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Wc m easured m agnctoconductancc (M C) response in a num ber o f unipolar and bipolar organic diodes 
based on ir-conjugatcd polym ers and small molcculcs at fields |/?| <  100 m T and various bias voltages 
and tem peratures. Sim ilar to m agncto-clcctrolum incsccncc, the MC(/?) response in bipolar diodes shows a 
sign reversal at ultrasm all |/?| <  1-2 mT due to interplay o f hyperfine and Zeem an interactions in 
oppositc-chargc polaron pairs. Surprisingly, sim ilar M C(/?) response was also m easured in unipolar 
dcviccs, indicating the cxistcncc of likc-chargc polaron pairs, however, with a d e a r  diffcrcncc betw een the 
hyperfine interaction constants o f clcctron polaron and hole polaron.
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O rg an ic  m a g n c to c o n d u c ta n c c  (M C ), n am ely , th e  ch an g e  
in th e  o rg an ic  d io d e  e le c tr ic a l c o n d u c ta n c e  u n d e r  th e  
in f lu en ce  o f  an  e x te rn a l m ag n e tic  fie ld , B [1 -1 2 ]  is one  
a sp e c t o f  th e  b ro a d e r  re sea rch  a rea  o f  “ m ag n e tic  fie ld  
e f f e c t”  (M F E ) in  th e  o rg an ic s  [13 ], w h ich  a lso  in c lu d es  
m a g n c to -c lc c tro lu m in c sc c n c c  (M E L ) in o rg an ic  lig h t 
e m itt in g  d io d es  (O L E D s). T yp ica lly , th e  o rg an ic  M C  re ­
sp o n se  has b een  o b se rv e d  in  re la tiv e ly  lo w  fie ld s ( |f i |  <  
100 m T ) a t v arious te m p e ra tu re s , h a v in g  m ax im u m  va lue  
o f  —20%  [14]. It has b een  g e n e ra lly  a c c c p tc d  th a t th e  
o rg an ic  M F E  o rig in a te s  fro m  th e  fic ld - in d u c c d  c h a n g c  in 
th e  d y n a m ic s  o f  lo n g - liv e d  ra d ic a l sp in  p a irs  in so lu tio n s  
[13 ], o r  p o la ro n  p a irs  in  o rg an ic  so lid s  an d  d cv icc s  [9 ,10]. 
H o w e v e r v arious m o d e ls  h ave  been  p ro p o se d  fo r  e x p la in ­
in g  th e  M F E  re sp o n se  in O L E D s. M o s t o f  th e se  m o d els  
a rc  b a se d  on th e  h y p erf in e  in te ra c tio n  (H F I) b e tw een  th e  
in jc c tc d  s p in 4  c a rr ie rs  a n d  n u c lc a r  sp in s in  th e  o rg an ic  
se m ic o n d u c to r  la y e r  [5 -1 0 ] . T h e  m o s t co m m o n  m o d e l 
c o n s id e rs  th e  H F I m ix in g  o f  sp in  su b lev e ls  o f  p o la ro n  
p a irs , w h e re  sp in  s in g le t a n d  tr ip le t le v e l-m ix in g  b cco m cs 
le s s  c ffcc tiv c  a s  B  in c re a se s  [9]. R c c c n tly  [15], by  re p la c ­
in g  p ro to n s  (H ) w ith  d c u tc ro n s  (D ) in  th e  77-c o n ju g a tc d  
p o ly m e r  in tc r la y c r , w h e re  th e  D -p o ly m c r has a sm a lle r  H F I 
c o n s ta n t, it  w as d e m o n s tra te d  th a t th e  H F I in d e e d  
p lay s  a c ru c ia l ro le  in th e  M F E  o f  p o ly m e r O L E D s.

