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��������.  

V e rtic a l c ro ss -b a r d e v ic e s  b a se d  o n  m a n g a n ite  a n d  co b a lt in je c tin g  e le c tro d e s  a n d  m e ta l-

q u in o lin e  m o le c u la r  t ra n sp o rt la ye r  a re  k n o w n  to  m an ife s t b o th  m a g n e to re s is ta n c e  a n d  e le c tr ic a l  

b is ta b ility . T h e  tw o  e ffe c ts  a re  s tro n g ly  in te rw o v en , in sp ir in g  n e w  d e v ic e  a p p lic a tio n s  su c h  a s  

e le c tr ic a l c o n tro l o f  th e  m a g n e to re s is ta n c e  a n d  m a g n e tic  m o d u la tio n  o f  b is ta b ility . T o  in v e s tig a te  

th e  fu ll  d e v ic e  fu n c tio n a l ity , w e  f irs t  id e n tify  th e  m e c h a n ism  re sp o n s ib le  fo r  e le c tr ic a l sw itc h in g  

b y  a sso c ia tin g  th e  e le c tr ic a l c o n d u c tiv ity  a n d  th e  im p e d a n c e  b e h a v io r  w ith  c h e m ic a l s ta te s  o f  

b u rie d  la ye rs  o b ta in e d  b y  in  o p e ra n d o  p h o to e le c tro n  sp e c tro sc o p y . T h e se  m e a su re m e n ts  re v e a le d  

th a t a  s ig n if ic a n t fra c tio n  o f  o x yg e n  io n s  m ig ra te s  u n d e r v o lta g e  a p p lic a tio n , re su ltin g  in  a  

m o d ific a tio n  o f  th e  e le c tro n ic  p ro p e rtie s  o f  th e  o rg a n ic  m a te ria l a n d  o f  th e  o x id a tio n  s ta te  o f  th e  
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h ys te re s is  a n d  th e ir  e le c tr ic a l re s is ta n c e  is  d e p e n d e n t o n  th e  in te n s ity  a n d  p o la rity  o f  a  p re -

a p p lie d  “ w ritin g ”  v o lta g e  p u lse ; th e  re s is ta n c e  c h an g e  is  n o n -v o la tile , i .e  it  p e rs is ts  a f te r  th e  

v o lta g e  p u lse  h a s  e n d e d . 
1
 R e c e n t e x p e rim e n ts  in d ic a te  th a t, in  d e v ic e s  in v o lv in g  sp in  p o la rise d  

in je c to rs  a n d  m e ta l-q u in o lin e  tra n sp o rt la ye rs ,  in  a d d itio n  to  R S , m a g n e to re s is ta n c e  (M R ) 

o c c u rs .
3 -6

 In te re s tin g ly  th e  tw o  p h e n o m e n a  a re  s tro n g ly  c o rre la te d : M R  c a n  b e  tu rn e d  “ o n ”  a n d  

“ o ff”  a s  w e ll a s  sm o o th ly  tu n e d  b e tw e e n  a  n u m b e r  o f n o n -v o la tile  s ta te s  d e p e n d in g  o n  th e  d e v ic e  

re s is tiv e  s ta te  o b ta in in g  a  fu ll  e le c tr ic a l c o n tro l o f  M R .
3 , 4

 T h is  ‘m u ltifu n c tio n a lity ’  is  ta n ta liz in g  

fo r  th e  d e v e lo p m e n t  o f  n e w  d e v ic e s ,
7 , 8

 w ith  p o te n tia l a p p lic a tio n s  in  m u ltib it  n o n v o la tile  d a ta  
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th e  o rg a n ic  la ye r,
1 9

 th e  la tte r  is  e x p la in e d  b y  th e  fo rm a tio n  o f  lo c a lly  h ig h ly  c o n d u c tiv e  c h a n n e ls  

(f ila m e n ts )  a n d  is  re la te d   to  re d o x  e ffe c ts .
2 0 , 2 1

  

In  su c h  a  c o m p le x  sc e n a rio , th e  c o rre la tio n  o f  e le c tr ic a l b is ta b ility  w ith  M R  h a s  o b v io u sly  

c re a te d  e x p e c ta tio n s  fo r  a n  a d d itio n a l w a y  o f  in v e s tig a tin g  th e  tra n sp o rt  b e h a v io r, b o th  fo r  sp in  

a n d  c h a rg e  p ro p e rtie s . T w o  h yp o th e se s  w e re  c o n s id e re d  in  lite ra tu re  to  a c c o u n t fo r  b o th  e ffe c ts , 

n o n e  o f  th e m  p ro v e n  e x p e rim e n ta lly .  In  o n e  c a s e  it  is  sp e c u la te d  th a t M R  o rig in a te s  fro m  sp in -

d e p e n d e n t e le c tro n  tu n n e lin g  in to   h ig h ly  c o n d u c t iv e  f ila m e n ta ry  p a th s .
2 2

