 5,  m a ki n g a p ositi v e q u a nt u m
c a p a cit y p ossi bl e, as d et ail e d i n t h e n e xt s e cti o n.  W h e n t h e
g ai n f a ct or is c h os e n κ > 1, it  mi mi cs a t h er m al a m pli fi c a-
ti o n c h a n n el A ( η , n e ) wit h η > 1 a n d t h e t h er m al n ois e
gi v e n b y t h e s a m e e x pr essi o n. Fi n all y,  w h e n t h e  m o di-
fi c ati o n c o nst a nt κ = 1, it gi v es a r a n d o m dis pl a c e m e nt
c h a n n el  wit h n ois e v ari a n c e

σ 2 = v + u − 2 w . ( 2 9)

We d e n ot e t his c h a n n el as D (1, σ 2 ). I nt er esti n gl y, t h e
n ois e v ari a n c e e x pr essi o n c oi n ci d es  wit h t h e t er m i n t h e
D u a n crit eri o n v + u − 2 w < 1 [ 5 8 ],  w hi c h s u ffi ci e ntl y
i d e nti fi es t h e e nt a n gl e m e nt of a gi v e n c o nti n u o us- v ari a bl e
q u a nt u m st at e. I nt uiti v el y, t h e s m all er t h e t er m u + v −
2 w is, t h e  m or e e nt a n gl e d t h e  M O st at e is, a n d, t h us,
t h e s m all er t h e n ois e v ari a n c e is i n t h e o ut p ut of t h e
t el e p ort ati o n i n d u c e d c o n v ersi o n c h a n n el.

Si mil ar t o t h e t h er m al l oss c h a n n el, t h e e x a ct c a p a ci-
ti es of t h e t h er m al a m pli fi c ati o n c h a n n el a n d t h e r a n d o m
dis pl a c e m e nt c h a n n el ar e still n ot k n o w n.  T o q u a ntif y
t h es e c h a n n els,  w e us e t h eir l o w er b o u n ds. F or t h e t h er-
m al a m pli fi c ati o n c h a n n el, its l o w er b o u n d h as a si mil ar
f or m t o t h e t h er m al l oss c h a n n el a n d s o c a n b e p ut i n t h e
c o m bi n e d f or m

Q N ,A
L B = m a x 0, l o g 2 (

κ 2

|1 − κ 2 |
) − g (n e ) . ( 3 0)

F or t h e r a n d o m dis pl a c e m e nt c h a n n el, a tr a ns missi o n r at e
c a n b e a c hi e v e d b y  G ott es m a n- Kit a e v- Pr es kill ( G K P) c o d e
[5 9 ],  w hi c h gi v es t h e q u a nt u m c a p a cit y l o w er b o u n d

Q D
L B = m a x 0, l o g 2 (

2

e σ 2
) . ( 3 1)
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FI G. 2. ( a)  Dir e ct q u a nt u m tr a ns d u cti o n b e h a vi or f or a pi e z o-
o pt o m e c h a ni c al s yst e m,  w h er e t h e r e d li n e s e p ar at es t h e p ar a m-
et er r e gi m e b et w e e n t h e q u a nt u m c a p a cit y is s ur e t o b e z er o
a n d t h e q u a nt u m c a p a cit y c a n p ossi bl y b e p ositi v e. F or t h e
i d e al c as e ( z er o t h er m al n ois e, u nit e xtr a cti o n r ati o), t h e r e d li n e
b e c o m es t h e e x a ct q u a nt u m c a p a cit y t hr es h ol d. ( b)  T h e c a p a cit y
l o w er b o u n d of t h e e nt a n gl e m e nt- b as e d tr a ns d u cti o n c h a n n el i n
t h e i d e al c as e ( z er o t h er m al n ois e, u nit e xtr a cti o n r ati o), s h o w-
i n g a p ositi v e tr a ns d u cti o n r at e i n t h e r e gi m e  w h er e t h e dir e ct
tr a ns d u cti o n c a n o nl y h a v e z er o c a p a cit y.

C.  E nt a n gl e m e nt- b as e d c o n v e rsi o n a d mits p ositi v e
c a p a cit y  wit h l a r g e r p a r a m et e r s p a c e

I n or d er t o s h o w t h e s h ar p c o ntr ast b et w e e n  D Q T a n d
E Q T s c h e m es,  w e first d eli n e at e t h e p ar a m et er r e gi m e
f or  D Q T c a p a cit y b ei n g z er o a n d p ot e nti all y n o n z er o i n
Fi g. 2( a) , t h e n pl ot t h e q u a nt u m c a p a cit y of t h e  E Q T
wit h i d e al p ar a m et ers ( u nit e xtr a cti o n r ati o a n d z er o b at h
n ois e; n ot e t h at t h e e ff e cti v e n ois e is n ot z er o) i n Fi g. 2( b) .
It s h o ws  E Q T i n d e e d h as a p ositi v e q u a nt u m c a p a cit y
i n l ar g er p ar a m et er r e gi m es, e v e n at t h e r e gi m e  D Q T is
us el ess.

I n Fi g. 3 w e pl ot t h e q u a nt u m c a p a cit y l o w er b o u n d
f or  m or e pr a cti c al p ar a m et ers,  w h er e t h e e xtr a cti o n r ati os
ar e fi x e d at ζ o = 0. 9, ζ e = 1 a n d t h e t h er m al b at h n ois e
is sli g htl y t u n e d. I n Fi g. 3( a) w e t a k e t h e c o o p er ati viti es

C o m = C e m = 1 ( D Q T us el ess r e gi m e e v e n  wit h n o n ois e),
w h er e  w e s e e t h e  E Q T c a p a cit y l o w er b o u n d c o ul d still b e
p ositi v e b y t u ni n g t h e g ai n c o nst a nt κ a n d t h e c h a n n el c a n
als o t ol er at e c ert ai n b at h n ois es. I n Fi gs. 3( b) a n d 3( c) w e
s c a n t h e c o o p er ati viti es C o m a n d C e m a n d g et t h e o pti mi z e d
l o w er b o u n d ( pi c ki n g t h e o pti m al κ ) f or b at h n ois es n t h =
0, 0. 1. P ositi v e c a p a cit y is s e e n a cr oss t h e r e d c ur v e t o t h e
l o w er l eft,  w h er e it is i m p ossi bl e f or t h e  D Q T t o tr a ns mit
a n y q u a nt u m i nf or m ati o n.  T h e f a ct t h at  E Q T h as a l ar g er
p ar a m et er s p a c e f or p ositi v e c a p a cit y  will  m a k e t h e e x p er-
i m e nt al d esi g n l ess d e m a n di n g t h a n  D Q T,  w hi c h is q uit e
a p p e ali n g es p e ci all y at t his e arl y st a g e of d e m o nstr ati n g
q u a nt u m tr a ns d u cti o n.

T h e  E Q T c h a n n el c o ns u m es e nt a n gl e m e nt of t h e st at e
g e n er at e d fr o m t h e pi e z o- o pt o m e c h a ni c al s yst e m.  T o s h o w
t his st at e is i n d e e d e nt a n gl e d,  w e c al c ul at e t h e t w o- m o d e
G a ussi a n st at e e nt a n gl e m e nt of f or m ati o n ( E F ) [6 0 ] (s e e
t h e a p p e n di x f or t h e d e fi niti o n of e nt a n gl e m e nt of f or-
m ati o n).  As s h o w n i n Fi g. 3( d) , t h e E F i s p ositi v e at a
l ar g e p ar a m et er r e gi m e, pr o vi di n g a g o o d  M O e nt a n gl e-
m e nt r es o ur c e f or t el e p ort ati o n.  We s e e t h at t h e fi nit e E F

i n di c at es a p ositi v e c a p a cit y of t h e  E Q T c h a n n el, a n d E F i s
g e n er all y l ar g er t h a n t h e c a p a cit y l o w er b o u n d.  T h e i nt u-
iti o n is t h at t h e c a p a cit y l o w er b o u n d is us u all y o bt ai n e d
fr o m o n e-s h ot c o h er e nt i nf or m ati o n [6 1 ],  w hi c h gi v es
t h e o n e-s h ot distill a bl e e nt a n gl e m e nt. E F u p p er b o u n ds
t h e distill a bl e e nt a n gl e m e nt, r es p e cti n g t h e n o- cl o ni n g
t h e or e m [6 2 ].

L astl y, it is  w ort h  m e nti o ni n g t h at t h e s yst e m  w or ki n g i n
t h e p ar a m etri c d o w n- c o n v ersi o n r e gi m e c o ul d b e u nst a bl e.
T h e i nt uiti o n is t h at  w h e n t h e bl u e d et u n e d p u m p b e c o m es
t o o str o n g, t h e o pt o m e c h a ni c al p ar a m etri c g ai n  will b e
t o o l ar g e a n d c a us e i nst a bilit y.  B y c h e c ki n g t h e st a bilit y
c o n diti o n [ 3 9 ,6 3 ,6 4 ],  w e n u m eri c all y i d e ntit y t h e  w hit e
d as h e d li n e s e p ar ati n g t h e st a bl e r e gi m e (l o w er ri g ht) fr o m
t h e u nst a bl e r e gi m e ( u p p er-l eft c or n er), as s h o w n b ot h i n
Fi gs. 2 a n d 3 .
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FI G. 3. ( a)  T h e q u a nt u m c a p a cit y l o w er b o u n d of t h e t el e p ort ati o n i n d u c e d c o n v ersi o n c h a n n el i n t er ms of di ff er e nt g ai n c o nst a nts,
w h er e t h e bl u e, or a n g e, a n d gr e e n c orr es p o n d t o t h e pi e z o- o pt o m e c h a ni c al s yst e m  wit h t h er m al b at h n t h = 0, 0. 1, a n d 0. 2, r es p e cti v el y;
( b),( c) ar e t h e c a p a cit y l o w er b o u n d of t h e i n d u c e d c o n v ersi o n c h a n n el i n t er ms of s yst e m c o o p er ati viti es f or n t h = 0, 0. 1,  wit h e a c h
d at a o pti mi z e d o v er t h e g ai n c o nst a nt κ ; ( d) t h e E F of t h e e nt a n gl e d  M O st at e. I n ( b),( c),( d), t h e  w hit e d as h e d li n e di vi d es t h e s yst e m
fr o m a st a bl e (l o w er ri g ht) t o u nst a bl e r e gi m e ( u p l eft).  T h e r e d c ur v es s e p ar at e t h e p ar a m et er r e gi m e  w h er e dir e ct tr a ns d u cti o n h as
z er o c a p a cit y (l o w er l eft) or p ot e nti all y p ositi v e c a p a cit y ( u p p er ri g ht). I n all pl ots, t h e e xtr a cti o n r ati o ζ o = 0. 9, ζ e = 1.
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V.  MI C R O W A V E- MI C R O W A V E  E N T A N G L E M E N T
F R O M S W A P PI N G

