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Abstract

It is shown tha t coherent spin motion of electron-hole pairs localized in 
band gap states of silicon can influence charge carrier recombination. Based 
on this effect, a readout concept for silicon based solid-state spin-quantum 
computers as proposed by Kane is suggested. The 31P quantum bit (qbit) is 
connected via hyperfine coupling to the spin of the localized donor electron. 
When a second localized and singly occupied electronic state with an energy 
level deep within the band gap or close to the valence edge is in proximity, a 
gate controlled exchange between the 31P nucleus and the two electronic states 
can be activated tha t leaves the donor-deep level pair either unchanged in a 
\T—)-state or shifts it into a singlet state |S).  Since the donor deep level 
transition is spin-dependent, the deep level becomes charged or not, depend­
ing on the nuclear spin orientation of the donor nucleus. Thus, the state of 
the qbit can be read with a sequence of light pulses and photo conductivity 
measurements.
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1 Introduction
T h e  s t a t e  o f  t h e  a r t  o f  c la s s ic a l  c o m p u te r  c o n c e p ts  is  r a p id ly  a p p r o a c h in g  th e  p h y s i­
c a l  l im its  a s  f a b r ic a t io n  te c h n o lo g y  o f  m e ta l  o x id e  s e m ic o n d u c to r  lo g ic  is m in im iz e d  
t o  s c a le s  w h e re  q u a n tu m  e ffe c ts  d e te r m in e  d e v ic e  p r o p e r t ie s .  W h ile  th e s e  n a t u r a l  
l im i ta t io n s  o f  c la s s ic a l  e le c tro n ic s  a r e  t h e  d e a d  e n d  fo r  t h e  d e v e lo p m e n t  o f  c o n v e n ­
t io n a l  e le c tro n ic s , th e y  o p e n  u p  p o s s ib i l i t ie s  fo r  n e w  a l t e r n a t iv e  c o n c e p ts  s u c h  a s  
s p in t r o n ic s  a n d  q u a n tu m  c o m p u t in g  (Q C )  [1]. A  c o n c e p t  fo r  a  s ilic o n  b a s e d  so lid  
s t a t e  s p in - q u a n tu m  c o m p u te r  a s  o u t l in e d  b y  K a n e  [2, 3], c o m b in e s  t h e  a d v a n ta g e s  
o f  c o n v e n t io n a l  s e m ic o n d u c to r  te c h n o lo g y  w i th  r e g a r d  to  t h e  h ig h  d e g re e  t o  w h ic h  
th i s  te c h n o lo g y  h a s  b e e n  d e v e lo p e d  a n d  t h e  f u n d a m e n ta l  c o n c e p ts  o f  Q C , t h e  m a s ­
s iv e  p a r a l le l  p ro c e s s in g  o f  in f o r m a t io n  b y  c o h e re n t  q u a n tu m  s ta t e s .  K a n e ’s c o n c e p t  
ta k e s  a d v a n ta g e  o f  t h e  tw o  n u c le a r - s p in  e n e rg y  e ig e n s ta te s  o f  31P - d o n o r  n u c le i w h ic h  
c a n  b e  u s e d  a s  w e l l - i s o la te d  ( lo n g  r e la x a t io n  t im e s )  q u a n tu m  b i t s  (q b i ts )  if  th e y  a r e  
e m b e d d e d  in  a  n u c le a r  s p in - f r e e  c r y s ta l l in e  28Si m a t r ix .  I n te r a c t io n  b e tw e e n  th e s e  
n u c le a r  s p in  q b i t s  c a n  b e  c o n tro l le d  b y  e le c tr ic  f ie ld s  f ro m  c h a rg e d  m e ta l  g a te s  a b o v e  
a n d  b e tw e e n  th e  d o n o r  a to m s  w h ic h  c a n  s e le c tiv e ly  in c re a s e  t h e  h y p e r f in e  in te r a c t io n  
b e tw e e n  t h e  lo c a liz e d  e le c t ro n  d o n o r  s t a t e s  a s  w e ll a s  t h e  e x c h a n g e  in te r a c t io n  b e ­
tw e e n  e le c t ro n  d o n o r  s t a t e s  o f  d if fe re n t  31P - a to m s  [2, 3]. B e fo re  a n  im p le m e n ta t io n  
o f  t h e  s ilic o n  b a s e d  s p in - Q C  is p o s s ib le , m a n y  te c h n o lo g ic a l  c h a lle n g e s  h a v e  t o  b e  
o v e rc o m e  a m o n g  w h ic h  t h e  p ro b le m  o f  a  s in g le  s p in  r e a d o u t  is  p a r t i c u la r ly  d iff ic u lt. 
I n  t h e  o r ig in a l  p r o p o s a l  [2], t h e  r e a d o u t  o f  n u c le a r  s p in  s t a t e s  is d o n e  b y  c h a rg e  
m e a s u r e m e n ts  o f  t h e  q b i t s ’ e le c tro n ic  sh e ll  w h ic h  c a n  c o n ta in  o n e  o r  tw o  d o n o r  e lec ­
t r o n s  f ro m  a d ja c e n t  31P - a to m s .  R e c e n tly , o th e r  p r o p o s a ls  fo r  t h e  m e a s u r e m e n t  o f  a  
s in g le  n u c le a r  s p in  s t a t e  h a v e  b e e n  m a d e  u t i l iz in g  s in g le  e le c t ro n  t r a n s i s to r s  [4] o r  
s p i n - t r a n s p o r t  in  c o m b in a t io n  w i th  s p in  r e f r i g e r a t i o n / s p in - r e a d o u t  d e v ic e s  [3].