 A lte rn a tiv e ly , a  tu n n e l 

b a rrie r  h a s  b e e n  su g g e s te d  to  fo rm  
5
 a t  th e  F M /o rg a n ic  in te r fa c e , w ith  th e  b a rrie r  b e in g  re v e rs ib ly  
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e le c tro d e  ( in se t o f  �������) . A n  A lO x  tu n n e l b a r rie r  (2 n m  th ic k ) w a s  d e p o s ite d  b e tw e e n  th e  G a q 3  

a n d  C o  la ye rs  to  m in im iz e  th e  p e n e tra tio n  o f  C o  a to m s  in to  th e  o rg a n ic  la ye r. 
2 3 -2 5

 G a q 3  w a s  

c o n s id e re d  in s te a d  o f  th e  w e ll k n o w n  A lq 3  
2 6

 b e c a u s e  it  p ro v id e s  s im ila r  m a g n e to e le c tr ic  

b e h a v io r, b u t it  a llo w s  to  d e c o u p le  th e  sp e c tro sc o p ic  s ig n a l o rig in a tin g  f ro m  th e  A lO x  b a r r ie r  a n d  

fro m  th e  o rg a n ic  la ye r. S a m p le s  w e re  p re p a re d  ex-situ u s in g  C h a n n e l S p a rk  a b la tio n  d e p o s itio n  

fo r  L S M O ,
2 7

 th e rm a l e v a p o ra tio n  fo r  G a q 3  a n d  A l a n d  e le c tro n  b e a m  e v a p o ra tio n  fo r  C o  la ye r. 

A lO x  w a s  o b ta in e d  b y  e x p o s in g  th e  A l la ye r to  a  p a rtia l p re ssu re  o f  O 2 .  T ra n sm iss io n  e le c tro n  
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7  n m ) a llo w e d  u s  to  in v e s tig a te  d e e p  re g io n s  w ith in  a  w o rk in g  d e v ic e  a n d  to  s tu d y  th e  e ffe c ts  o f  

th e  re s is tiv e  sw itc h in g  o n  th e  to p  e le c tro d e , th e  u n d e rly in g  o rg a n ic  la ye r a n d  th e  in te r fa c e s  w ith  

th e  b a rrie r  la ye r. D e v ic e s  p re se n te d  a  re te n tio n  tim e  
7
 th a t g re a tly  su rp a ss e d  th e  H A X P E S  a n d  

X A S   m e a su re m e n t tim e sc a le , e n su rin g  th a t th e  o b se rv e d  sp e c tro sc o p ic  s ig n a tu re s  a re  

u n a m b ig u o u s ly  a sso c ia te d  w ith  sp e c if ic  re s is ta n c e  s ta te s . X A S  m e a su re m e n ts  w e re  p e rfo rm e d  

a c ro ss  th e  C o  L 2 ,3 , O -K  a n d  C -K  a b so rp tio n  e d g e s  a t th e  B E A R  b e a m lin e  (E le ttra -T rie s te ) . 
3 0

 

S p e c tra  a re  a c q u ire d  in  to ta l e le c tro n  y ie ld  m o d e , b y  m e a su rin g  th e  sa m p le  d ra in  c u rre n t, a n d  

th e y  a re  n o rm a liz e d  to  th e  b e a m  flu x  b y  u s in g  a  c le a n  g o ld  sa m p le  a s  re fe re n c e . H A X P E S  
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������	 �� sh o w s  th e  ty p ic a l  h ys te re tic  b e h a v io r o f  th e  c u rre n t-v o lta g e  c h a ra c te ris tic , w h ic h  

d e p e n d s  o n  th e  p o la rity  o f  th e  a p p lie d  v o lta g e
4
 (w ith  re sp e c t to  th e  g ro u n d e d  C o  to p  e le c tro d e ).  

In itia lly , d e v ic e s  a re  in  a  lo w  re s is ta n c e  s ta te  (R IR S (0 .1 V )~  2 5  K�)  th a t w e  c a ll  IR S ; th e  I-V  

c h a ra c te ris tic  is  m a rk e d  a s  (1 ) .  F ro m  th e  IR S , th e  d e v ic e  c a n  b e  se t to  a  h ig h  re s is ta n c e  s ta te  