A.  G a ussi a n d y n a mi cs f o r e nt a n gl e m e nt s w a p pi n g

T h e g o al of q u a nt u m tr a ns d u cti o n is t o c o n n e ct dis-
t a nt  mi cr o w a v e q u a nt u m pr o c ess ors.  T h e a b o v e s c h e m es
a c hi e v e t his g o al b y c o n v erti n g t h e si g n al t o t h e o pti c al
r e gi m e, tr a ns mitti n g t h e o pti c al p h ot o ns t hr o u g h s p a c e a n d
c o n v erti n g t h e m b a c k t o  mi cr o w a v es.  Alt er n ati v el y, t his
s a m e g o al c a n b e si m pli fi e d if  w e h a v e f ait hf ul  M M e nt a n-
gl e m e nt,  wit h  w hi c h  w e c a n p erf or m dir e ct  mi cr o w a v e
si g n al tr a ns missi o n.  Dist a nt  M M e nt a n gl e m e nt c a n b e r e al-
i z e d usi n g t w o pi e z o- o pt o m e c h a ni c al s yst e ms, as s h o w n
i n Fi g. 4 .  T h e i d e a is t o d o h o m o d y n e- b as e d e nt a n gl e-
m e nt s w a p pi n g — pr oj e cti n g t h e o pti c al  m o d es o nt o a n  E P R
st at e — w h er e  M M e nt a n gl e m e nt c a n b e g e n er at e d. I n o ur
s et u p,  w e c a n  writ e d o w n t h e t w o  M O st at es as a f o ur-
m o d e  G a ussi a n st at e V 1

o e ⊕ V 2
o e ,  w h er e V i= 1, 2

o e ar e gi v e n b y
t h e o ut p ut c o v ari a n c e  m atri x  E q. ( 1 9).  T h e o pti c al  m o d es
ar e t h e n s e nt o ut f or h o m o d y n e  m e as ur e m e nt a n d t h e i ni-
ti al e nt a n gl e m e nt is t h e n e x p e ct e d t o b e s w a p p e d t o t h e
mi cr o w a v e  m o d es.

T o o bt ai n t h e e x pr essi o n of t h e  mi cr o w a v e e nt a n gl e d
st at e,  w e bri e fl y r e vi e w t h e c o n diti o n al  G a ussi a n d y n a mi cs
u p o n a g e n er al- d y n e  m e as ur e m e nt o n a p orti o n of a gi v e n
G a ussi a n st at e [ 4 4 ]. S u p p os e  w e h a v e a n i niti al  G a ussi a n
st at e  wit h n + m m o d es p artiti o n e d i nt o A a n d B , r es p e c-
ti v el y.  T h e first  m o m e nts f or e a c h  m o d e ar e s et t o b e z er o
a n d t h e c o v ari a n c e  m atri x is

V = A A B
T
A B B

. ( 3 2)

T h e n  w e p erf or m a g e n er al- d y n e  m e as ur e m e nt o n t h e m
m o d es of t h e s yst e m B .  D e p e n di n g o n t h e  m e as ur e m e nt,
o n e c a n g et t h e c o n diti o n al st at e of s yst e m A wit h n m o d es.
A g e n er al- d y n e  m e as ur e m e nt o n t h e m m o d es is a s et of
p ositi v e o p er at or- v al u e d  m e as ur e m e nts, gi v e n b y

F̂ r i =
1

(2 π ) m
D̂ †

r i
ρ iD̂ r i , ( 3 3)

L

C

L

C

O pti c al

E P R m e a s u r e m e n t

O pti c al
D 1

D
2-

E n t a n gl e d
Mi cr o w a v e Mi cr o w a v e

Pi e z o - o p t o mi c h a ni c s 1 Pi e z o - o p t o mi c h a ni c s 2

FI G. 4. S c h e m ati c fi g ur e f or h o m o d y n e- b as e d e nt a n gl e m e nt
s w a p pi n g s c h e m e t o g e n er at e  mi cr o w a v e- mi cr o w a v e e nt a n gl e-
m e nt fr o m t w o pi e z o- o pt o m e c h a ni c al s yst e ms.  T h e p h ot o n cli c k-
b as e d s c h e m e c a n si mil arl y b e i m pl e m e nt e d b y r e pl a ci n g t h e
h o m o d y n e  m e as ur e m e nts i n t h e  mi d dl e b y si n gl e- p h ot o n d et e c-
ti o ns.

s atisf yi n g R 2 m d r iF̂ r i = Î ,  w h er e r i ∈ R 2 m i s t h e  m e as ur e-
m e nt o ut c o m e a n d ρ i i s a  G a ussi a n st at e  wit h z er o first
m o m e nt a n d s e c o n d  m o m e nt V i.  T h e pr o b a bilit y of g etti n g
r es ult r i i s gi v e n b y

p (r i) =
e x p (r T

i
1

B + V i
r i)

π m
√

d et ( B + V i)
. ( 3 4)

T h e st at e of t h e n m o d es of t h e s u bs yst e m A is  m a p p e d
t o [4 4 ]

V i
A = A − A B

1

B + V i

T
A B ,

r i
A = A B

1

B + V i
r i,

( 3 5)

w h er e  w e s e e a r e m ar k a bl e f e at ur e of t h e g e n er al- d y n e
c o n diti o ni n g: t h e c o n diti o n al c o v ari a n c e  m atri x,  w hi c h
d et er mi n es all c orr el ati o ns, d o es n ot d e p e n d o n t h e  m e a-
s ur e m e nt o ut c o m e.

We n o w a p pl y t his  G a ussi a n c o n diti o ni n g t o t h e e nt a n-
gl e m e nt s w a p pi n g s c h e m e,  w h er e  w e p artiti o n t h e f o ur-
m o d e st at e V 1

o e ⊕ V 2
o e i nt o t h e o pti c al (B ) a n d  mi cr o w a v e

(A ) p art.  Wit h  E q. ( 1 9),  w e h a v e A = v I 4 , B = u I 4 , a n d

A B = di a g (w , − w , w , − w ).  T h e  m atri x V i i s first c h os e n
t o b e a t w o- m o d e s q u e e z e d st at e

V i =
c os h (2 r)I 2 si n h (2 r)Z 2

si n h (2 r)Z 2 c os h (2 r)I 2
, ( 3 6)

t h e n  w e t a k e t h e li mit r → ∞ t o si m ul at e a n i d e al  m e a-
s ur e m e nt. Fi n all y,  w e o bt ai n a c o v ari a n c e  m atri x

V M M =
( v − w 2

2 u
)I 2

w 2

2 u
Z 2

w 2

2 u
Z 2 ( v − w 2

2 u
)I 2

, ( 3 7)

w hi c h d et er mi n es t h e e nt a n gl e m e nt of t h e t w o- m o d e
mi cr o w a v e st at e.

B.  E nt a n gl e m e nt f o r  mi c r o w a v e i nf o r m ati o n
t r a ns missi o n

Aft er t h e g e n er al- d y n e  m e as ur e m e nt,  w e o bt ai n a
mi cr o w a v e t w o- m o d e  G a ussi a n st at e gi v e n b y  E q. ( 3 7),
w hi c h is i n d e e d e nt a n gl e d. It c a n b e s e e n b y e v al u at-
i n g t h e e nt a n gl e m e nt of f or m ati o n, as s h o w n i n Fi g. 5( a) .
T his e nt a n gl e m e nt c a n b e f urt h er us e d as a r es o ur c e f or
t el e p ort ati n g q u a nt u m i nf or m ati o n e n c o d e d i n  mi cr o w a v e
fr e q u e n ci es, i n d u ci n g a dir e ct  mi cr o w a v e tr a ns missi o n
c h a n n el.  As  w e di d i n t h e pr e vi o us s e cti o n,  w e c a n si m-
il arl y e v al u at e its q u a nt u m c a p a cit y l o w er b o u n d,  w hi c h
is s h o w n i n Fi g. 5( b) .  We pi c k t h e i d e al c as e  wit h e xtr a c-
ti o n r ati o ζ o = ζ e = 1 a n d t h e n ois e fr o m t h e t h er m al b at h
n t h = 0.

0 5 4 0 6 1- 7



Z H O N G,  H A N, a n d JI A N G P H Y S.  R E V.  A P P LI E D 1 8, 0 5 4 0 6 1 ( 2 0 2 2)

St a bl e

U n s t a bl e

S t a bl e

U n s t a bl e

( a) ( b)

FI G. 5. ( a)  T h e e nt a n gl e m e nt of f or m ati o n f or t h e  mi cr o w a v e-
mi cr o w a v e st at e aft er t h e e nt a n gl e m e nt s w a p. ( b)  T h e q u a n-
t u m c a p a cit y l o w er b o u n d of t h e t el e p ort ati o n i n d u c e d tr a ns-
missi o n c h a n n el usi n g t h e  mi cr o w a v e- mi cr o w a v e e nt a n gl e-
m e nt.  T h e  w hit e d as h e d li n e i n e a c h pl ot s e p ar at es t h e pi e z o-
o pt o m e c h a ni c al s yst e m b et w e e n st a bl e a n d u nst a bl e p h as es.  T h e
r e d s oli d li n e i n ( b)  m ar ks t h e b o u n d ar y of t h e p ar a m et er r e gi m e
w h er e dir e ct tr a ns d u cti o n h as z er o (l o w er l eft) or p ositi v e ( u p p er
ri g ht) c a p a cit y i n t h e i d e al c as e. I n e a c h pl ot,  w e s et ζ o = ζ e = 1
a n d t h e t h er m al b at h n t h = 0.

First, Fi g. 5 s h o ws t h at t h e t el e p ort ati o n i n d u c e d  M M
tr a ns missi o n c h a n n el h as a p ositi v e c a p a cit y l o w er b o u n d
o nl y i n t h e u p p er-ri g ht p ar a m et er r e gi m e, b ut n ot i n t h e
r e gi m e  w h er e  D Q T h as z er o c a p a cit y. Si n c e t h e pl ot o nl y
s h o ws t h e c a p a cit y l o w er b o u n d, it is i n c o n cl usi v e  w h et h er
t h e  M M tr a ns missi o n c h a n n el o ut p erf or ms t h e  D Q T c h a n-
n el or n ot,  w hi c h r e q uir es f urt h er st u di es. S e c o n d,  w e s e e
i nt er esti n gl y t h e q u a nt u m c a p a cit y l o w er b o u n d is  m u c h
s m all er t h a n t h e e nt a n gl e m e nt of f or m ati o n. Si n c e t h er e
is n o b o u n d e nt a n gl e m e nt i n t h e t w o- m o d e  G a ussi a n st at e
[6 5 ], t h e c a p a cit y l o w er b o u n d is v er y l o os e i n t his c as e. It
w o ul d b e i nt er esti n g t o b ett er u n d erst a n d t h e str u ct ur e of
t h e e nt a n gl e m e nt i n t his e nt a n gl e m e nt s w a p pi n g s c h e m e
a n d  w e s h all l e a v e t his t o f ut ur e i n v esti g ati o ns.