I n  th i s  s tu d y , a  c o n c e p t  is p r e s e n te d ,  w h ic h  u ti l iz e s  s p in - d e p e n d e n t  c h a rg e  c a r ­
r ie r  r e c o m b in a t io n  in  s ilic o n  fo r  n u c le a r  s p in  m e a s u re m e n ts .  E le c t ro n ic  t r a n s i t io n s  
b e tw e e n  lo c a liz e d , s in g ly  o c c u p ie d  p a r a m a g n e t i c  b a n d  g a p  s t a t e s  in  s ilic o n  h a v e  
k n o w n  to  b e  s p in - d e p e n d e n t  s in c e  L e p in e  [5] d is c o v e re d  t h a t  e le c t ro n  s p in  r e s o n a n t  

(E S R )  c h a n g e s  o f  s u c h  d e fe c t  s t a t e s  c a n  c h a n g e  r e c o m b in a t io n  r a t e s  a n d  th e r e f o r e  
p h o to c o n d u c t iv i ty .  T h e  s p in  s e le c t io n  ru le s  o n  th e s e  r e c o m b in a t io n  t r a n s i t io n s  a r is e  
f ro m  t h e  w e a k n e s s  o f  s p in - o r b i t  c o u p lin g  in  s ilic o n  w h ic h  im p o s e s  s p in - c o n s e r v a t io n .  
T h u s ,  b e fo re  a  t r a n s i t i o n  in to  a  s in g ly  o c c u p ie d  s t a t e  c a n  o c c u r , t h e  tw o  e le c tro n s  
p a r t i c ip a t in g  h a v e  t o  b e  in  a  s p in  s t a t e  w i th  s in g le t  c o n te n t .  A  m o d e l  o f  s p i n -  
d e p e n d e n t  r e c o m b in a t io n  h a s  b e e n  d e v e lo p e d  b y  K a p la n  e t  a l. [6], w h o  s u g g e s te d , 
t h a t  s p in - d e p e n d e n t  r e c o m b in a t io n  p ro c e s s e s  a r e  a lw a y s  p re c e e d e d  b y  a  s e le c tiv e  
p a i r  f o r m a t io n  o f  t h e  r e c o m b in in g  e le c tro n s  a n d  h o le s . F ig u r e  1 i l lu s t r a te s  a n  e x a m ­
p le  o f  s u c h  a  p ro c e s s , w h ic h  w a s  o b s e rv e d  b y  K a n s c h a t  e t  a l. [7, 8 ] in  h y d r o g e n a te d  
m ic r o c r y s ta l l in e  s ilic o n  ( /ic -S i:H ) . D u e  t o  t h e  d is o rd e r  o f  th i s  m a te r ia l ,  sh a llo w  t r a p  
s t a t e s  e x is t  c lo se  to  t h e  c o n d u c t io n  b a n d  w h ic h  c a n  b e  s in g ly  o c c u p ie d  w i th  ex c e ss  
c o n d u c t io n  e le c tro n s  (C E )  a t  low  t e m p e r a tu r e s .  B e s id e  th e s e  C E  c e n te r s ,  a d d i t io n a l  
d a n g l in g  b o n d  d e fe c t  s t a t e s  (d b )  e x is t  w h ic h  a r e  e x c e lle n t r e c o m b in a t io n  c e n te rs .

2



UU 
IR 

A
uthor M

anuscript 
UU 

IR 
A

uthor M
anuscript

University of Utah Institutional Repository
Author Manuscript

s t r o n g  p h o t o c u r r e n t  

-----------------------► w e a k  p h o to c u r re n t

F ig u r e  1: Spin-dependent recom bination in the p icture of K aplan et al. for the example of 
C E-db recom bination in /ic-Si:H: Since sp in -o rb it coupling is absent in silicon, the  electron in the 
CE sta tes can only charge the dangling bond, when the CE-db-pair s ta te  has singlet content.

A  f o r m a t io n  o f  a  s p in - p a i r  a s  d e s c r ib e d  b y  K a p la n  e t  a l. [6 ] ta k e s  p la c e , w h e n  a  
C E  s t a t e  in  p r o x im ity  o f  a  d b  is o c c u p ie d . S im ila r  t o  th i s  e x a m p le , s p in - d e p e n d e n t  
r e c o m b in a t io n  m e c h a n is m s  e x is t  in  o th e r  s ilic o n  b a s e d  m a te r ia l s  s u c h  a s  d a n g l in g -  
b o n d  r e c o m b in a t io n  in  a m o r p h o u s  s ilic o n  [9, 10], v a r io u s  d o n o r  a c c e p to r  a n d  d o n o r  
r a d i a t i o n  d e fe c t  r e c o m b in a t io n  p a th e s  in  c r y s ta l l in e  s ilic o n  (c -S i) [1 1 , 12], in  s ilic o n  
d e v ic e s  [13, 14] a n d  e v e n  a t  c -S i /s i l ic o n  d io x id e  in te r fa c e s  [15] w h e re  s p in - d e p e n d e n t  
r e c o m b in a t io n  o c c u rs  b e tw e e n  s t r e s s  in d u c e d  t r a p s  a n d  d e e p  in te r f a c e  s ta te s .