(H R S ) b y  th e  a p p lic a tio n  o f  a  su f fic ie n tly  n e g a tiv e  v o lta g e . In  F ig u re  1 a  th e  d e v ic e  in  th e  H R S  

re a c h e s  h ig h e r  R H R S∼1 M � a t  0 .1  V  a n d  is  m a rk e d  a s  (2 ) . T h is  s ta te  is  n o n -v o la tile  a n d  in  o rd e r 

to  se t th e  d e v ic e  to  a  lo w -re s is ta n c e -s ta te  (L R S  m ark e d  a s  (3 )  w ith  R L R S (0 .1 V ) ∼5  k� a t  0 .1  V )  
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������	 �	  a )  I– V  c u rv e s  o f  L S M O / G a q 3 /A lO x /C o  u ltra  th in  d e v ic e  a t R T  d isp la y in g  th e  

b is ta b ility  e ffe c t. In se t s h o w s  th e  d e v ic e  s tru c tu re  (  b )  N e g a tiv e  m a g n e to re s is tiv e  re sp o n s e  fo r  

tw o  d iffe re n t re s is tiv e  s ta te s  m e a su re d  a t 1 0 0 K : L R S  (R = 5 k�, M R  8 % ) a n d  H R S  (R = 1 2 5 k�, 

M R  2 % ) m e a su re d  a t V b ia s= -0 .1 V .  

 

T o  g a in  in s ig h t in to  th e  d iffe re n c e  in  tra n sp o rt b e tw e e n  d if fe re n t re s is tiv e  s ta te s , w e  c a r rie d  o u t 

im p e d a n c e  sp e c tro sc o p y  (V A C = 0 .0 1 V  V D C = -0 .1 V ) . T h e  im p e d a n c e  w a s  m o d e le d  a s  a  p a ra lle l R C  

lo o p  w ith  a  se rie s  re s is ta n c e , R S  (������	��) .  

 

������	 � (a ) Im p e d a n c e  sp e c tra  o f  tw o  d iffe re n t re s is tiv e  s ta te s . T h e  lin e  is  th e  f it  to  th e  

e q u iv a le n t c irc u it o f  a  R



 9

 

In  e a c h  im p e d a n c e  sp e c tru m , th e  im p e d a n c e  m a g n itu d e  sh o w e d  a  p la te a u  a t  lo w  fre q u e n c ie s  a n d  

d e c re a se d  a b o v e  a  c u t o ff  fre q u e n c y . T yp ic a lly , fo r tw o  d iffe re n t re s is tiv e  s ta te s  a n  a lm o s t 

id e n tic a l c a p a c ita n c e  o f  C =  2 .3 6  1 0
-9

F  w a s  fo u n d . T h is  v a lu e  is  in  a g re e m e n t w ith  th e  

g e o m e tric a l v a lu e  c a lc u la te d  u s in g  a  re la tiv e  p e rm ittiv ity  o f  Ɛr=  4  a s  e x p e c te d  fo r  a  m e ta l  

q u in o lin e  la ye r,
4 0

 in d ic a tin g  th a t th e  R S  w a s  n o t c a u se d  b y  a n  e x tra n e o u s  c a p a c itiv e  m e c h a n ism  

a t th e  e le c tro d e /o rg a n ic  la ye r in te r fa c e  a n d  c a n  th e re fo re  n o t b e  re sp o n s ib le  fo r  th e  c o n d u c tiv ity  

o f  th e  in d iv id u a l d e v ic e  s ta te s . T h e  se rie s  re s is tan c e  w a s  v e ry  lo w  fo r b o th  s ta te s  (R s  ∼1 K�)  a n d  

w a s  a ttr ib u te d  to  th e  e le c tro d e s  w h ils t th e  p a ra lle l re s is ta n c e  v a rie d  d u rin g  th e  tra n s itio n  in  



 1 0

d e sc rib e s  c o n d u c tio n  in  o rg a n ic  se m ic o n d u c to rs  a s  re p o rte d  in  n u m e ro u s  fu n d a m e n ta ls  s tu d ie s .
4 6

 

4 7 , 4 8
  M o s t w o rk s  w e re  b a se d  o n  th ic k  o rg a n ic  f ilm s  a n d  in v o lv e d  a  h ig h  n u m b e r o f  h o p p in g  

e v e n ts . A t th e  o p p o s ite  e n d , fo r  v e ry  th in  f ilm , d ire c t tu n n e lin g  is  c o n s id e re d  a s  th e  d o m in a n t  

m o d e  o f tra n sp o rt. S in c e  o u r d e v ic e s  a re  m a d e  o f o rg a n ic  f ilm s  o f  in te rm e d ia te  th ic k n e ss , th e  

a p p ro a c h  o f  X u  et a
4 9

, w h ic h  fo c u ss e s  o n  t ra n sp o r t th ro u g h  a  sm a ll n u m b er  o f  h o p p in g  e v e n ts ,  is  

b e s t su ite d  to  d e sc rib e  o u r re su lts  (s e e  S I1 ). H o p p in g  in v o lv in g  u p  to  th re e  lo c a liz e d  s ta te s  f its  

th e  e x p e rim e n ta l d a ta  w e ll a s  sh o w n  b y  c o n tin u o u s  lin e  in  f ig u re  2 b ,c .  H o p p in g  d is ta n c e s  o f  o n ly  

a  fe w  n a n o m e tre s  a re  th e n  e s tim a te d , in d ic a tin g  th a t a  th in n in g  o f  th e  la ye rs ’  th ic k n e ss  w ith  