VI.  C O M P A RI S O N  O F  M M  E N T A N G L E M E N T
S W A P PI N G S C H E M E S

T h e e nt a n gl e m e nt s w a p pi n g c a n als o b e dis c uss e d i n
dis cr et e v ari a bl es si mil ar t o t h e  w ell- k n o w n  D u a n- L u ki n-
Cir a c- Z oll er ( D L C Z) s c h e m e [ 5 0 ,6 6 ],  w h er e t h e s yst e m
t y pi c all y  w or ks at a v er y di ff er e nt p ar a m et er r e gi m e, e. g.,
e nt a n gl e d p h ot o n p airs c a n b e g e n er at e d b y t h e  w e a k p ar a-
m etri c d o w n- c o n v ersi o n.  Als o,  w e n e e d t h e o pti c al si n gl e-
p h ot o n cli c ks t o h er al d s u c c essf ul  M M e nt a n gl e m e nt; t h us,
t his cli c k- b as e d e nt a n gl e m e nt s w a p pi n g s c h e m e is g e n-
er all y pr o b a bilisti c.  W hil e i n t h e c o nti n u o us v ari a bl es,
t h e c o nti n u o us  M M e nt a n gl e m e nt g e n er ati o n f a v ors t h e
str o n g p ar a m etri c d o w n- c o n v ersi o n r e gi m e a n d is us u all y
n o n pr o b a bilisti c d u e t o t h e d et er mi nisti c pr o p ert y of t h e
h o m o d y n e  m e as ur e m e nt [ 4 4 ].  At t h e s a m e ti m e,  w e e x p e ct
t h e  M M e nt a n gl e m e nt fr o m h o m o d y n e- b as e d e nt a n gl e-
m e nt s w a p pi n g t o b e  m or e s e nsiti v e t o o pti c al p h ot o n l oss
err or t h a n t h at fr o m t h e p h ot o n cli c k- b as e d pr ot o c ol.

T o  m a k e t h es e c o m p aris o n cl e ar,  w e esti m at e t h eir a bil-
it y of e nt a n gl e m e nt g e n er ati o n fr o m b ot h s c h e m es. F or
si m pli cit y,  w e ass u m e z er o i ntri nsi c t h er m al n ois es fr o m
all  m o d es a n d t h e  m e as ur e m e nt d e vi c es ar e p erf e ct f or b ot h
pr ot o c ols.

F or t h e h o m o d y n e- b as e d e nt a n gl e m e nt s w a p pi n g
s c h e m e, t h e  M M e nt a n gl e m e nt c a n b e q u a nti fi e d b y t w o-
m o d e  G a ussi a n e nt a n gl e m e nt of f or m ati o n E F ( ω ),  w hi c h
m e as ur es t h e a m o u nt of e nt a n gl e m e nt i n t h e o ut p ut st at e
f or a gi v e n fr e q u e n c y. I n pr a cti c e, it is i m p ort a nt t o c h e c k
t h e e nt a n gl e m e nt  wit hi n a c ert ai n b a n d wi dt h.  B e c a us e of
e n er g y c o ns er v ati o n, t h e o v er all o ut p ut st at e is a p pr o xi-
m at el y i n a t e ns or pr o d u ct of all fr e q u e n c y c o ntri b uti o ns,
w hi c h i n di c at es t h at t h e e nt a n gl e m e nt is a d diti v e.  T h us,
w e d e fi n e a q u a ntit y c all e d e nt a n gl e m e nt of f or m ati o n r at e
(E R ) as [4 9 ]

E R =
1

2 π
E F ( ω )d ω . ( 3 8)

I nt uiti v el y, E R t ells h o w e ffi ci e nt a s yst e m is i n g e n er at-
i n g e nt a n gl e m e nt. Si n c e t h e e nt a n gl e m e nt of f or m ati o n i n
g e n er al u p p er b o u n ds is t h e distill a bl e e nt a n gl e m e nt, t h e
r at e E R a ct u all y gi v es a n u p p er b o u n d of t h e s yst e m’s
distill a bl e e nt a n gl e m e nt r at e [ 6 7 ]. F or n o o pti c al p h ot o n
l oss, E R d e p e n ds o n t h e  M M st at e as gi v e n i n  E q. ( 3 7).
If  w e  m o d el a n e xtr a o pti c al p h ot o n l oss as a b e a m s plit-
t er  wit h tr a ns missi vit y τ , t h e  M M st at e c a n b e o bt ai n e d b y
t h e r e pl a c e m e nt u → τ ( u − 1 ) + 1 a n d w →

√
τ w ,  w hi c h

g e n er all y r es ults i n a r e d u c e d e nt a n gl e m e nt r at e.
I n t h e cli c k- b as e d e nt a n gl e m e nt s w a p pi n g pr ot o c ol,

o pti c al si n gl e- p h ot o n d et e cti o n is us e d t o h er al d t h e e nt a n-
gl e d  M M  B ell p air ( w e ass u m e p h ot o n- n u m b er r es ol vi n g
d et e ct ors). Si n c e t h e o pti c al  m o d e is i n a t h er m al st at e
b ef or e it r e a c h es t h e d et e ct or, t h e si n gl e- p h ot o n cli c k st atis-
ti cs s h o ul d f oll o w t h e t h er m al distri b uti o n  wit h pr o b a bilit y
r t t/( 1 + r t t)2 .  H er e t is t h e d et e cti o n ti m e  wi n d o w,
w hi c h is t y pi c all y c h os e n t o b e t h e tr a ns d u c er b a n d wi dt h
of s e v er al  mi cr os e c o n ds, a n d r t i s t h e o pti c al p h ot o n r at e

r t ≡ â
†
o ut, c â o ut, c =

1

2 π
â

†
o ut, c [ω ]â o ut, c [ω ] d ω . ( 3 9)

C o nsi d eri n g t h er e ar e t w o pi e z o- o pt o m e c h a ni c al d e vi c es
c o ntri b uti n g t o t h e o pti c al h er al di n g e v e nt, t h e si n gl e-
p h ot o n cli c k r at e c a n b e c al c ul at e d b y

r B
2 r t

(1 + r t t)2
, ( 4 0)

w hi c h us u all y gi v es t h e h er al d e d  M M  B ell st at e g e n er ati o n
r at e. Si mil arl y,  w e c a n als o  m o d el t h e o pti c al p h ot o n l oss
b y a b e a m s plitt er  wit h tr a ns missi vit y τ .  As st at e d i n t h e
a p p e n di x,  w h e n t his tr a ns missi o n l oss is i n cl u d e d, t h e h er-
al d e d st at e is n o l o n g er a p erf e ct  B ell st at e.  T o esti m at e t h e
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l o g1 0 E R ( e bit M H z) l o g1 0 E B ( e bit M H z)

C
o

m

l o g1 0 E R / EBE u p( a)

C
o

m

( b)

– 1 0

– 8

– 6

– 4

– 2

– 1 0

– 8

– 6

– 4

– 2

C
o

m

( c)

– 4

– 2

0

2

4

C
o

m

( d)

0. 9 2

0. 9 4

0. 9 6

0. 9 8

1. 0 0

FI G. 6. ( a)  T h e e nt a n gl e m e nt of f or m ati o n r at e f or t h e h o m o d y n e- b as e d s c h e m e a n d ( b) t h e u p p er b o u n d of e nt a n gl e m e nt of f or-
m ati o n r at e f or t h e cli c k- b as e d s c h e m e i n t er ms of C o m a n d t h e o pti c al tr a ns missi vit y τ ( b ot h i n s a m e c ol or s c al e). ( c)  E nt a n gl e m e nt
of f or m ati o n u p p er b o u n d of t h e p h ot o n cli c k h er al d e d  M M st at e,  w hi c h is stri ctl y l ess t h a n 1 e bit.  T h e  w hit e d as h e d li n e s e p ar at es
t h e r e gi m es, a b o v e ( b el o w)  w hi c h t h e u p p er b o u n d is s m all er (l ar g er) t h a n 0. 9 5 e bit. ( d)  T h e l o g arit h m of t h e r ati o E R / E B , w h er e t h e
bl a c k d as h e d li n e tr a c es t h e p oi nts  w h er e t h e r ati o E R / E B = 1.  A b o v e t h e li n e, t h e r ati o is l ar g er t h a n o n e, i n di c ati n g t h e c o nti n u o us
v ari a bl e ( C V) s c h e m e is b ett er. I n e a c h pl ot,  w e s et C e m = 1 0, ζ o = ζ e = 1, a n d t h e t h er m al b at h n t h = 0. It is  w ort h  m e nti o ni n g t h at
t h e n o n u nit e xtr a cti o n r ati os a n d t h er m al n ois e  will d e gr a d e t h e e nt a n gl e m e nt r at e f or b ot h s c h e m es.

e nt a n gl e m e nt g e n er ati o n r at e, o n e c a n c al c ul at e t h e h er-
al d e d st at e’s e nt a n gl e m e nt a n d t h e n  m ulti pl y t h at b y t h e
p h ot o n cli c k r at e.  As d et ail e d i n t h e a p p e n di x,  w e o bt ai n
t h e u p p er b o u n d of t h e h er al d e d st at e’s e nt a n gl e m e nt of
f or m ati o n (E u p ),  w hi c h e n a bl es us t o esti m at e t h e u p p er
b o u n d of t h e e nt a n gl e m e nt g e n er ati o n r at e, d e n ot e d as E B .