W i t h  r e g a r d  t o  s ilic o n  Q C , t h e  s e le c tiv e n e s s  o f  th e s e  s p in - d e p e n d e n t  r e c o m b in a ­
t io n  m e c h a n is m s  ra is e s  t h e  q u e s t io n ,  w h e th e r  th e y  c o u ld  b e  u t i l iz e d  fo r  a  r e a d o u t  o f  
e le c tro n ic  a n d  h e n c e  a lso  n u c le a r  s p in  s ta t e s ,  e s p e c ia l ly  s in c e  31P  d o n o rs  a r e  k n o w n  
t o  sh o w  n u c le a r  s p in  r e s o n a n c e  in f lu e n c e  o n  r e c o m b in a t io n  [16]. P r e c o n d i t io n  fo r  

t h e  in f o r m a t io n  r e a d o u t  o f  c o h e re n t  s p in  s t a t e s  w i th  r e c o m b in a t io n  p ro c e s s e s  is t h e  
a b i l i ty  o f  a  g iv e n  t r a n s i t i o n  t o  re f le c t t h e  c o h e re n c e  o f  t h e  s p in  s t a t e s  in v o lv e d , w h ic h  
m e a n s  t h e  s p in - p a i r  s t a t e s  t h a t  d e te r m in e  w h e th e r  a  r e c o m b in a t io n  t r a n s i t i o n  ta k e s  
p la c e  o r  n o t  m u s t  n o t  fa ll in to  o n e  o f  t h e  fo u r  e ig e n s ta te s ,  b e fo re  a  s e c o n d  t r a n s i t io n ,  
t h e  a c tu a l  e le c tro n ic  t r a n s f e r  ta k e s  p la c e . T h is  h o w e v e r  h a s  n e v e r  b e e n  p ro v e n  in  
t h e  p a s t  s in c e  t h e  e x p e r im e n t  u s e d  fo r  t h e  d e te c t io n  o f  a l l  t h e  p ro c e s s e s  m e n t io n e d  
a b o v e  (o f te n  re fe re d  to  a s  e le c tr ic a l ly  d e te c te d  m a g n e t ic  re s o n a n c e , E D M R )  is a  p u r e  
in c o h e re n t  s t e a d y - s t a t e  m a g n e t ic  f le ld -s w e e p  e x p e r im e n t ,  w h e re  a  c o n s ta n t  c u r r e n t  
o f  l ig h t  o r  e le c tr ic a l ly  in je c te d  e x c e ss  c h a rg e  c a r r ie r s  is m e a s u r e d  w h ile  a  c o n s ta n t  
m ic ro w a v e  r a d i a t i o n  is im p o s e d  o n  t h e  s a m p le . W h e n  t h e  m a g n e t ic  fie ld  r e a c h e s  
t h e  r e s o n a n c e  o f  o n e  o f  t h e  in v o lv e d  c e n te r s ,  a  c h a n g e  o f  t h e  s te a d y  s t a t e  r e c o m ­
b in a t io n  a n d  th u s  a  c u r r e n t  c h a n g e  ta k e s  p la c e . W h ile  E D M R  sh o w s t h a t  c e r t a in
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m a g n e t ic  c e n te r s  h a v e  a n  in f lu e n c e  o n  r e c o m b in a t io n ,  i t  fa ils  c o m p le te ly  to  r e v e a l 
a n y  in f o r m a t io n  a b o u t  c o h e re n c e  t im e s  o f  t h e  s y s te m s  in v o lv e d  w h ic h  a r e  n o t  o n ly  
t h e  s p in - r e la x a t io n  t im e s  o f  t h e  r e s p e c t iv e  s p in  c e n te r s  b u t  a lso  e le c tro n ic  t r a n s i t i o n  
t im e s  s u c h  a s  r e c o m b in a t io n  o r  d is s o c ia t io n  o f  t h e  s p in  p a ir .

I n  t h e  fo llo w in g  a n  e x p e r im e n t  is p r e s e n te d  t h a t  sh o w s  h o w  c o h e re n t  s p in  p re c e s ­
s io n  o f  e le c tro n s  in  lo c a liz e d  b a n d  g a p  s t a t e s  c a n  g o v e rn  r e c o m b in a t io n  r a te s .  B a s e d  
o n  th i s  o b s e r v a t io n  w e  p r o p o s e  a n  a r c h i t e c tu r e  fo r  a  r e c o m b in a t io n  b a s e d  r e a d o u t  
o f  31P - q b i t s .

2 C oherent spin m otion  effects on recom bination
T im e - d o m a in  m e a s u r e m e n ts  o f  s p in  d e p e n d e n t  r e c o m b in a t io n  (T S R )  w e re  c a r r ie d  
o u t  o n  t h e  C E - d b  m e c h a n is m  in  / ic -S i:H , t h a t  is  m e n t io n e d  a b o v e . T S R  is t h e  
e le c tr ic a l  d e te c t io n  o f  p u ls e d  E S R  a n d  th e r e f o r e  t h e  t im e  re so lv e d  e q u iv a le n t  o f  
E D M R  [17]. I t  c o m b in e s  t h e  a d ­
v a n ta g e s  o f  E D M R  w i th  r e g a r d  to  
t h e  se le c tiv e  d e te c t io n  o f  d i s t in c t  
r e c o m b in a t io n  p ro c e s s e s  a n d  th e  
a d v a n ta g e s  o f  p u ls e d  E S R  w i th  r e ­
g a r d  t o  i t s  a b i l i ty  to  d e te c t  c o h e r ­
e n t  s p in - m o t io n  e ffec ts .

T h e  id e a  o f  t h e  e x p e r im e n t  
c a r r ie d  o u t  is  to  m a n ip u la te  th e  
s te a d y  s t a t e  o f  t h e  C E - d b  p a i r  
e n s e m b le  w i th  p u ls e d  E S R  o n  a  
n a n o s e c o n d  t im e  sc a le  a n d  to  o b ­
se rv e  t h e  t r a n s i e n t  p h o to c u r r e n t  
r e s p o n s e  t h a t  is d e te r m in e d  b y  th e  
r e c o m b in a t io n  r a t e  t h r o u g h  th e s e  
c e n te r s .  E x c e s s  c h a rg e  c a r r ie r s  a r e  
g e n e r a te d  b y  a  c o n t in u o u s  l ig h t  
so u rc e . S in c e  s in g le t  s t a t e s  h a v e  
o n ly  s h o r t  l ife tim e s , a  h ig h  d e n ­
s i ty  o f  t r i p l e t  s t a t e s  is p r e s e n t  in  
t h e  s te a d y  s t a t e  w h e n  r e s o n a n t  m i­
c ro w a v e  r a d i a t i o n  is a b s e n t  [18].