 1 1

 

 

������	 � (a )  C ro ss  se c tio n a l T E M  im a g e  o f a  typ ic a l d e v ic e  w ith  th e  la ye r c o m p o s itio n s  

in d ic a te d . F o u rie r  tra n s fo rm s  ( in se t)  o f  th e  re g io n s  la b e le d  ( i)  a n d  ( ii)  in d ic a te  th a t th e  C o  la ye r is  

p o lyc rys ta llin e  a n d  th e  L S M O  a n d  S T O  h a v e  a  c le a r  ep ita x ia l re la tio n sh ip . (b )E le c tro n  e n e rg y  

lo ss  sp e c tro sc o p ic  a n a ly s is  o f  a  typ ic a l d e v ic e :  D a rk  f ie ld  S T E M  im ag e  w ith  m a jo r la ye rs  

la b e le d . H e a v ie r  e le m e n ts  a p p e a r  d a rk e s t a n d  th e  re g io n  u se d  fo r  E E L S  a n a lys is  is  in d ic a te d . (c )  

C o m p o s itio n  m a p s  sh o w in g  th e  d is tr ib u tio n  o f  e le m e n ts  w ith in  th e  a n a lys e d  re g io n , e a c h  p a n e l  

in d ic a tin g  th e  re la tiv e  s tre n g th  o f  b a c k g ro u n d -su b tra c te d  E E L S  s ig n a l. T h e  f in a l p a n e l is  a  re d -

g re e n -b lu e  c o m p o s ite  o f  th e  C o , O  a n d  N  s ig n a ls .  
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In  o p e ra n d o  X -ra y  P h o to e le c tro n  S p e c tro s c o p y (H A X P E S ) a n d  X -ra y  A b so rp tio n  S p e c tro sc o p y  

(X A S ) p ro v id e  a  s tra ig h tfo rw a rd  e v id e n c e  o f   p ro c e sse s  se ttin g  b is ta b ility .  X A S  sp e c tra  o f  th e  

C o  L 2 ,3  th re sh o ld s  a re  p re se n te d  in  ������	!�  a n d  d o  n o t re v e a l s ig n if ic a n t d iffe re n c e s  b e tw e e n  

th e  H R S  a n d  L R S . B o th  sp e c tra  a re  c h a ra c te ris tic  o f p re d o m in a n tly  m e ta llic  c o b a lt a n d  la c k  

p ro n o u n c e d  sa te llite  fe a tu re s  th a t w o u ld  in d ic a te  su b s ta n tia l c lu s te r  fo rm a tio n  
5 1

 o r  c o m p le te  

o x id a tio n  
5 2

, a lth o u g h  a  w e a k  sh o u ld e r is  p re s e n t o n  th e  h ig h -en e rg y  s id e  o f  b o th  p e a k s  th a t 

su g g e s ts  th e  fo rm a tio n  o f  a  th in  o x id e  la ye r, in  a g re e m e n t w ith  th e  E E L S  d a ta  (S I2 ).  

 

������	 !(a )	



 1 3

T h e  in te rp re ta tio n  o f  O  K -e d g e  sp e c tra , sh o w n  in  ������	 !�, is  m o re  c o m p le x  b e c a u se  

c o n trib u tio n s  a rise  fro m  b o th  A lO x  a n d  G a q 3  la ye rs  b u t a n  im p o rta n t re su lt is  th a t th e re  a re  c le a r  

c h a n g e s  b e tw e e n  th e  H R S  a n d  L R S . T h e  sp e c tra  a re  d o m in a te d  b y  a  b ro a d  p e a k  c e n te re d  a t 

E= 5 4 6  e V  (la b e le d  ‘C ’)  a n d  th e re  a re  tw o  sa te llite s , a t E=  5 3 9 .8  e V  (‘B ’)  a n d  E=  5 3 7  e V  (‘A ’).  

P re v io u s  s tu d ie s  o f  a m o rp h o u s  A lO x  la ye rs  
5 4

 a n d  G a q 3  
5 5 , 5 6

 a llo w  fe a tu re  A  to  b e  a ttr ib u te d  to  

A lO x  (se e  S I3 ). R e c e n t p a p e r 
5 7

 o n  A lO x  b a se d  R S  d e v ic e s  u se s  th e  sh a rp n e ss  o f  th is  sa te llite  

p e a k  a s  a n  in d ic a to r  o f  th e  p re se n c e  o f  o x yg e n  v a c an c ie s . In d e e d , it  h a s  b e e n  n o te d  e lse w h e re  

th a t A lO x
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h ig h e r ( lo w e r)  o x id a tio n  s ta te ,
6 1

 in d ic a tin g  th a t in  th e  H R S  th e  A l e x p e rie n c e s  in c re a se d  

o x yg e n a tio n  a n d  a  s lig h tly  m o re  in h o m o g e n e o u s  c h e m ic a l e n v iro n m e n t. T h e  in c re a se  o f  

o x yg e n a tio n  in  H R S  is  co n firm e d  b y  th e  re la tiv e  p e rc e n ta g e  o f  th e  p e a k  a sso c ia te d  to  th e  A lO x  

w ith  re sp e c t to  th e  to ta l a re a  th a t is  7 8 %  w h ile  in   L R S  is  7 4 % . (S e e  ���#�	�)   