As s h o w n i n Fi g. 6 ,  w e c al c ul at e t h e e nt a n gl e m e nt
g e n er ati o n r at e f or b ot h t h e h o m o d y n e- b as e d pr ot o c ol
a n d cli c k- b as e d s c h e m e. Fi g ur es 6( a) a n d 6( b) ar e i n
t h e s a m e c ol or s c al e.  We s e e t h at t h e h o m o d y n e- b as e d
s w a p pi n g s c h e m e us u all y h as a l ar g er e nt a n gl e m e nt r at e
t h a n t h e cli c k- b as e d pr ot o c ol.  M e a n w hil e, as e x p e ct e d, t h e
h o m o d y n e- b as e d s w a p pi n g s c h e m e f a v ors t h e str o n g p ar a-
m etri c d o w n- c o n v ersi o n r e gi m e [t h e u p p er-ri g ht c or n er i n
Fi g. 6( a) w h er e C o m a p pr o a c h es C e m ] a n d it is v er y s e nsi-
ti v e t o p h ot o n l oss. I n c o ntr ast, as s h o w n i n Fi g. 6( b) , t h e
p h ot o n cli c k- b as e d s c h e m e is  m u c h  m or e r o b ust t o p h ot o n
l oss i n g e n er ati n g e nt a n gl e m e nt.  Als o, it is pr ef err e d f or t h e
cli c k- b as e d s c h e m e t o  w or k i n t h e  w e a k d o w n- c o n v ersi o n
r e gi m e (s m all er C o m ) si n c e t h e si n gl e- p h ot o n p air g e n er-
ati o n is  m or e pr o b a bl e. Fi g ur e 6( c) n u m eri c all y pl ots t h e
u p p er b o u n d of e nt a n gl e m e nt of f or m ati o n f or t h e h er al d e d
M M st at e,  w h er e t h e  w hit e d as h e d li n e di vi d es t h e p ar a m-
et er r e gi m es i nt o t h e u p p er (l o w er) p art  w h er e t h e b o u n d
is s m all er (l ar g er) t h a n 0. 9 5 e bit.  O b vi o usl y, hi g h er o pti c al
tr a ns missi o n a n d  w e a k er p ar a m etri c d o w n- c o n v ersi o n ar e
f a v or a bl e i n g e n er ati n g p ur e e nt a n gl e m e nt.  N ot e t h at E u p

i s still ar o u n d 0. 9  w h e n t h e c o o p er ati vit y a n d t h e tr a ns-
missi o n l oss ar e l ar g e si n c e hi g h er p h ot o n e x cit ati o n c a n
c o ntri b ut e t o t h e e nt a n gl e m e nt of f or m ati o n, as i n di c at e d i n
A p p e n di x E . Fi g ur e 6( d) pl ots t h e r ati o E R / E B i n l o g s c al e.
T h e bl a c k d as h e d li n e tr a c es t h e p ar a m et er r e gi m es  w h er e
l o g1 0 E R / E B = 0, a b o v e  w hi c h t h e  C V s c h e m e is b ett er at
g e n er ati n g e nt a n gl e m e nt.  B el o w t h e li n e, t h e dis cr et e v ari-
a bl e ( D V) s c h e m e c o ul d p ot e nti all y b e a d v a nt a g e o us o v er
t h e  C V s c h e m e. I n s u m m ar y, t h e  M M e nt a n gl e m e nt g e n er-
ati o n c a n b e d o n e i n b ot h dis cr et e a n d c o nti n u o us v ari a bl es

a n d  w e s h o ul d pr o p erl y c h o os e t h e ri g ht pr ot o c ol a c c or d-
i n g t o t h e pr a cti c al r e q uir e m e nts i n t h e  missi o n of q u a nt u m
i nf or m ati o n tr a ns d u cti o n. F or c o n v e ni e n c e,  w e s u m m ari z e
t h eir di ff er e n c e i n  T a bl e I.

VII.  DI S C U S SI O N

As dis c uss e d,  E Q T is i n g e n er al  m or e f e asi bl e f or q u a n-
t u m st at e c o n v ersi o n t h at pl a c es  m u c h l ess d e m a n di n g
r e q uir e m e nts o n t h e p h ysi c al i m pl e m e nt ati o ns.  T o a c hi e v e
t h e  E Q T, a n i m p ort a nt st e p is t o s u c c essf ull y d e m o n-
str at e t h e  M O e nt a n gl e m e nt.  As e x p eri m e nt al t e c h n ol-
o g y d e v el o ps, v ari o us p h ysi c al s yst e ms, i n cl u di n g pi e z o-
o pt o m e c h a ni cs, el e ctr o- o pti cs, et c., ar e r e p ort e d t o r e a c h
t h e  E Q T c o m p ati bl e r e gi m e,  w h er e hi g h- fi d elit y e nt a n-
gl e m e nt c o ul d i n pri n ci pl e b e g e n er at e d a n d q u a nti fi e d.
I n pr a cti c e, e. g., f or dis cr et e- v ari a bl e e nt a n gl e m e nt, t h e
e nt a n gl e m e nt v eri fi c ati o n als o r e q uir es e ffi ci e nt p h ot o n
d et e cti o n.  Alt h o u g h a n o pti c al p h ot o n d et e ct or c a n alr e a d y
w or k  wit h e xtr e m el y hi g h e ffi ci e n c y,  mi cr o w a v e d et e cti o n

T A B L E I.  C o m p aris o n of t h e p h ot o n cli c k- b as e d a n d t h e
h o m o d y n e- b as e d e nt a n gl e m e nt s w a p pi n g s c h e m es.

Cli c k- b as e d e nt a n gl e m e nt
s w a p pi n g

H o m o d y n e- b as e d
e nt a n gl e m e nt
s w a p pi n g

- i n p h ot o n- n u m b er b asis - i n c o nti n u o us- v ari a bl e
b asis

- us e si n gl e- p h ot o n d et e cti o n - us e h o m o d y n e
m e as ur e m e nt

- pr o b a bilisti c s c h e m e  wit h
h er al di n g

- d et er mi nisti c s c h e m e

-  w or ki n g i n l o w s q u e e zi n g
r e gi m e

-  w or ki n g i n hi g h
s q u e e zi n g r e gi m e

-  wit h d et e cti o n of l oss err ors
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still s u ff ers fr o m li mit e d s e nsiti vit y, t h us hi n d eri n g a n e ffi-
ci e nt  M O  B ell  m e as ur e m e nt. I nt er esti n gl y,  wit h t h e h el p of
cir c uit q u a nt u m el e ctr o d y n a mi cs f or c a pt uri n g  mi cr o w a v e
p h ot o ns, it is s h o w n t h at hi g h- fi d elit y si n gl e  mi cr o w a v e
d et e cti o n is p ossi bl e [ 6 8 ].  We e x p e ct t h at as t h e e x p eri-
m e nt al t e c h ni q u e i m pr o v es t h e  M O e nt a n gl e m e nt s h o ul d
b e c o m e  m or e c o ntr oll a bl e, a n d t h e  E Q T  w o ul d b e t h e
first q u a nt u m c o n v ersi o n s c h e m e t h at c o h er e ntl y bri n gs
t h e t w o i m p ort a nt fi el ds —t h e o pti c al c o m m u ni c ati o n c h a n-
n el a n d  mi cr o w a v e q u a nt u m pr o c ess or —t o g et h er. I n t h e
m e a n ti m e, dist a nt  M M e nt a n gl e m e nt fr o m e nt a n gl e m e nt
s w a p pi n g  w o ul d b e c o m e  m or e pr a cti c al i n c o h er e ntl y c o n-
n e cti n g q u a nt u m cir c uits. I n s h ort, t h es e pr ot o c ols t o g et h er
w o ul d bri n g t h e a m biti o us t h e or eti c al pr o p os al of a q u a n-
t u m n et w or k  m or e d o w n t o e art h.

A C K N O W L E D G M E N T S

C. Z. t h a n ks  C h a n g h u n  O h, Fili p  R o z p e d e k, es p e ci all y
Y u xi n  Wa n g f or i nsi g htf ul dis c ussi o ns.  C. Z. a n d  L.J.
a c k n o wl e d g e s u p p ort fr o m t h e  A R O ( W 9 1 1 N F- 1 8- 1-
0 0 2 0,  W 9 1 1 N F- 1 8- 1- 0 2 1 2),  A R O  M U RI ( W 9 1 1 N F- 1 6- 1-
0 3 4 9,  W 9 1 1 N F- 2 1- 1- 0 3 2 5),  A F O S R  M U RI ( F A 9 5 5 0- 1 9-
1- 0 3 9 9, F A 9 5 5 0- 2 1- 1- 0 2 0 9),  A F R L ( F A 8 6 4 9- 2 1- P- 0 7 8 1),
D o E  Q- N E X T,  N S F ( O M A- 1 9 3 6 1 1 8,  E E C- 1 9 4 1 5 8 3,
O M A- 2 1 3 7 6 4 2),  N T T  R es e ar c h, a n d t h e P a c k ar d F o u n-
d ati o n ( 2 0 2 0- 7 1 4 7 9).  X. H. a c k n o wl e d g es p arti al s u p p ort
fr o m  Ar g o n n e  N ati o n al  L a b or at or y  Dir e ct e d  R es e ar c h a n d
D e v el o p m e nt ( L D R D) Pr o gr a m.  W or k p erf or m e d at t h e
C e nt er f or  N a n os c al e  M at eri als, a  U. S.  D e p art m e nt of
E n er g y  O ffi c e of S ci e n c e  Us er F a cilit y,  w as s u p p ort e d b y
t h e  U. S.  D O E,  O ffi c e of  B asi c  E n er g y S ci e n c es, u n d er
C o ntr a ct  N o.  D E- A C 0 2- 0 6 C H 1 1 3 5 7.

T his is a n e x p a nsi o n of t h e s u m m ar y s u b mitt e d t o  O pti c a
Q u a nt u m 2. 0  C o nf er e n c e.  T h e s u b mitt e d  m a n us cri pt h as
b e e n cr e at e d b y  U C hi c a g o  Ar g o n n e,  L L C,  O p er at or of
Ar g o n n e  N ati o n al  L a b or at or y ( “ Ar g o n n e ”).  Ar g o n n e, a
U. S.  D e p art m e nt of  E n er g y  O ffi c e of S ci e n c e l a b or at or y,
is o p er at e d u n d er  C o ntr a ct  N o.  D E- A C 0 2- 0 6 C H 1 1 3 5 7.
T h e  U. S.  G o v er n m e nt r et ai ns f or its elf, a n d ot h ers a cti n g
o n its b e h alf, a p ai d- u p n o n e x cl usi v e, irr e v o c a bl e  w orl d-
wi d e li c e ns e i n s ai d arti cl e t o r e pr o d u c e, pr e p ar e d eri v ati v e
w or ks, distri b ut e c o pi es t o t h e p u bli c, a n d p erf or m p u bli cl y
a n d dis pl a y p u bli cl y, b y or o n b e h alf of t h e  G o v er n m e nt.
T h e  D e p art m e nt of  E n er g y  will pr o vi d e p u bli c a c c ess t o
t h es e r es ults of f e d er all y s p o ns or e d r es e ar c h i n a c c or d a n c e
wit h t h e  D O E P u bli c  A c c ess Pl a n [ 7 1 ].