T h e  o r ie n ta t io n  o f  t h e  m a g ­
n e t ic  m o m e n ts  o f  |T _ ) - p a i r s  is il- F ig u r e  2: The propagation  of the C E-db pair ensem- 
lu s t r a t e d  in  fig  2 in  t h e  r o t a t -  kle illustra ted  w ith Bloch spheres in the  ro ta ting  frame

r o i  i i p icture. The three scetches correspond to  the  steadym g  f r a m e  B lo c h  s p h e re  r e p re s e n -  K J
. r . . sta te , the  m om ent or phase reversal a t a tim e t — ri8o°

t a t i o n  [19] 01 t h e  tw o  r e s p e c t iv e  after the  pulse began and the  m om ent of phase recovery 
s p in s  c o n ta in e d  in  t h e  c h a rg e  c a r -  t  =  2ti8o° for strongly d istribu ted  R abi-frequencies.

spins of spins of
dangling bonds trapped electrons

steady
state

dephasing

\  /

rephasing
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r ie r  p a ir s .  I f  a  m ic ro w a v e  t h a t  is  in  r e s o n a n c e  w i th  t h e  d a n g l in g  b o n d  a n d  p o la r iz e d  
a lo n g  th e  x - a x i s  is  s w itc h e d  o n , R a b i  o s c il la t io n s  o f  t h e  d b  s p in s  t a k e  p la c e . T h e  
in f lu e n c e  o f  t h e  m ic ro w a v e  p u ls e s  o n  t h e  C E  c e n te r s  is s m a ll  d u e  t o  t h e i r  d if fe re n t re s ­
o n a n c e  f re q u e n c ie s . T h e  R a b i - o s c i l la t io n  o f  t h e  d b  s p in  w o u ld  le a d  t o  a n  o s c i l la t in g  
r e c o m b in a t io n  r a t e  w h ic h  c o u ld  b e  d e te c te d  a s  a n  o s c i l la t io n  o f  t h e  p h o to c u r r e n t ,  if  
t h e  in h o m o g e n e i t ie s  p r e s e n t  in  / ic -S i:H  [7] d id  n o t  c a u s e  a  r a p id  d e p h a s in g  o f  t h e  d b  
e n s e m b le  w i th in  le ss  t h a n  o n e  o s c i l la t io n  p e r io d  ( i l lu s t r a t e d  in  fig. 2 ). T h is  d e p h a s ­
in g  is s t i l l  a  c o h e re n t  p ro c e s s , h o w e v e r, i t s  e ffec t o n  t h e  r e c o m b in a t io n  r a t e  ( s t r o n g  
a t t e n u a t i o n  o f  t h e  R a b i  in d u c e d  o s c i l la t io n )  m a k e s  i t  in d is t in g u is h a b le  f ro m  in c o h e r ­
e n ce . T h u s ,  a  r e p h a s in g  o f  t h e  e n s e m b le  h a s  t o  b e  in d u c e d , so  t h a t  in c o h e re n c e  a n d  
d e p h a s in g  b e c o m e s  d is t in g u is h a b le .  A s  i l l u s t r a t e d  in  fig. 2 , a  r e v e r s a l  o f  t h e  d i r e c t io n  
o f  s p in  p re c e s s io n  c a u s e d  b y  a  re v e r s e d  i? i-m ic ro w a v e  fie ld  c a u s e s  su c h  a  r e p h a s in g . 
T h e  fie ld  r e v e rs a l ,  d o n e  b y  a  m ic ro w a v e  p h a s e  c h a n g e  t h a t  is  in t r o d u c e d  a t  a n  
a r b i t r a r y  t im e  t i 80, c a u s e s  a  m a x im u m  re c o v e ry  o f  t h e  |T _ ) - d e n s i ty  a t  t im e  2 t i 80 
a n d  h e n c e , a  m in im u m  o f  t h e  r e c o m b in a t io n  ta k e s  p la c e . T h is  m in im u m , w h ic h  w e 
c a ll  a  r e c o m b in a t io n  e c h o  [18] w ill o n ly  b e  d e te c ta b le ,  if  in c o h e re n t  p ro c e s s e s  a r e  
n o t  f a s te r  t h a n  t h e  t im e  sc a le  o f  t h e  p u ls e  s e q u e n c e . T h e  d e te c t io n  is a  p r o o f  o f  t h e  
c o h e re n c e  o f  t h e  c h a rg e  c a r r ie r  p a i r ’s s p in  m o tio n .

E x p e r im e n ta l  d e ta i l s  w i th  r e g a r d  t o  t h e  / ic -S i:H  s a m p le  a n d  th e  T S R  s e tu p  a r e  
id e n t ic a l  to  th o s e  o f  re f. [17] e x e c e p t  t h a t  t h e  la s e r  in te n s i ty  w a s  3 0 0 m W , t h e  s a m p le  
t e m p e r a t u r e  T  =  3 0 K  a n d  t h e  in te n s i ty  o f  t h e  c o h e re n t  m ic ro w a v e  r a d i a t i o n  5 0 0 W .