 

���	� A l 1 s  a ss ig n m e n ts  fo r  A lO x   a n d  m e ta llic  A l  a n d   th e  re la tiv e  c o n trib u tio n  to  th e  to ta l 

p e a k  a re a  in  th e  th re e  re s is tiv e  s ta te s . E a c h  c o n trib u tio n  is  f it te d  b y  u s in g   a  G u a ss ia n  lin e  sh a p e .  

	

B o th  O  K -e d g e  a n d  A l1 s  a n a lys is  in d ic a te  a  d iffe re n c e  in  th e  A l o x id a tio n  s ta te  b e tw e e n  th e  L R S  

a n d  H R S . W e  p ro p o se  th a t th e  H R S , se t b y  th e  a p p lica tio n  o f  a  n e g a tiv e  b ia s  to  th e  L S M O  

c o n ta c t, is  o b ta in e d  b y  tra p p in g  o f O 2
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W e  tu rn  n o w  to  th e  o rg a n ic  m o le c u le .  It  is  w e ll e s ta b lish e d  fro m  th e o re tic a l c a lc u la tio n s  
6 2 , 6 3

 th a t 

in  m e ta l q u in o lin e  c o m p le x e s  th e  h ig h e s t o c c u p ie d  m o le c u la r  o rb ita l (H O M O ) is  lo c a te d  o n  th e  

p h e n o x id e s id e  o f  th e  q u in o lin o l lig a n d s , w h e re a s  th e  lo w e s t u n o c c u p ie d  m o le c u la r  o rb ita l 

(L U M O ) is  fo u n d  o n  th e  p y rid y l s id e ;  th e  c e n tra l m e ta l io n  (G a ) c o n trib u te s  n e g lig ib ly  to  th e  

d e n s ity  o f  s ta te s  (D O S ). T h u s , i t  m a y  b e   e x p e c te d  th a t a n y  p o ss ib le  v a ria tio n s  to  th e  e le c tro n ic  

c o n fig u ra tio n  o f  th e  m o le c u le  d u rin g  R S  a re  m o st lik e ly  to  p ro d u c e  a  s iz e a b le  e ffe c t o n   th e  N 1 s 

o r  C 1 s  H A X P E S  sp e c tra . T h e  C 1 s  c o re  le v e ls  H A X P E S  sp e c tra  fo r  IR S , H R S  a n d  L R S  a re  

sh o w n  in  ������	"�.  

 

������	 "
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L R S . L in e s  re p re se n t th e  th re e  c o m p o n e n ts  a n d  re d  lin e s  th e  c u rv e  f it . In se t:  H A X P E S  N 1 s  

sp e c tra  fo r  IR S  a n d  H R S  

 

T h e y  re su lts  fro m  th re e  m a in  c o m p o n e n ts  c o rre sp o n d in g  to  th re e  b o n d in g  e n v iro n m e n ts  fo r  

c a rb o n  in  th e  s tru c tu re  o f  th e  8 -q u in o lin o l lig a n d  (C – C  b o n d s , C – H  b o n d s , a n d  C – X  b o n d s  w h e re  

X  s ta n d s  fo r  o x yg e n  o r n itro g e n ) a n d  it  is  c o n s is ten t w ith  p re v io u s  in v e s tig a tio n s  
2 5

 o f  s im ila r  

sa m p le s . D u rin g  th e  f itt in g  p ro c e ss , th e  a re a  ra tio  fo r  th e  C – C , C – H , a n d  C – X  c o m p o n e n ts  w a s  

k e p t 1 :3 :5 , in  a g re e m e n t w ith  th e ir  ra tio s  in  th e  co m p le x . T h e  b in d in g  e n e rg ie s  o f  a ll  th re e  

c o m p o n e n ts  d o  n o t c h a n g e  b e tw e e n  th e  IR S  a n d  th e  L R S  b u t in  th e  H R S  in c re a s e  b y  0 .2 5  e V , 

w h ic h  is  g e n e ra lly  a  s ig n a tu re  o f  a n  o x id a tio n  p ro ce ss  ( i .e . re m o v a l o f  e le c tro n ic  c h a rg e ). 
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a n d  fe a tu re  m o re  s tru c tu re d  c o n trib u tio n s  w ith  re sp e c t to  e x p e rim e n ta l d a ta , in d ic a tin g  th a t 

e x tr in s ic  b ro a d e n in g  d u e  to  c o m p le x  m o le c u la r  c o n fig u ra tio n  is  e x p e c te d  to  d o m in a te  in  d e v ic e s .  