A P P E N DI X  A:  C H A R A C T E RI S TI C  A N D  WI G N E R
F U N C TI O N  O F  G A U S SI A N S T A T E

Gi v e n a n y li n e ar o p er at or ô ∈ L (H ) a cti n g o n t h e
Hil b ert s p a c e H , o n e c a n d e fi n e t h e p - n or m of t h e o p er at or

as ||ô ||p ≡ [tr
√

ô † ô
p
]1 / p .  W h e n p = 2, it is c all e d t h e

Hil b ert- S c h mi dt n or m, b as e d o n  w hi c h o n e c a n d e fi n e t h e
Hil b ert- S c h mi dt i n n er pr o d u ct f or t w o o p er at ors

( ô i|ô j ) ≡ tr( ô
†
i ô j ). ( A 1)

If  w e c o n fi n e t h e li n e ar o p er at or t o t h e  H eis e n b er g- We yl
gr o u p el e m e nts D̂ ξ ≡ e x p[ − iξ T x̂ ] d e fi n e d o n n B os o ni c
m o d es,  w h er e ξ ∈ R 2 n , x̂ = { ˆq 1 , p̂ 1 , . . . , q̂ n , p̂ n }

T , a n d t h e
is t h e s y m pl e cti c f or m

≡
0 1

− 1 0

⊕ n

, ( A 2)

w e h a v e t h e ort h o g o n alit y c o n diti o n i n t er ms of t h e
Hil b ert- S c h mi dt i n n er pr o d u ct

( D̂ ξ |D̂ λ ) = (2 π ) n δ 2 n (ξ − λ ). ( A 3)

T h us,  w e c a n vi e w t h e  We yl o p er at or as d e fi ni n g a s et of
o p er at or b asis el e m e nts,  wit h  w hi c h a n y ot h er o p er at or c a n
b e e x p a n d e d. F or i nst a n c e, gi v e n a d e nsit y o p er at or ρ , it
c a n b e e x p a n d e d a c c or di n g t o

ρ =
1

(2 π ) n
R 2 n

d 2 n ξ χ ( ξ ) D̂ ξ , ( A 4)

w h er e t h e e x p a nsi o n c o e ffi ci e nt χ ( ξ ) is t y pi c all y n a m e d

t h e c h ar a ct eristi c f u n cti o n a n d χ ( ξ ) = ( D̂ ξ |ρ ) = tr( D̂
†
ξ ρ ) .

O b vi o usl y, k n o wi n g t h e c h ar a ct eristi c f u n cti o n is e q ui v a-
l e nt t o k n o wi n g t h e st at e.  T h e  Wi g n er f u n cti o n is d e fi n e d
as t h e F o uri er tr a nsf or m of t h e c h ar a ct eristi c f u n cti o n

W (x ) =
1

(2 π ) n
R 2 n

d 2 n ξ χ ( ξ )e − ix T ξ . ( A 5)

F or a  G a ussi a n st at e  wit h c o v ari a n c e  m atri x V a n d first
m o m e nt x̄ , o n e c a n s h o w t h e c h ar a ct eristi c f u n cti o n a n d
t h e  Wi g n er f u n cti o n t a k e t h e f or m

χ ( ξ ) = e − 1
2 ξ T ( V T )ξ − i( x̄ )T ξ ( A 6)

a n d

W (x ) =
e − 1

2 (x − x̄ )T V − 1 (x − x̄ )

(2 π ) n
√

d et V
. ( A 7)

A P P E N DI X  B:  Q U A N T U M  C A P A CI T Y  A N D
G A U S SI A N  C H A N N E L

1.  C o h e r e nt i nf o r m ati o n

As c a p a cit y f or t h e cl assi c al c h a n n el, q u a nt u m c a p a c-
it y is a q u a ntit y f or  m e as uri n g t h e c h a n n el’s a bilit y t o
tr a ns mit q u a nt u m i nf or m ati o n. I n g e n er al, f or  m a n y q u a n-
t u m c h a n n els, e x a ctl y k n o wi n g t h e q u a nt u m c a p a cit y is
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h ar d. I nst e a d, t h e l o w er or u p p er b o u n d is us e d t o p ar-
ti all y d es cri b e t h e c h a n n els. I n t his a p p e n di x  w e dis c uss t h e
l o w er b o u n d —t h e c o h er e nt i nf or m ati o n — w hi c h d e fi n es a n
a c hi e v a bl e r at e of a c h a n n el t o tr a ns mit q u a nt u m i nf or m a-
ti o n.

I n g e n er al, a q u a nt u m c h a n n el is d e fi n e d b y a c o m pl et el y
p ositi v e a n d tr a c e pr es er vi n g ( C P T P)  m a p (t h e r e q uir e m e nt
of a q u a nt u m c h a n n el t o b e  C P T P is n ot hi n g b ut k e e pi n g
t h e q u a nt u m pr o c ess p h ysi c al)

N : ρ A → ρ B , (B 1 )

w h er e t h e s yst e m i n p ut is ρ A ∈ H A a n d t h e o ut p ut ρ B ∈
H B .  T h e or eti c all y, a n y q u a nt u m c h a n n el h as a u nit ar y
dil ati o n d e fi n e d as

N ( ρA ) ≡ trE [U A E ( ρ A ⊗ | 0 0 |E )]. ( B 2)

T h e s u bs cri pt E is us u all y t o d e n ot e t h e e n vir o n m e nt i n p ut
( h er e  w e i d e ntif y it  wit h t h e o ut p ut f or si m pli cit y).  T h e
a b o v e dil ati o n n at ur all y d e fi n es a c o m pl e m e nt c h a n n el

N c ( ρA ) ≡ trA [U A E ( ρ A ⊗ | 0 0 |E )]. ( B 3)

Si n c e u nit ar y e v ol uti o n us u all y c orr el at es t h e s yst e m a n d
t h e e n vir o n m e nt, t h e s yst e m o ut p ut  will n ot c o nt ai n all t h e
i nf or m ati o n of t h e i n p ut.  T h e c o h er e nt i nf or m ati o n of a
q u a nt u m c h a n n el is d e fi n e d as

Ic (N ) ≡ s u p
ρ A

[S (N ( ρA )) − S (N c ( ρA ))], ( B 4)

w h er e S ( ρ ) ≡ − tr( ρ l o g ρ ) is t h e v o n  N e u m a n n e ntr o p y.
T h e c o h er e nt i nf or m ati o n h as a cl os e c o n n e cti o n  wit h c o n-
diti o n al e ntr o p y,  w hi c h c a n b e s e e n b y a d di n g a n i d e ntit y
c h a n n el t h at a cts o n t h e p uri fi c ati o n of t h e s yst e m i n p ut. If
w e d e n ot e |ψ R A a s a p uri fi c ati o n of ρ A ,  w e h a v e a u nit ar y
c h a n n el IR ⊗ U A E a cti n g o n t h e i n p ut |ψ R A ⊗ | 0 E ,

ρ R B E = IR ⊗ U A E (|ψ R A ⊗ | 0 E ). ( B 5)

O b vi o usl y, t h e o ut p ut ρ R B E i s a p ur e st at e a n d t h e c o h er e nt
i nf or m ati o n ( m a xi mi z e d o v er t h e i n p ut ρ A ) c a n b e  writt e n
as

Ic (N ) = S ( ρB ) − S ( ρB R ), ( B 6)

w hi c h is t h e n e g ati v e c o n diti o n al e ntr o p y of t h e st at e
ρ R B .  Q u a nt u m c o n diti o n al e ntr o p y b ei n g n e g ati v e is a s ur-
prisi n g q u a nt u m f a ct c o m p ar e d  wit h cl assi c al pr o b a bilit y
t h e or y, a n d  w e s e e i nt er esti n gl y it d e fi n es a l o w er b o u n d
of q u a nt u m c a p a cit y t hr o u g h t h e r el ati o n  wit h c o h er e nt
i nf or m ati o n.

Q u a nt u m c a p a cit y is d e fi n e d as t h e o pti m al a v er a g e
c o h er e nt i nf or m ati o n  w h e n usi n g t h e c h a n n el n ti m es Q ≡
s u p n

1
n
Ic (N ⊗ n ),  w hi c h is g e n er all y di ffi c ult t o c al c ul at e

a n al yti c all y. Si n c e c o h er e nt i nf or m ati o n c a n b e s u p er-
a d diti v e Ic (N 1 ⊗ N 2 ) ≥ Ic (N 1 ) + Ic (N 2 ), t h e si n gl e-s h ot
e v al u ati o n of c o h er e nt i nf or m ati o n us u all y pr o vi d es a
l o w er b o u n d of t h e c h a n n el c a p a cit y.

2.  G a ussi a n q u a nt u m c h a n n el

A  G a ussi a n q u a nt u m c h a n n el c a n b e s p e ci fi e d b y its
a cti o n o n t h e st atisti c al first a n d s e c o n d  m o m e nts of a n
ar bitr ar y  G a ussi a n st at e ρ̂ ( x̄ , V ). I n g e n er al,  w e h a v e [6 9 ]

x̄ → T x̄ + d ,

V → T V T T + N ,
( B 7)

w h er e T , N ar e r e al  m atri c es s atisf yi n g t h e c h a n n el c o m-
pl et el y p ositi v e c o n diti o n

N + i − i T T T ≥ 0. ( B 8)

H er e d is us u all y s et t o z er o si n c e it c a n b e c o m p e ns at e d
b y l o c al dis pl a c e m e nt a n d is n ot a ff e cti n g t h e st at e e nt a n-
gl e m e nt. S p e ci fi c all y,  w h e n N = 0 a n d T is a s y m pl e cti c
m atri x, it t h e n d e fi n es a  G a ussi a n u nit ar y c h a n n el.

As st at e d i n t h e  m ai n t e xt, t h e t h er m al l oss c h a n n el is
m o d el e d as a b e a m s plitt er  mi xi n g t h e i n p ut  m o d e a n d t h e
t h er m al n ois e

x →
√

η x i n + 1 − η x n e . ( B 9)

F or a si n gl e- m o d e l oss c h a n n el N ( η , n e ), it is e as y t o v erif y
t h at

T =
√

η I 2 , N = (1 − η )( 2 n e + 1 )I 2 , ( B 1 0)

w h er e η < 1 is t h e tr a ns missi vit y a n d n e d e n ot es t h e
t h er m al n ois e.

Si mil arl y, f or a si n gl e- m o d e t h er m al a m pli fi c ati o n c h a n-
n el A ( η , n e ): x →

√
η x i n +

√
η − 1 x n e wit h η > 1,  w e

h a v e

T =
√

η I 2 , N = ( η − 1 )(2 n e + 1 )I 2 . ( B 1 1)

T h e r a n d o m dis pl a c e m e nt c h a n n el D (1, σ 2 ) c a n b e c o n-
si d er e d as t h e li miti n g c as e of t h e a b o v e  B os o ni c c h a n-
n els,  w h er e t h e i n p ut si g n al is c o nt a mi n at e d  wit h r a n d o m
G a ussi a n n ois e  wit h n ois e v ari a n c e σ 2 .  We h a v e

T = I 2 , N = σ 2 I 2 . ( B 1 2)

B y i n v esti g ati n g t h e c o h er e nt i nf or m ati o n of t h es e  G a us-
si a n c h a n n els,  w e c a n l o w er b o u n d t h eir q u a nt u m c a p a ci-
ti es. F or t h e si n gl e- m o d e t h er m al l oss c h a n n el N ( η , n e ) [ or
A ( η , n e )], t h e l o w er b o u n d is gi v e n b y [4 1 ]

Ic (N ( η , n e )) = l o g2
η

1 − η
− g (n e ), ( B 1 3)

w h er e g (x ) = (x + 1 ) l o g2 (x + 1 ) − x l o g2 x . F or t h e r a n-
d o m dis pl a c e m e nt c h a n n el, a tr a ns missi o n r at e c a n b e
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a c hi e v e d usi n g t h e  G K P c o d e [ 5 9 ],  w hi c h gi v es t h e l o w er
b o u n d of q u a nt u m c a p a cit y, i. e.,