In th is  L c t tc rw c  in c lu d c in  o u r  s tu d y  a lso  v e ry  sm a ll fie lds 
( |f i |  <  1 m T ) a n d  ex te n d  o u r  M F E  m ea su re m e n ts  to  a v ari­
e ty  o f  u n ip o la r  an d  b ip o la r  o rg an ic  d cv icc s . W c sh o w  th a t 
th e  M C (f i)  re sp o n se  in  fa c t co n ta in s  a p e c u lia r  sign  rev e rsa l 
a t B  <  1 -2  m T , s im ila r  to  th a t re p o r te d  e a r lie r  in  th e  M E L  
re sp o n se  o f  a p o ly m e r O L E D  [15]. T h is  u ltra sm a ll M F E  (o r 
U S M F E ) c o m p o n e n t m an ife s ts  it s e l f  as a M C  sign  rev e rsa l 
fro m  p o s itiv e  (n eg a tiv e ) to  n eg a tiv e  (p o s itiv e ) in  b ip o la r 
(u n ip o la r)  d cv icc s , fo rm in g  a d ip  (p eak ) a t B m th a t sca lcs  
w ith  th e  h a lf-w id th  a t h a lf -m a x im u m  (H W H M ), A B , o f  
th e  n o rm a l M C (f i)  re sp o n se . W c fo u n d , h o w ev e r th a t 
th e  U S M F E  in p o ly m e rs  has d if fe re n t w id th  in  c lc c tro n -  
a n d  h o lc -u n ip o la r  p o ly m e r  d io d es , in d ic a tin g  d iffe ren t

hy p erf in e  in te ra c tio n  c o n s ta n t fo r  th e  c lc c tro n -p o la ro n  an d  
h o lc -p o la ro n  in  th e se  m a te ria ls . W c ex p la in  th e  co m p le te  
M C (f i)  re sp o n se  u s in g  a m o d e l H a m ilto n ia n  b a se d  on “ sp in  
p a ir s ” o f  lo o se ly  b o u n d  s p in 4  p o la ro n s  w ith  sm a ll cx - 
ch an g c , h a v in g  H F I w ith  sev e ra l s tro n g ly  c o u p lc d  n u c lc a r  
sp in s , w h ich  a rc  o p p o s itc -c h a rg c  fo r  b ip o la r  d cv icc s  an d  
lik c -c h a rg c  fo r  u n ip o la r  d cv icc s . T h e  in te rm ix in g  be tw een  
th e  h y p c rf in c -sp lit sp in  su b lev e ls  in c rea se s  a t very  sm a ll B 
d u e  to  lev e l c ro ss in g  a t B =  0 , th e re b y  cau s in g  a M C  sign  
rev e rsa l.

W c h av e  s tu d ie d  M C  in o rg an ic  d io d es  b a se d  on a 
v a rie ty  o f  77-c o n ju g a tc d  p o ly m e rs  a n d  sm a ll m o lccu lc  
sp acc rs . T h e  p o ly m e rs  in c lu d c : tw o  d e riv a tiv es  o f  p o ly  
(p h c n y lc n c -v in y lc n c ) (P P V ), n am ely , 2 -m c th o x y -5 - 
(2 ’-c th y lh c x y lo x y ) (M E H -P P V ), an d  th re e  iso to p e  
c n ric h c d  2 -m c th o x y -5 - (2 ’-d io c ty lo x y ) (D O O -P P V ). T h e  
la t te r  in c lu d c  H -D O O -P P V , D -D O O -P P V , a n d  C 1 3 -D O O - 
P P V  ( 13C -ca rb o n  rich ). T h e  th re e  iso to p e  rich  D O O -P P V  
p o ly m e rs  h ave  d if fe re n t s in cc  sk e le ta l p ro to n s
(n u c lc a r  sp in  I  =  1 /2 )  a rc  rc p la c c d  b y  d eu te r iu m  (I  =  1) 
in D -D O O -P P V  (cau s in g  sm a lle r  o h fiX  w h e rea s  so m e  o f  
th e  12C  n u c lc i (I  =  0 , no  H F I) a rc  rc p la c c d  by  13C  n u c lc i 
(I =  1 /2  h a v in g  su b s ta n tia l H F I), th u s in c re a s in g  th e  cf- 
fc c t o f  th e  H F I. T h e  sm a ll m o lc c u lc s  th a t w c  s tu d ied  
in c lu d c  A k j3, tc tra c c n c , p c n ta c c n c , ru b rcn c , a n d  sev e ra l 
fu llc rc n c s  [on ly  a su b se t is show n h e re  in F ig . 1]. W c 
fa b r ic a te d  o rg an ic  d io d es  fro m  a ll o f  th e se  m a te ria ls , an d  
su b se q u e n tly  m e a su re d  th e  M C  re sp o n se  w ith  h ig h -fic ld  
re so lu tio n  a t v a rio u s b ia s  v o ltag es  a n d  te m p e ra tu re s . In 
b ip o la r  d cv icc s  w c  a lso  m e a su re d  M E L (fi)  w ith  very  
s im ila r  re sp o n se  as M C (f i) . B y  sh ie ld in g  th e  m easu rin g  
a p p a ra tu s  from  th e  ea rth  m ag n e tic  fie ld  (B F — 0 .053  m T  
in U ta h ) u s in g  m u -m c ta l sh ie ld , w c  ve rified  th a t th e  
U S M F E  is n o t c a u sc d  b y  B F.