B y  a  q u a lita tiv e  c o m p a r iso n  o f  th e  m e a su re d  a n d  c a lc u la te d   sp e c tra  in  n e u tra l a n d  p o s itiv e ly  

c h a rg e d  s ta te s , th e  n a rro w e r e x p e rim e n ta l l in e sh a p e  o f  th e  b ro a d  fe a tu re  c e n te re d  a t 2 8 9  e V  in  

H R S  in d ic a te s  a  p a rtia l p re se n c e  o f  a  G a q 3  c a tio n s .  

 

������	% (a )  X -ra y  a b so rp tio n  sp e c tra  m e a su re d  a c ro ss  th e  C  K  a b so rp tio n  e d g e . (b )C a lc u la te d  C  

K  e d g e  a b so rp tio n  sp e c tra  fo r  n e u tra l G a q 3  m o le c u le  a n d  fo r  G a q 3  c a tio n  o b ta in e d  b y  a  re m o v a l  

o f  a n  e le c tro n ic  c h a rg e . 

 

C o n s id e rin g  th e  O x yg e n  d rif t  in  a n d  o u t th e  b a rrie r ,  th e  re v e rs ib le  g e n e ra tio n  o f  p o s itiv e ly  

c h a rg e d  s ta te s  in  G a q
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th e  e le c tro n ic  c h a rg e  w ith in  th e  c o m p lex  y ie ld s  th en  a  n e g a tiv e ly  c h a rg e d  o x yg e n  m o le c u le  a n d  a  

h o le  o n  th e  q u in o lin e  lig a n d . 
6 8

 

T h e  p o s itiv e  c h a rg in g  o f  th e  o rg a n ic  m o le c u le s , m o d ify in g  th e ir  e le c tro n ic  s tru c tu re ,
6 9 , 7 0

 re su lts  

in  a  h ig h e r lo c a liz a tio n  o f  e le c tro n s  in  th e  H O M O  w ith  re sp e c t  to  th e  n e u tra l a n d  n e g a tiv e ly  

c h a rg e d  q u in o lin e  m o le c u le . T h is  lo c a liz a tio n  o f  th e  H O M O  w o u ld  b e  u n fa v o ra b le  fo r  e le c tro n  

h o p p in g  to  a  n e ig h b o rin g  m o le c u le  a n d  th u s  u n fa v o rab le  fo r  e le c tro n  tra n sp o rt, a s  e x p e c te d  fo r  

H R S .
6 9

 W e  s tre ss  th a t X A S  a n d  H A X P E S  sp e c tro sc o p ic  in v e s tig a tio n s  a v e ra g e  a ll  o v e r th e  

sa m p le  p ro b in g  v o lu m e  a n d  th u s   c h a n g e s  o f  th e  e le c tro n ic  c o n fig u ra tio n  o f  o rg a n ic  la ye r a re  n o t  

re s tr ic te d  to  lo c a l c o n d u c tio n  p a th s  a s  e x p e c te d  in  f ila m e n ta ry  c o n d u c tio n  p ro c e ss  b u t in v o lv e s  
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A n  im p o rta n t is su e  to  ta k e  in to  a c c o u n t is  th e  v o lta g e  re g im e  a t w h ic h  b is ta b ility  a n d  M R  a re  

fo u n d . W h ile  b is ta b ility  is  se t b y  a p p ly in g  fe w  V  to  o u r d e v ic e , M R  is  d e te c ta b le  o n ly  a t sm a ll 

v o lta g e s  (w e ll b e lo w  1  V ) w h ic h  a re  lo w e r th a n  in te rfa c ia l e le c tro n ic  b a rrie rs  fo r  th e  c h a rg e  

in je c tio n  in to  H O M O  o r L U M O  le v e l.
7 1

 S u c h  p e c u lia r  M R  v o lta g e  d e p e n d e n c e  to g e th e r w ith  th e  

a b se n c e  o f  H a n le  e ffe c t 
7 2

 ex p e c te d  in  c a se  o f  H O M O -L U M O  tra n sp o rt, p u sh e d  se v e ra l a u th o rs  

1 2 , 3 6
 to  p ro p o se  a  q u a lita tiv e ly  d iffe re n t p ic tu re  to  d esc rib e  sp in  tra n sp o rt in  th e  O S V s  b a se d  o n  

th e  p re se n c e  o f  in tra g a p  lo c a liz e d  le v e ls .  

 

 

 

������	 & S c h e m a tic  re p re se n ta tio n  o f  R S : H R S  (le ft)  a n d  L R S  (r ig h t) . H R S  is  se t b y  th e  
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th e  o rg a n ic  m o le c u le s . S w itc h in g  to  th e  L R S , o x y g e n  m ig ra te s  to w a rd s  th e  L S M O  la ye r to  le a v e  

a  d e fe c tiv e  A lO x  b a rr ie r  a n d  re s to re  th e  n e u tra lity  o f  th e  G a q 3  m o le c u le .  