Q D
L B = m a x 0, l o g 2 (

2

e σ 2
) . ( B 1 4)

A P P E N DI X  C:  E N T A N G L E M E N T  O F
F O R M A TI O N

E nt a n gl e m e nt of f or m ati o n ( E F ) of a g e n er al  mi x e d
bi p artit e st at e is d e fi n e d as t h e i n fi m u m of t h e a v er a g e
v o n  N e u m a n n e ntr o p y t a k e n o v er all its p ossi bl e p ur e st at e
d e c o m p ositi o ns

E F = i nf
p i,|ψ

i

p iE (|ψ i). ( C 1)

It h as b e e n pr o v e n t o b e a n e ff e cti v e e nt a n gl e m e nt  m e as ur e
f or  G a ussi a n st at es [6 0 ]. F or a g e n er al t w o- m o d e  G a ussi a n
st at e, e. g., t h e o ut p ut V o e a s s p e ci fi e d i n t h e t e xt, a l o w er
b o u n d is gi v e n b y t h e f or m ul a

E F = c os h 2 r l o g2 c os h 2 r − si n h 2 r l o g2 si n h 2 r ,

( C 2)

w h er e r is t h e  mi ni m u m a m o u nt of a ntis q u e e zi n g n e e d e d
t o dis e nt a n gl e t h e st at e

r =
1

4
l n

γ − γ 2 − β + β −

β −
, ( C 3)

wit h

γ = 2 (d et V o e + 1 ) − (u ( ω ) − v ( ω )) 2 ,

β ± = d et V A + d et V B − 2 d et V C + 2 u ( ω ) v ( ω )

+ 2 w 2 ( ω ) ± 4 w ( ω )(u ( ω ) + v ( ω )) . ( C 4)

T h e l o w er b o u n d is s at ur at e d f or a t w o- m o d e  G a ussi a n
st at e i n t h e st a n d ar d f or m e n c o u nt er e d i n t his p a p er. I n t h e
m ai n t e xt,  w e us e d t h e a b o v e f or m ul a t o pl ot E F wit h t h e
o n r es o n a n c e fr e q u e n c y (t a ki n g ω = 0).

A P P E N DI X  D:  B A N D WI D T H  LI MI T E D  C H A N N E L
C A P A CI T Y

I n cl assi c al S h a n n o n t h e or y it is  w ell k n o w n t h at t h e
fi nit e b a n d wi dt h of a tr a ns missi o n li n e gi v es a fi nit e r at e
i n d at a s a m pli n g [7 0 ],  w hi c h pl a c es a c o nstr ai nt o n t h e
c a p a cit y r at e. Si mil arl y, a n y pr a cti c al q u a nt u m tr a ns d u c er
will h a v e fi nit e b a n d wi dt h, li miti n g t h e i nf or m ati o n tr a ns-
missi o n r at e. I n t h e e x pr essi o n  E q. ( 8) f or t h e c o n v ersi o n
e ffi ci e n c y, t h e o n r es o n a n c e fr e q u e n c y ( ω = 0) is c h os e n,

w hil e i n g e n er al t h e c o n v ersi o n e ffi ci e n c y is gi v e n b y

η ( ω ) =
4 C o m C e m

|C o m α + C e m β + α β γ |2
ζ o ζ e , ( D 1)

w h er e α = 1 − 2 iω / κ e , β = 1 − 2 iω / κ o , a n d γ = 1 −
2 iω / κ m .  N ot e t h at t his e ffi ci e n c y is d e fi n e d a c c or di n g t o
η ( ω ) ≡ | ˆa o ut, c ( ω )|2 / |ĉ i n,c ( ω )|2 ,  w h er e t h e r ati o is b et w e e n
t w o p o w er s p e ctr u m d e nsiti es.  T h us, t h e c orr es p o n di n g
c a p a cit y  E q. ( 1 1) h as a u nit [ Q N

L B ( ω )] = ( e bit/s)/ H z. F or
a tr a ns d u c er  wit h li mit e d b a n d wi dt h, o n e c a n d e fi n e a
c a p a cit y r at e t h at i nt e gr at es all fr e q u e n c y c o ntri b uti o ns

Q L B ≡ d ω Q N
L B ( ω ). ( D 2)

T his q u a ntit y h as a u nit [ Q N
L B ] = e bit / s, a n d it is als o a

l o w er b o u n d. Si n c e di ff er e nt q u a nt u m tr a ns d u c ers g e n-
er all y h a v e q uit e di ff er e nt tr a ns missi o n b a n d wi dt hs, t h e
c a p a cit y r at e Q L B d e fi n e d a b o v e  will b e us ef ul i n c o m p ar-
i n g t h eir di ff er e nt tr a ns d u cti o n a biliti es.

A P P E N DI X  E:  T H E  U P P E R  B O U N D  O F  T H E
H E R A L D E D  E N T A N G L E M E N T  O F  F O R M A TI O N

R A T E F O R D V S C H E M E

E v e n  w h e n o n e h as a p erf e ct si n gl e- p h ot o n d et e ct or,
t h e si n gl e- p h ot o n cli c k i n t h e h er al di n g s c h e m e d o es n ot
al w a ys h er al d a p erf e ct  B ell st at e if t h er e is o pti c al tr a ns-
missi o n l oss. I nst e a d, t h e st at e  w o ul d b e a  mi x e d st at e.
I nt uiti v el y,  w e  mi g ht g u ess t h at t h e e nt a n gl e m e nt of t h e
mi x e d st at e  w o ul d b e l ess t h a n 1 e bit.  H er e,  w e s h o w t his
i nt uiti o n is c orr e ct.

S u p p os e t h e t w o tr a ns d u c ers g e n er at e t h e pr o d u ct of a
t w o- m o d e s q u e e z e d st at e ( T M S S) |ψ ⊗ | ψ ,  w h er e |ψ =

n g r (n ) |n o |n e wit h g r (n ) = t a n hn r / c os h r.  N ot e t h at if
t h er e is n o tr a ns missi o n l oss, t h e d et e ct or  will g et a t h er m al
st at e  wit h a n a v er a g e p h ot o n n u m b er si n h 2 r .  T h e si n gl e-
p h ot o n cli c k pr o b a bilit y is gi v e n b y 2 g 2

r (1 ),  w hi c h is als o
t h e pr o b a bilit y of  B ell st at e h er al di n g.

T h e o pti c al  m o d e l oss c a n b e  m o d el e d as a b e a m s plitt er
wit h tr a ns missi vit y τ ,  w hi c h  mi x es a n e xtr a e n vir o n m e nt
v a c u u m  m o d e E .  Aft er t h e b e a m s plitt er, e a c h  T M S S
t o g et h er  wit h t h e e n vir o n m e nt st at e b e c o m es |ψ =

n ,k f n ,k
r,τ |k o |n e |n − k E ,  w h er e t h e c o e ffi ci e nt f n ,k

r,τ =

g r (n ) C k
n τ

k / 2 (1 − τ ) (n − k ) /2 (C k
n ar e bi n o mi al c o e ffi ci e nts).

Wit h |ψ ⊗ | ψ , cli c ki n g o n o n e of t h e t w o d et e ct ors  will
h er al d t h e st at e | = n ,n φ n ,n ⊗ | n E |n E ,  w h er e

φ n ,n = f n + 1, 1
r,τ f n , 0

r,τ |n + 1 |n + f n , 0
r,τ f n + 1, 1

r,τ |n |n + 1 .

( E 1)

( N ot e t h at if t h e d et e ct or is n ot si n gl e- p h ot o n- n u m b er
r es ol vi n g, t h er e  will b e a n e xtr a t er m i n t h e a b o v e e q u ati o n
f n + 1, 1
r,τ f n + 1, 1

r,τ |n + 1 |n + 1 ,  w hi c h  will f urt h er d e gr a d e
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t h e h er al d e d st at e e nt a n gl e m e nt.)  T h e fi n al h er al d e d  M M
st at e is o bt ai n e d b y tr a ci n g o ut t h e e n vir o n m e nt d e gr e e of
fr e e d o m,  w hi c h gi v es a n e ns e m bl e of t h e a b o v e st at e

M M =

n ,n

P n ,n |φ̃ n ,n φ̃ n ,n | , ( E 2)

w h er e φ̃ n ,n i s t h e n or m ali z e d p ur e st at e. Si n c e f or a fi x e d

p air n a n d n , φ̃ n ,n c a n n ot h a v e a n e nt a n gl e m e nt l ar g er
t h a n 1 e bit, t h e e ns e m bl e of t h e m o b vi o usl y c a n n eit h er.
O b vi o usl y, | M M m u st b e l ess e nt a n gl e d t h a n a  B ell
st at e,  m at c hi n g o ur i nt uiti o n.  T h us, it is str ai g htf or w ar d
t o s e e t h at t h e cli c k r at e s h o ul d u p p er b o u n d t h e h er al d e d
e nt a n gl e m e nt g e n er ati o n r at e.

B e c a us e t h e h er al d e d  M M st at e M M i s i n a s p e ci fi c
d e c o m p ositi o n of p ur e st at es, t h e c orr es p o n di n g e nt a n-
gl e m e nt s h o ul d u p p er b o u n d t h e st at e’s e nt a n gl e m e nt of
f or m ati o n ( n ot e t h at e nt a n gl e m e nt of f or m ati o n is o bt ai n e d
b y  mi ni mi zi n g all p ossi bl e p ur e st at e d e c o m p ositi o ns),
w hi c h i n pri n ci pl e c a n b e e asil y c al c ul at e d.  M ulti pl y-
i n g t his e nt a n gl e m e nt of f or m ati o n u p p er b o u n d b y t h e
si n gl e- p h ot o n cli c k r at e,  w e o bt ai n t h e u p p er b o u n d of
t h e e nt a n gl e m e nt of f or m ati o n r at e,  w hi c h is n u m eri c all y
s h o w n i n t h e  m ai n t e xt.

[ 1] J. I.  Cir a c, P.  Z oll er,  H. J.  Ki m bl e, a n d  H.  M a b u c hi,  Q u a n-
t u m St at e  Tr a nsf er a n d  E nt a n gl e m e nt  Distri b uti o n a m o n g
Dist a nt  N o d es i n a  Q u a nt u m  N et w or k, P h ys. R e v. L ett. 7 8 ,
3 2 2 1 ( 1 9 9 7).

[ 2]  H. J.  Ki m bl e,  T h e q u a nt u m i nt er n et, N at ur e 4 5 3 , 1 0 2 3
( 2 0 0 8).

[ 3]  A. Bl ais, A. L. Gri ms m o, S. M. Gir vi n, a n d A. Wallr a ff, Cir-
c uit q u a nt u m el e ctr o d y n a mi cs, R e v.  M o d. P h ys. 9 3 , 0 2 5 0 0 5
( 2 0 2 1).