T h e  e x p e r im e n ta l  r e s u l t s  a r e  d is p la y e d  in  figs. 4  a n d  3. N o te  t h a t  t h e  d e te c t io n  
o f  f a s t  p h o to c u r r e n t  c h a n g e s  in  t h e  p A - r a n g e  w i th  c o n s ta n t  o ffse ts  in  / iA - ra n g c  is 
e x t r e m e ly  d iff ic u lt  d u e  to  n o ise  l im i ta t io n s .  T h e  in i t a l  d e c re a s e  o f  t h e  r e a l  t im e  p h o ­
to c u r r e n t  d is p la y e d  in  fig .4  is th e r e f o r e  d u e  to  t h e  r is e  t im e  o f  t h e  d e te c t io n  s e tu p . 
A s  e x p la in e d  e ls e w h e re  [20, 17], t h e  a m p l i tu d e  o f  t h e  e x p o n e n t ia l  p h o to c u r r e n t  r e ­
la x a t io n  b a c k  to  t h e  s te a d y  s t a t e  is d e te r m in e d  b y  t h e  c o h e re n t  s p in  s t a t e  p r e p a r e d  
d u r in g  t h e  n s -p u ls e  s e q u e n c e . H e n c e , a  m e a s u r e m e n t  o f  t h e  r e a l  t im e  s ig n a l  a t  a  c e r ­
t a i n  t im e  a f te r  t h e  r is e  t im e  v e rs u s  t h e  p u ls e  le n g th  re v e a ls  t h e  s p in  m o t io n  d u r in g  
t h e  p u ls e  s e q u e n c e  o n  a  n s -sc a le . T h is  p u ls e  le n g th  d e p e n d e n c e , m e a s u r e d  a t  t h e  
p h o to c u r r e n t  m in im u m  (t  — 1 9 .5 /is )  a f te r  t h e  p u ls e s , is  d is p la y e d  in  fig .3 . I t  c le a r ly  
d is p la y s  t h e  p h o to c u r r e n t  in c re a s e  a f te r  a  s e q u e n c e  o f  tw o  1 0 0 n s  lo n g  m ic ro w a v e  
p u ls e s  w i th  e q u a l  i? i- f ie ld  s t r e n g th  b u t  o p p o s i te  p h a s e  o r ie n ta t io n s .  T h e  w id th  o f  
t h e  e c h o  d is p la y e d  in  fig. 3 t u r n s  o u t  t o  b e  a n t ip r o p o r t io n a l  to  t h e  £> i-field  s t r e n g th  
w h ic h  p ro v e s  t h e  in v o lv e m e n t o f  R a b i - o s c i l la t io n  in  t h e  r e c o m b in a t io n  e c h o  e ffec t 
( n o t  sh o w n  h e re ) .  T h e  tw o  r e a l  t im e  t r a n s i e n t s  d is p la y e d  in  fig .4  a r e  r e c o rd e d  a f te r  
r e s o n a n t  e x c i ta t io n  o f  t h e  d b  c e n te r .  I n  b o t h  c a se s , t h e  t o t a l  l e n g th  a n d  t h e  p o w e r  
o f  t h e  p u ls e s  w e re  id e n t ic a l  a n d  o n ly  a  p h a s e  c h a n g e  o f  180° w a s  in t r o d u c e d  in  o n e  
ca se . T h e  s m a lle r  a m p l i tu d e  o f  o n e  t r a n s i e n t  is so le ly  d u e  to  th i s  p h a s e  c h a n g e  a f te r  
1 0 0 n s  w h ic h  le d  t o  t h e  r e p h a s in g  o f  t r i p l e t  s ta t e s .  A n  id e n t i f ic a t io n  o f  s in g le t  a n d  
t r i p l e t  s t a t e s  w i th  t h e  tw o  b in a r y  d ig i ts  ( la b e le d  “1” a n d  “0” fo r  in s ta n c e )  u s e d  fo r  
in f o r m a t io n  p ro c e s s in g  a llo w s  a  d i r e c t  r e a d o u t  w i th  c u r r e n t  m e a s u re m e n ts .
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F ig u r e  3: The am plitude of m easured current transien ts after resonant pulse sequences. A fter 
100ns, the polarization of the  microwave field B \  is reversed into its opposite direction, which 
causes a rephasing after a second period of 100ns. This rephasing after two periods of length 
^180—100ns is indicated by the  increase of the  photoconductivity.

3 Spin—dependent recom bination  and nuclear spin  
m easurem ents

B a s e d  o n  t h e  o b s e r v a t io n  a b o v e , a  s e tu p  fo r  a  r e c o m b in a t io n  r e a d o u t  o f  K a n e s ’ 
s ilic o n  b a s e d  q u a n tu m  c o m p u te r  is p r o p o s e d  a s  i l lu s t r a t e d  in  fig. 5. T h e  d e v ic e  
p r o p o s e d  c o n s is ts  o f  a  p o in t  d e fe c t  t h a t  in t r o d u c e s  a  d e e p  lev e l p a r a m a g n e t i c  s t a t e  

in  p r o x im ity  t o  t h e  31P - d o n o r  w h ic h  is t o  b e  r e a d  o u t ,  a  r e a d o u t - g a t e  ( R - g a te ) ,  a n d  
a n  a d d i t io n a l  A - g a te  a b o v e  t h e  d e fe c t.  T h e  l a t t e r  is  o n ly  n e c e s s a ry  if  t h e  d e fe c t  is 
in d u c e d  b y  a  d e e p  lev e l d o n o r  w i th  n u c le a r  s p in  ( /  ^  0 ). W h e n  t h e  n a t u r e  a n d  
t h e  im p le m e n ta t io n  o f  t h e  p a r a m a g n e t i c  d e e p  lev e l s t a t e  w ill b e  d is c u s s e d  in  t h e  
fo llo w in g  s e c t io n , i t  w ill b e  r e fe re d  to  a s  d b  in  th i s  s e c t io n  in  c o n s is te n c y  w i th  t h e  
d a n g l in g  b o n d  u s e d  fo r  t h e  e x p e r im e n ta l  d e m o n s t r a t io n  d is c u s s e d  a b o v e .