In  o u r c a s e , th e  M R  in te n s ity  d e p e n d s  o n  th e  sp e c ific  re s is tiv e  s ta te  in  w h ich  th e  d e v ic e  is  p u t: o n  

th e  b a s is  o f  re su lts  a b o v e , M R  is  a b se n t w h e n  a  m o re  e ff ic ie n t in su la tin g  A lO x  b a rr ie r  is  se t a n d  

G a q 3  c a tio n s  a re  fo rm e d , w h ile  M R  h a s  its  m a x im u m  v a lu e  in  c a se  o f  d e fe c tiv e  A lO x  b a r r ie r  a n d  

a fte r  o x yg e n  io n s  m ig ra t io n  in to  th e  o rg a n ic  la ye r a n d  th e  fo rm a tio n  o f  c o m p le x e s . W e  e x p e c t 

th e n  th a t A lO x  d e fe c tiv e  b a rrie r  
7 3

 w ill  g e n e ra te  a  n u m b e r o f  lo c a liz e d  s ta te s  a b le  to  p ro m o te  th e  
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sw itc h in g  a n d  m a g n e tic  c h a ra c te ris tic s  u n iq u e ly  to  o x yg e n  v a ria tio n s  in  th e  L S M O  e le c tro d e . 
8 0

 

O u r se t o f  d a ta  d o  n o t a c c e ss  th e  in te r fa c ia l L S M O  la ye r in  re a so n  o f th e  lim ite d  e le c tro n  e s c a p e  

d e p th  fo r  H a rd  X -R a y  p h o to e m iss io n , p ro v id in g  lit t le  a c c e ss  to  th e  d e e p  b u rie d  in te r fa c e  w ith  

L S M O  la ye r. N e v e rth e le ss , o u r d a ta  p ro v id e  a  c o m p lem e n ta ry   in te rp re ta tio n  o f  th e  m e c h a n ism , 

in d ic a tin g  s ig n if ic a n t m o d ific a tio n s  o f  th e  s to ic h io m e try  o f  th e  a lu m in u m  o x id e  b a rrie r  a n d  

su b s ta n tia l o x yg e n  d iffu s io n  in s id e  th e  o rg a n ic  la ye r, b o th  fa c to rs  c o n tro llin g  th e  d e v ic e  

re s is ta n c e .  

 

!�	�������
���	

In  su m m a ry , w e  h a v e  d e m o n s tra te d  th a t  re s is t iv e  sw itc h in g  e ffe c t in  L S M O /G a q 3 /A lO x /C o  
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S I2 :D e ta ils  o f  E E L S  a n a lys is  

S I3 : S u p p o rtin g  d a ta  fo r  O  K e d g e  X A S  in te rp re ta t io n : 

.  

A U T H O R  IN F O R M A T IO N  

C o rre sp o n d in g  A u th o r  

* P h o n e :+ 3 9  0 5 1 6 3 9 8 5 0 9  F a x :+ 3 9  0 5 1 6 3 9 8 5 4 0  m a il:  i la ria .b e rg e n ti@ c n r.it  

A u th o r C o n trib u tio n s  

T h e  m a n u sc rip t w a s  w ritte n  th ro u g h  c o n trib u tio n s  o f a ll  a u th o rs . A ll a u th o rs  h a v e  g iv e n  a p p ro v a l 

to  th e  f in a l v e rs io n  o f  th e  m a n u sc rip t 

F u n d in g  S o u rc e s  

T h is  w o rk  is  fu n d e d  th ro u g h  th e  E u ro p e a n  U n io n  S e v en th  F ra m e w o rk  P ro g ra m m e  (F P 7 /2 0 0 7 -

2 0 1 3 ) u n d e r  g ra n t a g re e m e n t G A  N o . 2 6 3 1 0 4  a n d  C O S T  a c tio n  1 5 1 2 8 . W e  th a n k  S O L E IL   a n d  

E L E T T R A  s yn c h ro tro n s  fo r  p ro v is io n  o f  syn c h ro tro n  ra d ia tio n  fa c ilit ie s  a t b e a m lin e  

G A L A X IE S  (p ro p o sa l n u m b e r 2 0 1 3 0 3 2 9 ) a n d  b e a m lin e  B E A R  (p ro p o s a l n u m b e r 2 0 1 3 5 1 8 8 )  

re sp e c tiv e ly . 
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Supplementary information 
 
 

S1:Voltage dependence of the hopping conductance  
Figure S1, black dots, shows the differential conductance G as a function of the applied voltage in 

the HRS, top panel, and in the LRS, bottom panel. G is not constant, which rules out ohmic 

conduction. The amorphous nature of the Gaq3 and AlOx barriers indicated that charge transport 

could be understood in terms of the model by Xu et al. [1]. According to this model, the conductance 