[ 4]  W.  Titt el, J.  Br e n d el,  H.  Z bi n d e n, a n d  N.  Gisi n,  Vi ol ati o n
of  B ell I n e q u aliti es b y P h ot o ns  M or e  T h a n 1 0 k m  A p art,
P h ys.  R e v.  L ett. 8 1 , 3 5 6 3 ( 1 9 9 8).

[ 5] J.  Yi n et al. , S at ellit e- b as e d e nt a n gl e m e nt distri b uti o n o v er
1 2 0 0 kil o m et ers, S ci e n c e 3 5 6 , 1 1 4 0 ( 2 0 1 7).

[ 6]  R.  W.  A n dr e ws,  R.  W. P et ers o n,  T. P. P ur d y,  K.  Ci c a k,
R.  W. Si m m o n ds,  C.  A.  R e g al, a n d  K.  W.  L e h n ert,  Bi di-
r e cti o n al a n d e ffi ci e nt c o n v ersi o n b et w e e n  mi cr o w a v e a n d
o pti c al li g ht, N at. P h ys. 1 0 , 3 2 1 ( 2 0 1 4).

[ 7]  A.  Vai ns e n c h er,  K. J. S at zi n g er,  G.  A. P e airs, a n d  A.
N.  Cl el a n d,  Bi- dir e cti o n al c o n v ersi o n b et w e e n  mi cr o w a v e
a n d o pti c al fr e q u e n ci es i n a pi e z o el e ctri c o pt o m e c h a ni c al
d e vi c e, A p pl. P h ys.  L ett. 1 0 9 , 0 3 3 1 0 7 ( 2 0 1 6).

[ 8]  M.  Mir h oss ei ni,  A. Si p a hi gil,  M.  K al a e e, a n d  O. P ai nt er,
S u p er c o n d u cti n g q u bit t o o pti c al p h ot o n tr a ns d u cti o n,
N at ur e 5 8 8 , 5 9 9 ( 2 0 2 0).

[ 9]  M. H af e zi, Z. Ki m, S. L. R olst o n, L. A. Or o z c o, B. L. L e v,
a n d J.  M.  T a yl or,  At o mi c i nt erf a c e b et w e e n  mi cr o w a v e a n d
o pti c al p h ot o ns, P h ys.  R e v.  A 8 5 , 0 2 0 3 0 2( R) ( 2 0 1 2).

[ 1 0]  M.  Ki ff n er,  A. F ei z p o ur,  K.  T.  K a c z m ar e k,  D. J a ks c h, a n d
J.  N u n n,  T w o- w a y i nt er c o n v ersi o n of  milli m et er- w a v e a n d

o pti c al fi el ds i n  R y d b er g g as es, N e w J. P h ys. 1 8 , 0 9 3 0 3 0
( 2 0 1 6).

[ 1 1]  B.  T.  G ar d,  K. J a c o bs,  R.  M c D er m ott, a n d  M. S a ff m a n,
Mi cr o w a v e-t o- o pti c al fr e q u e n c y c o n v ersi o n usi n g a c esi u m
at o m c o u pl e d t o a s u p er c o n d u cti n g r es o n at or, P h ys. R e v. A
9 6 , 0 1 3 8 3 3 ( 2 0 1 7).

[ 1 2]  L.  A.  Willi a ms o n,  Y.- H.  C h e n, a n d J. J.  L o n g d ell,  M a g n et o-
O pti c  M o d ul at or  wit h  U nit  Q u a nt u m  E ffi ci e n c y, P h ys.  R e v.
L ett. 1 1 3 , 2 0 3 6 0 1 ( 2 0 1 4).

[ 1 3]  C.  O’ Bri e n,  N.  L a u k, S.  Bl u m,  G.  M ori gi, a n d  M. Fl eis-
c h h a u er, I nt erf a ci n g S u p er c o n d u cti n g  Q u bits a n d  T el e c o m
P h ot o ns vi a a  R ar e- E art h- D o p e d  Cr yst al, P h ys.  R e v.  L ett.
1 1 3 , 0 6 3 6 0 3 ( 2 0 1 4).

[ 1 4]  C.  A.  R e g al a n d  K.  W.  L e h n ert, Fr o m c a vit y el e ctr o m e-
c h a ni cs t o c a vit y o pt o m e c h a ni cs, J. P h ys.:  C o nf. S er. 2 6 4 ,
0 1 2 0 2 5 ( 2 0 1 1).

[ 1 5] J.  B o c h m a n n,  A.  Vai ns e n c h er,  D.  D.  A ws c h al o m,
a n d  A.  N.  Cl el a n d,  N a n o m e c h a ni c al c o u pli n g b et w e e n
mi cr o w a v e a n d o pti c al p h ot o ns, N at. P h ys. 9 , 7 1 2
( 2 0 1 3).

[ 1 6] J.  M.  T a yl or,  A. S. S ør e ns e n,  C.  M.  M ar c us, a n d  E. S.
P ol zi k,  L as er  C o oli n g a n d  O pti c al  D d et e cti o n of  E x ci-
t ati o ns i n a L C El e ctri c al  Cir c uit, P h ys.  R e v.  L ett. 1 0 7 ,
2 7 3 6 0 1 ( 2 0 1 1).

[ 1 7] S.  B ar z a nj e h,  D.  Vit ali, P.  T o m b esi, a n d  G. J.  Mil b ur n,
E nt a n gli n g o pti c al a n d  mi cr o w a v e c a vit y  m o d es b y  m e a ns
of a n a n o m e c h a ni c al r es o n at or, P h ys.  R e v.  A 8 4 , 0 4 2 3 4 2
( 2 0 1 1).

[ 1 8]  Y.- D.  Wa n g a n d  A.  A.  Cl er k,  Usi n g I nt erf er e n c e f or  Hi g h
Fi d elit y  Q u a nt u m St at e  Tr a nsf er i n  O pt o m e c h a ni cs, P h ys.
R e v.  L ett. 1 0 8 , 1 5 3 6 0 3 ( 2 0 1 2).

[ 1 9]  L.  Ti a n a n d  H.  Wa n g,  O pti c al  w a v el e n gt h c o n v ersi o n
of q u a nt u m st at es  wit h o pt o m e c h a ni cs, P h ys.  R e v.  A
8 2 , 0 5 3 8 0 6 ( 2 0 1 0);  L.  Ti a n,  A di a b ati c St at e  C o n v er-
si o n a n d P uls e  Tr a ns missi o n i n  O pt o m e c h a ni c al S ys-
t e ms, P h ys.  R e v.  L ett. 1 0 8 , 1 5 3 6 0 4 ( 2 0 1 2), d oi: 1 0. 1 1 0 3/
P h ys R e v L ett. 1 0 8. 1 5 3 6 0 4;  O pt o el e ctr o m e c h a ni c al tr a ns-
d u c er:  R e v ersi bl e c o n v ersi o n b et w e e n  mi cr o w a v e a n d o pti-
c al p h ot o ns,  A n n. P h ys. 5 2 7 , 1 ( 2 0 1 4), d oi: 1 0. 1 0 0 2/ a n d p.
2 0 1 4 0 0 1 1 6.

[ 2 0]  L.  Mi d ol o,  A. S c hli ess er, a n d  A. Fi or e,  N a n o- o pt o- el e ctr o-
m e c h a ni c al s yst e ms, N at.  N a n ot e c h. 1 3 , 1 1 ( 2 0 1 8).

[ 2 1]  T.  B a g ci,  A. Si m o ns e n, S. S c h mi d,  L.  G.  Vill a n u e v a,  E.
Z e ut h e n, J.  A p p el, J.  M.  T a yl or,  A. S ør e ns e n,  K.  Us a mi,
A. S c hli ess er, a n d  E. S. P ol zi k,  O pti c al d et e cti o n of r a di o
w a v es t hr o u g h a n a n o m e c h a ni c al tr a ns d u c er, N at ur e 5 0 7 ,
8 1 ( 2 0 1 4).

[ 2 2]  M.  Wi n g er,  T.  D.  Bl asi us,  T. P.  M.  Al e gr e,  A.  H. S af a vi-
N a ei ni, S.  M e e n e h a n, J.  C o h e n, S. St o b b e, a n d  O. P ai nt er,
A c hi p-s c al e i nt e gr at e d c a vit y- el e ctr o- o pt o m e c h a ni cs pl at-
f or m, O pt.  E x pr ess 1 9 , 2 4 9 0 5 ( 2 0 1 1).

[ 2 3]  A. Pit a nti, J.  M. Fi n k,  A.  H. S af a vi- N a ei ni, J.  T.  Hill,  C.
U.  L ei,  A.  Tr e di c u c ci, a n d  O. P ai nt er, Str o n g o pt o- el e ctr o-
m e c h a ni c al c o u pli n g i n a sili c o n p h ot o ni c cr yst al c a vit y,
O pt.  E x pr ess 2 3 , 3 1 9 6 ( 2 0 1 5).

[ 2 4]  A.  H. S af a vi- N a ei ni a n d  O. P ai nt er, Pr o p os al f or a n o pt o m e-
c h a ni c al tr a v eli n g  w a v e p h o n o n – p h ot o n tr a nsl at or, N e w J.
P h ys. 1 3 , 0 1 3 0 1 7 ( 2 0 1 1).

[ 2 5] J.  T.  Hill,  A.  H. S af a vi- N a ei ni, J.  C h a n, a n d  O. P ai nt er,
C o h er e nt o pti c al  w a v el e n gt h c o n v ersi o n vi a c a vit y o pt o m e-
c h a ni cs, N at.  C o m m u n. 3 , 1 1 9 6 ( 2 0 1 2).

0 5 4 0 6 1- 1 3

https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1038/nature07127
https://doi.org/10.1103/RevModPhys.93.025005
https://doi.org/10.1103/PhysRevLett.81.3563
https://doi.org/10.1126/science.aan3211
https://doi.org/10.1038/nphys2911
https://doi.org/10.1063/1.4955408
https://doi.org/10.1038/s41586-020-3038-6
https://doi.org/10.1103/PhysRevA.85.020302
https://doi.org/10.1088/1367-2630/18/9/093030
https://doi.org/10.1103/PhysRevA.96.013833
https://doi.org/10.1103/PhysRevLett.113.203601
https://doi.org/10.1103/PhysRevLett.113.063603
https://doi.org/10.1088/1742-6596/264/1/012025
https://doi.org/10.1038/nphys2748
https://doi.org/10.1103/PhysRevLett.107.273601
https://doi.org/10.1103/PhysRevA.84.042342
https://doi.org/10.1103/PhysRevLett.108.153603
https://doi.org/10.1103/PhysRevA.82.053806
https://doi.org/10.1038/s41565-017-0039-1
https://doi.org/10.1038/nature13029
https://doi.org/10.1364/OE.19.024905
https://doi.org/10.1364/OE.23.003196
https://doi.org/10.1088/1367-2630/13/1/013017
https://doi.org/10.1038/ncomms2201


Z H O N G,  H A N, a n d JI A N G P H Y S.  R E V.  A P P LI E D 1 8, 0 5 4 0 6 1 ( 2 0 2 2)

[ 2 6]  W. Ji a n g,  R.  N. P at el, F.  M.  M a y or,  T. P.  M c K e n n a, P.
Arr a n g oi z- Arri ol a,  C. J. S ar a b alis, J.  D.  Wit m er,  R.  Va n
L a er, a n d  A.  H. S af a vi- N a ei ni,  Lit hi u m ni o b at e pi e z o-
o pt o m e c h a ni c al cr yst als, O pti c a 6 , 8 4 5 ( 2 0 1 9).