T h e  id e a  b e h in d  th i s  s e tu p  is to  t a k e  a d v a n ta g e  o f  P a u l i ’s p r in c ip le ,  s im ila r  to  t h e  
c h a r g e - r e a d o u t  p r o p o s e d  b y  K a n e  [2]. A s  lo n g  a s  t h e  R - g a te  is c h a rg e d  n e g a tiv e ly , 
t h e  w a v e  f u n c t io n  o v e r la p  b e tw e e n  t h e  d o n o r  e le c t ro n  o f  t h e  31P  a n d  t h e  d b  is sm a ll  
w h ic h  m in im iz e s  a  t r a n s i t i o n  p r o b a b i l i ty  b e tw e e n  t h e  tw o  s t a t e s  a n d  k e e p s  t h e  s p i n -  
e x c h a n g e  n e g lig ib ly  s m a ll  a s  w ell. W h e n  th e  R - g a te  is c h a rg e d  p o s it iv e ly , s u c h  t h a t  
t h e  w a v e  f u n c t io n  o v e r la p  b e tw e e n  th e  31P  a n d  th e  d b  is su ff ic ie n tly  la rg e , e x c h a n g e
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F ig u r e  4: R eal-tim e photocurren t transien ts after resonant microwave excitation of equal length 
(200ns), equal frequency (db-resonance) and equal intensity  (P —500 W att). The transien t where 
a phase change was introduced after 100ns exhibits a sm aller photocurren t quenching due to  the 
higher trip le t density am ong the  C E-db pairs. W hen trip le t sta tes represent a binary  inform ation 
“0” and singlet sta tes represent “1” , a current discrim inator connected to  the  sam ple can read out 
a spin s ta te  electronically.

in te r a c t io n  in c re a s e s . I f  th i s  in c re a s e  is in t r o d u c e d  slow ly , a n  a d ia b a t i c  c h a n g e  o f  
t h e  s p in - p a i r s ’ e n e rg y  e ig e n s ta te s  c a n  t a k e  p la c e  f ro m  a n  u n c o u p le d  p r o d u c t  b a s e  
in to  a  s e t  o f  s in g le t  a n d  t r i p l e t  s ta t e s .  A t  low  t e m p e r a tu r e s  ( T  <  lO O m K ), t h e  
u n c o u p le d  p a i r  is p o la r iz e d  in  a  \ T —)- s t a t e  a s  lo n g  a s  t h e  c o u p l in g  is a b s e n t .  W h e n  
t h e  e x c h a n g e  is in c re a s e d  slow ly , th i s  |T —) - s t a t e  r e m a in s  e i th e r  u n c h a n g e d  o r  s h if ts  
in to  a  |S ) - s t a t e ,  d e p e n d in g  o n  t h e  o r i e n ta t io n  o f  t h e  31P -n u c le u s  ( i l lu s t r a te d  in  fig. 6 ). 
N o te  t h a t  in  p re s e n c e  o f  a  s e c o n d  n u c le a r  s p in  a t  t h e  d b - s i te ,  t h e  A - g a te  a b o v e  th i s  
s i te  w o u ld  h a v e  to  b e  c h a rg e  p o s i t iv e ly  in  o r d e r  to  m in im iz e  h y p e r f in e  c o u p lin g . 
A f te r  t h e  R - g a te  h a s  b e e n  “o p e n e d ” a n d  th e  e le c tro n ic  p a i r  is in  s in g le t  o r  t r i p l e t  
s t a t e ,  a n  e le c tro n ic  t r a n s i t i o n  c a n  t a k e  p la c e  w h ic h  c h a rg e s  t h e  d b ; th i s  t r a n s i t i o n  
h o w e v e r  is p o s s ib le  o n ly  w h e n  t h e  e le c tro n ic  p a i r  h a s  s in g le t  c o n te n t  in  a d v a n c e  a n d  
th u s ,  t h e  c h a rg in g  o f  t h e  d b  s t a t e  d e p e n d s  o n  t h e  n u c le a r  s t a t e  o f  t h e  31P  q b i t .

T h e  t im in g  a n d  a  s c e tc h  o f  t h e  t r a n s i t i o n s  d u r in g  a  r e a d o u t  s e q u e n c e  a r e  d is ­
p la y e d  in  fig. 7. A s  lo n g  a s  q u a n tu m  o p e r a t io n s  o n  t h e  q b i t  t a k e  p la c e , n o  l ig h t
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F ig u r e  5: Illustration  of the  readout setup. A point defect induces a param agnetic deep level 
s ta te  (here labeled db) in proxim ity to  the  31P  donor. The charge on a read o u t-g a te  (R-gate) 
controls the  P-db-exchange in teraction. W hen the  P-db-pair is in singlet s ta te  after the R-gate 
is opened and the exchange is present, the P-electron can undergo a transition  into the db s ta te  
which charges the P  center positively and the  db-center negatively.

is im p o s e d  o n  t h e  s a m p le  a n d  t h e  R - g a te  is c h a rg e  n e g a tiv e ly . W h e n  t h e  r e a d o u t  
s e q u e n c e  b e g in s  a t  a  t im e  t 0 , t h e  b ia s  o f  t h e  R - g a te  is s lo w ly  in v e r te d  to w a r d s  a  
p o s i t iv e  v o lta g e . O n c e  e x c h a n g e  c o u p l in g  is e s ta b l is h e d  a f te r  a  t im e  r s/ope, i t  r e ­
m a in s  u n c h a n g e d  u n t i l  t h e  a c tu a l  r e c o m b in a t io n  t r a n s i t i o n  h a s  t a k e n  p la c e . T h e  
t im e  n e c e s s a ry  fo r  th i s  t r a n s i t i o n  is o f  t h e  o r d e r  o f  t h e  e le c tro n ic  p a i r  s t a t e s ’s life ­
t im e  T \ife , a f te r  w h ic h  t h e  e x c h a n g e  in te r a c t io n  is s w itc h e d  o ff a g a in . T h e  n u c le a r  
s p in  s t a t e  o f  t h e  31P  d o n o r  is t h e n  c o d e d  in  t h e  d o n o r  a n d  d b  c h a rg e  s t a t e .  A  s h o r t  