T h e  d cv icc s  u se d  w e re  5 m m 2 area  d io d es , w h e re  th e  
o rg an ic  sp acc rs  w e re  d e p o s ite d  o n to  a h o le  tra n sp o rt lay e r: 
p o ly (3 ,4 -c th y lc n c d io x y th io p h c n c )  (P E D O T )-p o ly (s ty rc n c  
su lp h o n a tc )  (P S S ). F o r  th e  b ip o la r  d cv icc s  w c  c a p p c d
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FIG. 1 (color online). M C response vs field, B in bipolar 
organic diodes based on: (a)-(c) three isotopes of DOO-PPV; 
(d ) - ( f ) MEH-PPV, PFO (MC X 3), and rubrcnc RBRN; 
(M C X 8). Panels (a) and (d) show M C(/J) for \B\ < 50 mT; 
whereas panels (b) and (e) show the normalized M C(B) m ea­
sured with high-field resolution, for |/?| <  3 m T (some MC 
responses arc shifted vertically for clarity); M C max is the satu­
ration M C value at large B. A B is the H W HM  for the normal 
M C (fl) response, as defined in (a); whereas M Cmin and Bm arc 
for the USM FE response, as defined in (b). Panels (c) and ( f ), 
respectively, sum m arize Bm vs A B for the M C (fi) responses in 
(a) and (b), and (d) and (c); the straight lines arc guides for the 
eye. Panel ( f ) also sum m arizes the USM FE response o f clcctron- 
only MEH-<? and hole-only MEH-A unipolar devices based on 
M EH-PPV [M C(/J) show n'in  Fig. 2J.

th e  b ila y e r  s tru c tu re  w ith  a tra n sp a re n t an o d e : in d iu m  tin  
o x id e  (IT O ), an d  a ca th o d e : c a lc iu m  (p ro tec ted  by a lu m i­
n u m  film ). F o r  M E H -P P V  w e  a lso  fa b r ic a te d  unipolar 
d ev ice s : the h o le -u n ip o la r  d ev ice  w as in  the fo rm  o f  IT O / 
P E D O T -P S S /M E H -P P V /A u ; w h e rea s  the e le c tro n -u n ip o la r  
d ev ice  w as A l / L i F ( ~ 2  n m ) /M E H  -  P P V /C a /A l .  T h e  o r ­
g a n ic  d io d e s  w ere  tran sfe rred  to  a c ry o s ta t th a t w as p lace d  
in  b e tw e e n  the tw o  p o le s  o f  an  e le c tro m a g n e t p ro d u c in g  
fie ld s  u p  to  ~ 3 0 0  m T . T h e  d e v ic e s  w ere  d riv en  a t  c o n s ta n t 
b ia s , V7, u sin g  a K e ith ley  2 3 6  ap p a ra tu s ; and  the cu rre n t, / ,  
w as  m easu red  w h ile  sw eep in g  B. W e d efin e  MC(B) by  th e  
re la tio n , M C  =  [1(B) -  1(0)]/1(0), so  th a t in c re a s in g  c u r­
re n t w ith  B  is in te rp re te d  as positive  M C .