[ 2 7]  W. Ji a n g, C. J. S ar a b alis, Y. D. D a h m a ni, R. N. P at el, F.
M.  M a y or,  T. P.  M c K e n n a,  R.  Va n  L a er, a n d  A.  H. S af a vi-
N a ei ni,  E ffi ci e nt bi dir e cti o n al pi e z o- o pt o m e c h a ni c al tr a ns-
d u cti o n b et w e e n  mi cr o w a v e a n d o pti c al fr e q u e n c y, N at.
C o m m u n. 1 1 , 1 ( 2 0 2 0).

[ 2 8]  M.  Ts a n g,  C a vit y q u a nt u m el e ctr o- o pti cs, P h ys.  R e v.
A 8 1 , 0 6 3 8 3 7 ( 2 0 1 0);  C a vit y q u a nt u m el e ctr o- o pti cs.
II. I n p ut- o ut p ut r el ati o ns b et w e e n tr a v eli n g o pti c al a n d
mi cr o w a v e fi el ds, P h ys.  R e v.  A 8 4 , 0 4 3 8 4 5 ( 2 0 1 1),
d oi: 1 0. 1 1 0 3/ P h ys R e v A. 8 4. 0 4 3 8 4 5.

[ 2 9]  C. J a v er z a c- G al y,  K. Pl e k h a n o v,  N.  R.  B er ni er,  L.  D.
T ot h,  A.  K. F e of a n o v, a n d  T. J.  Ki p p e n b er g,  O n- c hi p
mi cr o w a v e-t o- o pti c al q u a nt u m c o h er e nt c o n v ert er b as e d o n
a s u p er c o n d u cti n g r es o n at or c o u pl e d t o a n el e ctr o- o pti c
mi cr or es o n at or, P h ys.  R e v.  A 9 4 , 0 5 3 8 1 5 ( 2 0 1 6).

[ 3 0]  L. F a n,  C.- L.  Z o u,  R.  C h e n g,  X.  G u o,  X.  H a n,  Z.
G o n g, S.  Wa n g, a n d  H.  X.  T a n g, S u p er c o n d u cti n g c a vit y
el e ctr o- o pti cs:  A pl atf or m f or c o h er e nt p h ot o n c o n v ersi o n
b et w e e n s u p er c o n d u cti n g a n d p h ot o ni c cir c uits, S ci.  A d v.
4 , e a ar 4 9 9 4 ( 2 0 1 8).

[ 3 1]  W. F u,  M.  X u,  X.  Li u,  C.- L.  Z o u,  C.  Z h o n g,  X.  H a n,  M.
S h e n,  Y.  X u,  R.  C h e n g, S.  Wa n g,  L. Ji a n g, a n d  H.  X.  T a n g,
C a vit y el e ctr o- o pti c cir c uit f or  mi cr o w a v e-t o- o pti c al c o n-
v ersi o n i n t h e q u a nt u m gr o u n d st at e, P h ys. R e v. A 1 0 3 ,
0 5 3 5 0 4 ( 2 0 2 1).

[ 3 2]  R.  His at o mi,  A.  Os a d a,  Y.  T a b u c hi,  T. Is hi k a w a,  A.
N o g u c hi,  R.  Ya m a z a ki,  K.  Us a mi, a n d  Y.  N a k a m ur a,  Bi di-
r e cti o n al c o n v ersi o n b et w e e n  mi cr o w a v e a n d li g ht vi a
f err o m a g n eti c  m a g n o ns, P h ys. R e v. B 9 3 , 1 7 4 4 2 7 ( 2 0 1 6).

[ 3 3]  N.  Z h u,  X.  Z h a n g,  X.  H a n,  C.- L.  Z o u,  C.  Z h o n g,  C.- H.
Wa n g,  L. Ji a n g, a n d  H.  X.  T a n g,  Wa v e g ui d e c a vit y o pt o-
m a g n o ni cs f or  mi cr o w a v e-t o- o pti cs c o n v ersi o n, O pti c a 7 ,
1 2 9 1 ( 2 0 2 0).

[ 3 4] J.  H a n,  T.  V o gt,  C.  Gr oss,  D. J a ks c h,  M.  Ki ff n er, a n d  W.  Li,
C o h er e nt  Mi cr o w a v e-t o- O pti c al  C o n v ersi o n vi a Si x- Wa v e
Mi xi n g i n  R y d b er g  At o ms, P h ys. R e v. L ett. 1 2 0 , 0 9 3 2 0 1
( 2 0 1 8).

[ 3 5]  N.  L a u k,  N. Si n cl air, S.  B ar z a nj e h, J. P.  C o v e y,  M. S a ff m a n,
M. S pir o p ul u, a n d  C. Si m o n, P ers p e cti v es o n q u a nt u m
tr a ns d u cti o n, Q u a nt u m S ci.  T e c h n ol. 5 , 0 2 0 5 0 1 ( 2 0 2 0).

[ 3 6]  X.  H a n,  W. F u,  C.- L.  Z o u,  L. Ji a n g, a n d  H.  X.  T a n g,
Mi cr o w a v e- o pti c al q u a nt u m fr e q u e n c y c o n v ersi o n, O pti c a
8 , 1 0 5 0 ( 2 0 2 1).

[ 3 7] S.  B ar z a nj e h,  M.  A b di,  G. J.  Mil b ur n, P.  T o m b esi, a n d
D.  Vit ali,  R e v ersi bl e  O pti c al-t o- Mi cr o w a v e  Q u a nt u m I nt er-
f a c e, P h ys. R e v. L ett. 1 0 9 , 1 3 0 5 0 3 ( 2 0 1 2).

[ 3 8]  C.  Z h o n g,  Z.  Wa n g,  C.  Z o u,  M.  Z h a n g,  X.  H a n,  W. F u,  M.
X u, S. S h a n k ar,  M.  H.  D e v or et,  H.  X.  T a n g, a n d  L. Ji a n g,
Pr o p os al f or  H er al d e d  G e n er ati o n a n d  D et e cti o n of  E nt a n-
gl e d  Mi cr o w a v e – O pti c al- P h ot o n P airs, P h ys.  R e v.  L ett.
1 2 4 , 0 1 0 5 1 1 ( 2 0 2 0).

[ 3 9]  L.  Ti a n,  R o b ust P h ot o n  E nt a n gl e m e nt vi a  Q u a nt u m I nt er-
f er e n c e i n  O pt o m e c h a ni c al I nt erf a c es, P h ys.  R e v.  L ett. 1 1 0 ,
2 3 3 6 0 2 ( 2 0 1 3).

[ 4 0]  A.  R u e d a,  W.  H e as e, S.  B ar z a nj e h, a n d J.  M. Fi n k,  El e ctr o-
o pti c e nt a n gl e m e nt s o ur c e f or  mi cr o w a v e t o t el e c o m q u a n-
t u m st at e tr a nsf er, N pj  Q u a nt u m I nf. 5 , 1 ( 2 0 1 9).

[ 4 1]  C.  We e d br o o k, S. Pir a n d ol a,  R.  G ar cí a- P atr ó n,  N. J.  C erf,
T.  C.  R al p h, J.  H. S h a pir o, a n d S.  Ll o y d,  G a ussi a n q u a nt u m
i nf or m ati o n, R e v.  M o d. P h ys. 8 4 , 6 2 1 ( 2 0 1 2).

[ 4 2]  R.  G ar cí a- P atr ó n, S. Pir a n d ol a, S.  Ll o y d, a n d J.  H. S h a pir o,
R e v ers e  C o h er e nt I nf or m ati o n, P h ys.  R e v.  L ett. 1 0 2 ,
2 1 0 5 0 1 ( 2 0 0 9).

[ 4 3] J.  W u,  C.  C ui,  L. F a n, a n d  Q.  Z h u a n g,  D et er mi nisti c
Mi cr o w a v e- O pti c al  Tr a ns d u cti o n  B as e d o n  Q u a nt u m  T el e-
p ort ati o n, P h ys.  R e v.  A p pl. 1 6 , 0 6 4 0 4 4 ( 2 0 2 1).

[ 4 4]  A. S er a fi ni, Q u a nt u m  C o nti n u o us  V ari a bl es: a  Pri m er of
T h e or eti c al  M et h o ds ( C R C pr ess, 2 0 1 7).

[ 4 5]  A. F ur us a w a, J.  L. S ør e ns e n, S.  L.  Br a u nst ei n,  C.  A. F u c hs,
H. J.  Ki m bl e, a n d  E. S. P ol zi k,  U n c o n diti o n al q u a nt u m
t el e p ort ati o n, S ci e n c e 2 8 2 , 7 0 6 ( 1 9 9 8).

[ 4 6]  M.  A b di, S. Pir a n d ol a, P.  T o m b esi, a n d  D.  Vit ali,  E nt a n-
gl e m e nt S w a p pi n g  wit h  L o c al  C erti fi c ati o n:  A p pli c ati o n t o
R e m ot e  Mi cr o m e c h a ni c al  R es o n at ors, P h ys. R e v. L ett. 1 0 9 ,
1 4 3 6 0 1 ( 2 0 1 2).

[ 4 7]  M.  A b di, S. Pir a n d ol a, P.  T o m b esi, a n d  D.  Vit ali,
C o nti n u o us- v ari a bl e- e nt a n gl e m e nt s w a p pi n g a n d its l o c al
c erti fi c ati o n:  E nt a n gli n g dist a nt  m e c h a ni c al  m o d es, P h ys.
R e v.  A 8 9 , 0 2 2 3 3 1 ( 2 0 1 4).

[ 4 8]  M.  A b di, P.  T o m b esi, a n d  D.  Vit ali,  E nt a n gli n g t w o dist a nt
n o n-i nt er a cti n g  mi cr o w a v e  m o d es, A n n. P h ys. 5 2 7 , 1 3 9
( 2 0 1 5).

[ 4 9]  C.  Z h o n g,  X.  H a n,  H.  X.  T a n g, a n d  L. Ji a n g,  E nt a n gl e m e nt
of  mi cr o w a v e- o pti c al  m o d es i n a str o n gl y c o u pl e d el e ctr o-
o pt o m e c h a ni c al s yst e m, P h ys. R e v. A 1 0 1 , 0 3 2 3 4 5 ( 2 0 2 0).

[ 5 0] S.  Kr ast a n o v,  H.  R a ni w al a, J.  H ol z gr af e,  K. J a c o bs,  M.
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