(rfiash , n s -R a n g e )  a n d  w e a k  ( n W -ra n g e )  la s e r  p u ls e  im p o s e d  o n  t h e  s a m p le  w ill t h e n  
in c re a s e  c o n d u c t iv i ty  b y  t h e  g e n e r a t io n  o f  a  few  p a i r s  o f  ex c e ss  e le c tro n s  a n d  h o le s . 
I f  t h e  d o n o r  a n d  t h e  d b  s t a t e  a r e  n o t  c h a rg e d  (n o  t r a n s i t i o n ) ,  a  s lo w  d e c re a s e  o f  t h e  
p h o to c o n d u c t iv i ty  w ill fo llo w , w h ic h  is d e te r m in e d  b y  s lo w  b a n d  b a n d  r e c o m b in a ­
t io n  in  t h e  u l t r a  p u r e  28Si b u lk . I f  t h e  tw o  s t a t e s  a r e  c h a rg e d , a  f a s t  d e c a y  w ill t a k e  
p la c e  s in c e  c h a rg e  c a r r ie r s  w ill b e  t r a p p e d  in  t h e  c h a rg e d  s ta te s .  T h u s ,  t h e  lev e l o f  
t h e  p h o to c o n d u c t iv i ty  a  t im e  T&ecay a f te r  t h e  e n d  o f  t h e  la s e r  p u ls e  w ill re v e a l  t h e  
r e s u l t  o f  t h e  r e a d o u t  p ro c e s s . N o te , t h a t  t h e  r e a d o u t  p ro c e s s  i t s e l f  a u to m a t ic a l ly  
n e u tr a l iz e s  t h e  tw o  s t a t e s  su c h  t h a t  a  n e w  se r ie s  o f  o p e r a t io n s  c a n  ta k e  p la c e  a f te r  
i t s  c o m p le t io n .
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F ig u r e  6 : A diabatic change of the  P -db  energy eigenbase. In  absence of exchange interaction, 
the  pair rem ains in product base states. W hen the exchange is tu rned  on, the  sta tes change tow ard 
the  singlet or trip le t states. At low tem peratures, the \T —)-state  is occupied w ithout exchange 
coupling. Due to  hyperfine coupling, the change of th is s ta te  w ith increasing exchange interaction 
is determ ined by the  s ta te  of the nuclear spin of the  P  donor.

4 C hallenges o f th e  im plem entation
T h e  e x p e r im e n ts  p r e s e n te d  a b o v e  a r e  t h e  m o t iv a t io n  fo r  t h e  c o n c e p t  p r o p o s e d  in  
th i s  s tu d y  a n d  m a n y  o th e r  q u e s t io n s  w ill h a v e  t o  b e  a n s w e re d  e x p e r im e n ta l ly  b e fo re  
a n  a c tu a l  p r o o f  o f  th i s  c o n c e p t  c a n  b e  g iv e n . T h e  im p le m e n ta t io n  o f  t h e  s in g ly  
o c c u p ie d  d e e p  lev e l s t a t e  w ill m o s t ly  d e p e n d  o n  w h e th e r  i t  is  p o s s ib le  to  c o n tr o l  i t s  
lo c a t io n  a n d  w h e th e r  i t s  c h a rg e  c a r r ie r  c a p tu r e  c ro s s  s e c t io n s  a n d  t h e  g iv e n  t r a n s i t i o n  
t im e s  o f  t h e  s y s te m  a r e  f a s t  e n o u g h . T h e  d a n g l in g  b o n d  p r e s e n t  in  a m o r p h o u s  a n d  
m ic r o c r y s ta l l in e  s ilic o n  w o u ld  b e  a n  id e a l  s y s te m  w i th  r e g a r d  t o  t h e  l a t t e r  p r o p e r t ie s .  
H o w e v e r, t h e  h ig h  d is o rd e r  in  t h e  m ic r o c r y s ta l l in e  m o rp h o lo g y  o f  s ilic o n  m a k e s  i t  a  
b a d  c h o ic e  fo r  Q C . S in c e  n o  p ro c e s s  h a s  b e e n  e s ta b l is h e d  w h ic h  a llo w s  t h e  c r e a t io n  
o f  a  s in g le  d b  w i th  A -a c c u ra c y  a t  a n  a r b i t r a r y  s ite , a  d if fe re n t w a y  o f  d e e p  lev e l 
im p le m e n ta t io n  m u s t  b e  c h o se n .

V a r io u s  im p u r i t i e s  a n d  d e fe c ts  p ro v id e  s in g ly  o c c u p ie d , p a r a m a g n e t i c  d e e p  lev e l 
d o n o r  s t a t e s  in  c -S i, so m e  o f  w h ic h  a r e  g o ld , p o ta s s iu m , s t r o n t iu m  o r  c h ro m iu m  [21 ]. 
A n  a d d i t io n a l  p o s s ib i l i ty  c o u ld  b e  in te r f a c e  r e c o m b in a t io n .  R e c o m b in a t io n  a t  c- 
S i / S i 0 2 - in te r f a c e s  h a s  sh o w n  t o  h a v e  s p in - d e p e n d e n t  p a t h s  [15]. H e n c e , t h e  v e ry  
s a m e  p ro c e s s e s  w h ic h  l im i te d  t h e  o r ig in a l  p u r e  c -S i Q C -c o n c e p t  a n d  le d  t o  t h e  p ro -
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F ig u r e  7: Sequential diagram  of the readout tim ing (a) and the  corresponding electronic tra n ­
sitions w ithin the energy levels (b). The different steps of the entire readout process are labelled 
w ith encircled num bers 1 to  3. A t the end of the process a t tim e t Tead . a photocurren t m easurem ent 
reveals the  value of the  qbit. For details see text.

p o s a l  o f  S i /S iG e - h e te r o s t r u c tu r e s  [3] c o u ld  a c tu a l ly  b e  b e n if ic ia l  fo r  a  r e c o m b in a t io n  
r e a d o u t  m e c h a n is m .