G could be described by a voltage dependent expression in which each Vx represents a different 

charge transport channel: 

Ga(V)= G0+G4/3× V4/3+G5/2×V5/2 

where G0includes both direct and resonant tunneling, V4/3 describes hopping across two impurity 

states in the amorphous insulating barrier, while V5/2 describes hopping across 3 impurity states.In 

order to explain the asymmetry of G, we also introduced a linear term in V, which represents the 

contribution of asymmetric injection barriers from the electrodes [2]  

G(V)= G0+ GLIN× V+G4/3× V4/3+G5/2×V5/2 

The red curves in Figure S1 represent the fit, which are in excellent agreement with the data for 

both resistive states. This demonstrates that the conduction mechanism is the same in both states 

and that what changes between the two is the number of sites across which hopping is possible. 

 

0

10

20

30 HRS

-0.2 -0.1 0.0 0.1 0.2
100

200

300
LRS

C
on

du
ct

an
ce

 (μ
S)

Voltage (V)  
Figure S1: Differential conductance of a device at 300 K in HRS and LRS 

S2:EELS analysis 



Electron energy loss spectroscopy was used to assess compositional variations across the devices 

and typical results are presented in Fig. S2, the upper panels of which (b) indicate the distribution of 

elements within the dotted region of Fig. S2(a). The EELS signals reveal the clear laminar structure 

and reveal in particular the oxygen band beneath the top Co electrode that is consistent with the 

presence of a continuous AlOx barrier layer. The elemental distribution as a function of depth is 

more clearly plotted in Fig. S2(c), which plots the integrated elemental counts within the upper 

panels. (Note that uneven milling during the FIB preparation has led to the thickness of the organic 

layer appearing wedge-like in the N signal.) Of particular note is the uniform oxygenation of the 

organic layer, which is implicated in the switching mechanism proposed below. Note, also, that the 

Co signal does not stop abruptly at the upper AlOx interface, but tails-off across the AlOx and into 

the organic layer. More detailed analysis of the Co L2,3 signal, shown in Fig. S2(d) and S2(e), 

indicates the trace quantities of Co within the AlOx and organic layers to be oxidized: the 

concentration of oxide is too low to give rise to a strong signal in the HAXPES results described 

below. 

 
Fig. S2. Electron energy loss spectroscopic analysis of a typical device. (a) Dark field STEM image 
with major layers labeled. Heavier elements appear darkest and the region used for EELS analysis is 
indicated. (b) Composition maps showing the distribution of elements within the analysed region, 



each panel indicating the relative strength of background-subtracted EELS signal. The final panel is 
a red-green-blue composite of the Co, O and N signals. (c) Line profiles derived from the 
composition maps, showing the distribution of elements across the device. Note that uneven FIB 
milling of the organic layer leads to the apparent wedge-shaped nitrogen profile. (d) Detail of the 
Co L2,3 EELS edges taken within the electrode and at the position of the AlOx barrier, where small 
quantities of oxidized Co are found. (e) A map of the change in the L2,3 integrated intensity ratio is 
consistent with oxidation of the intermixed Co, within the barrier region. 
 
 
S3: O Kedge XAS interpretation: 
From [3] and reference therein, O K-edge  lineshape for amorphous AlOx layers, as expected in our 

case and confirmed by TEM, is constituted by one broad peak  and at least 2 low intensity features 

far from the main peak (∆E1= 4.7 eV and ∆E2=10 eV). From the satellite energy position, we can 

associate the exact spectra position of O K-edge for AlOx by locating the  small feature at 531.3 eV 

as the peak at ∆E2. As consequence the peak ∆E1 is associated to peak A. The contribution of Gaq3 

to O K-edge consists of a main broad peak with two satellites with separation ∆E=1.5eV associated 

to transition from O1s to respectively LUMO, LUMO+1 (taken from refs [4] [5]). The relative energy 

separation between peak B and A (∆(B-A )= 2.8 eV) is larger than that associated to the Gaq3 

satellites, making thus the association of the A peak univocally to AlOx. 

 

S4: XPS Al1s  
Al 1s peak consists of three components that we associate to Al oxide (AlOx) , to elemental Al and 

to higher oxidation states for Al, as for example Al2O3 contributions [6]. Each contribution is fitted 

by using  a Guassian line shape. The following table summarizes the assignments and  the relative 

contribution to the total peak area in the three resistive states. 

 

 Assignement Energy (eV) FWHM Peak area 
IRS Al-O 1561.2 1.7 62.0 %

Al-Al 1558.6 2.5 14.5%
   

HRS Al-O 1561.3 1.8 78.0%
Al-Al 1558.6 2.0 5.5%

   
LRS Al-O 1561.1 1.6 74.0%

Al-Al 1558.6 3.1 8.1%
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