B e s id e  t h e  q u e s t io n s  fo r  a  p r o p e r  im p le m e n ta t io n  o f  t h e  d e e p  lev e l c e n te r ,  s e v e ra l 
o th e r  is su e s  r e m a in  t o  b e  in v e s t ig a te d :  D u e  to  t h e  n e c e s s i ty  o f  e r r o r  c o r re c t io n , 
o n e  o f  t h e  p r e c o n d i t io n s  fo r  Q C  is t h a t  r e a d o u t  d o e s  n o t  d e s t r o y  t h e  s t a t e  o f  t h e  
q b i t .  T h e re fo re ,  o n ly  P - d e e p  lev e l t r a n s i t io n s  a r e  p o s s ib le  w h ic h  le a v e  t h e  31P  
r e la x a t io n  u n c h a n g e d . I m p o r t a n t  fo r  t h e  fe a s ib i l i ty  o f  t h e  r e c o m b in a t io n  r e a d o u t  
w ill a lso  b e  t h e  q u e s t io n  o f  t h e  o v e ra ll  r e a d o u t  t im e  w h ic h  s h o u ld  n o t  e x c e e d  a  
lo w er m ic ro s e c o n d  ra n g e . W h e n  t h e  P - d e e p  lev e l t r a n s i t i o n  ta k e s  p la c e , t h e  s low  
r e la x a t io n  o f  n o n  e q u i l ib r iu m  p o la r iz a t io n  a t  low  t e m p e r a tu r e s  c o u ld  p o s e  a  p ro b le m  
d u e  to  c h a rg e d  P - d e e p  le v e l - p a i r s  w h ic h  a r e  n e u t r a l iz e d  b y  ex c e ss  c h a rg e  c a r r ie r s  

p r o d u c e d  in  e x c i te d  s p in  s ta te s .  T h e  t im e  n e e d e d  fo r  t h e  r e la x a t io n  o f  th e s e  s t a t e s  
c o u ld  b e  v e ry  lo n g . H o w e v e r, th i s  p ro b le m  m a y  b e  so lv e d  b y  in je c t io n  o f  e x cess  
c a r r ie r s  b y  s p in - p o la r iz e d  e le c tro n ic  in je c t io n  in s te a d  o f  l ig h t  in je c t io n . F in a lly , t h e  
q u e s t io n  fo r  t h e  o n e ^ q b i t  s e n s i t iv i ty  h a s  to  b e  a sk e d : T im e - d o m a in  m e a s u r e m e n ts  
o f  s p in  d e p e n d e n t  r e c o m b in a t io n  h a v e  sh o w n  to  b e  s e n s it iv e  e n o u g h  to  d e te c t  t h e  
in f lu e n c e  o f  a s  l i t t l e  a s  50 c h a rg e  c a r r ie r  p a ir s ,  e v e n  th o u g h  t h e  e x p e r im e n t  w a s  
c a r r ie d  o u t  in  t h e  p re s e n c e  o f  a  s t r o n g  c o n s ta n t  p h o to c u r r e n t  o ffse t. F o r  t h e  r e a d o u t  
a s  p ro p o s e d ,  a  m e a s u r e m e n t  w i th o u t  o ffse t c o u ld  b e  m a d e  a n d  th e  d e te c t io n  w o u ld  
b e  e v e n  m o re  s e n s it iv e . A  2 eV  la s e r  p u ls e  o f  I n s  le n g th  a n d  3 .2 n W  in te n s i ty  p ro d u c e s  
10 e le c t r o n - h o le  p a i r s  if  t h e  in te r n a l  q u a n tu m  e ffic ien cy  is a s s u m e d  t o  b e  100% . T h e  
d e te c t io n  o f  th e s e  10 c h a rg e  c a r r ie r  p a i r s  w o u ld  re q u ir e  a  p A - c u r r e n t  m e a s u r e m e n t  
o n  a  m ic ro s e c o n d  sc a le  w h ic h  d o e s  n o t  p o s e  a  p r o b le m  -  h o w e v e r, w h e th e r  t h e  10% 
d if fe re n c e  b e tw e e n  t h e  tw o  r e a d o u t  r e s u l ts  c a u s e d  b y  t h e  o n e  r e c o m b in a t io n  c e n te r
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a r e  d e te c ta b le  c a n  o n ly  b e  p ro v e n  w h e n  a n  im p le m e n ta t io n  o f  t h e  p r o p o s e d  s e tu p  is 
a v a ila b le .

5 Sum m ary
T h e  d e m o n s t r a t io n  t h a t  c o h e re n t  s p in  s t a t e s  o f  e le c tro n s  a n d  h o le s  t r a p p e d  in  C E  
a n d  d b  s t a t e s  c a n  g o v e rn  th e i r  r e c o m b in a t io n  r a t e  h a s  m o t iv a te d  t h e  id e a  o f  a  r e a d o u t  
m e c h a n is m  fo r  31P  q b i t s  in  c -S i. A  c o n c e p t ,  b a s e d  o n  a  s e q u e n c e  o f  e x c h a n g e  g a t in g ,  
l ig h t  p u ls e  a n d  p h o to c u r r e n t  m e a s u r e m e n ts  w a s  p ro p o s e d ,  v a r io u s  im p le m e n ta t io n s  
s u g g e s te d  a n d  p o s s ib le  l im i ta t io n s  a n d  d ra w b a c k s  d is c u s se d .
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