F ig u re  1 (a) show s the M C (B ) re sp o n se  o f  sev era l b ip o la r 
d io d es  fo r |B | <  50  m T  a t ro o m  tem p era tu re  and  V >  VBh 
w h ere  VBI is the d ev ice  b u ilt- in  p o ten tia l a t w h ich  bo th  
positive  and  nega tive  ch arg es are in jec ted  in to  the active 
la y e r [71. F o r  |B | >  ~ 2  m T , the M C (B ) re sp o n se  is positive , 
re ach in g  a sa tu ra tio n  lev e l, M C max a t la rge  B. T h is  is the 
normal M C (f i)  re sp o n se  [1 -1 0 ]  th a t is  ch a rac te riz ed  by 
H W H M , A B  ran g in g  fro m  2.8 m T  fo r D -D O O -P P V , to  
6.2 m T  fo r  H -D O O -P P V , to  9.1 m T  fo r 13C -rich  D O O - 
P P V  [Fig. 1(c)]. T he  iso to p e -d ep e n d en t A B  (w h ere  AB  
in c rea se s  w ith  rtHn )  f ° r  th e  th ree D O O -P P V  p o ly m ers show s 
th a t th e  H F I in d eed  p lay s  a c ru c ia l ro le  in  d e te rm in in g  the

M C  re sp o n se  in  p o ly m eric  o rg an ic  d io d es , as rep o rted  in  
[ 15] fo r the E L (B ) re sp o n se . T he  U S M F E  co m p o n en t o b ­
served  ea rlie r  in  M E L (B ) [15], is a lso  d em o n s tra ted  h e re  in  
the M C (B ) re sp o n se  [Fig. 1(b)]. As c lea rly  seen , upon 
d ec reas in g  B  the M C  rev e rses  s ign , reach in g  a m in im u m  
(M C min) a t B  =  B ra, befo re  in c reas in g  ag a in  tow ard  B  =  0. 
T he U S M F E  resp o n se  co m p o n en t w as o b ta in ed  in  m o s t 
o rgan ic  d ev ice s  based  on  various p o ly m ers  and  sm a ll m o le ­
cu les ; the M C (B ) re sp o n ses  o f  th ree a d d itio n a l d ev ice s  are 
show n  in  F ig . 1 (d). W h e n  the U S M F E  resp o n se  is su m m a­
rized  by p lo ttin g  B m vs AB  [F igs. 1(c) and  1(f)], it  is 
ap p a ren t th a t B m in c rea se s  w ith  A B  (i.e ., w ith  la rg e r rtHFi)-

T h e  U S M F E  re sp o n se  is n o t lim ite d  to  b ip o la r  d ev ice s . 
In  F ig . 2 w e show  M C (B ) re sp o n se s  o f  h o le -o n ly  and  
e le c tro n -o n ly  M E H -P P V  d io d es ; s im ila r  re sp o n se s  w ere  
m e a su re d  fo r  D O O -P P V  u n ip o la r  d e v ic e s  (n o t sh o w n  
h e re ) . T he  h ig h -fie ld  M C  in  u n ip o la r  d ev ice s  is negative 
[F ig. 2 (a)] [10], an d  th u s th e  U S M F E  re sp o n se  ap p ea rs  
h e re  as n eg a tiv e -to -p o s itiv e  sig n  re v e rsa l w ith  a maximum  
a t B m ~  0 .8  m T  fo r the e le c tro n -o n ly  d ev ice , and  B m ~  
0.1 m T  fo r the h o le -o n ly  d ev ice  [F ig . 2 (b )]. Im p o rtan tly , 
A B  is  sm a lle r  in  th e  h o le -o n ly  d e v ic e  c o m p a re d  to  th a t in  
th e  e le c tro n -o n ly  d ev ice ; th is  is  c o n s is te n t w ith  smaller 
rtHFI fo r  h o le  p o la ro n  th an  fo r  e le c tro n  p o la ro n  in  M E H - 
PPV , in  a g re e m e n t w ith  r e c e n t m e a su re m e n ts  u s in g  tr a n ­
s ie n t sp in  re sp o n se  [16]. W e th e re fo re  co n c lu d e  th a t B m 
in c re a se s  w ith  A B  in  u n ip o la r  d e v ic e s  s im ila r  to  b ip o la r  
d ev ice s , and  th u s a lso  in c lu d e  the U S M F E  in  u n ip o la r 
d ev ice s  in  th e  su m m a ry  sh o w n  in  F ig . 1(f).

T h e  U S M F E  re sp o n se  d e p e n d s  o n  b o th  b ias vo ltag e  and  
te m p e ra tu re ; an  e x a m p le  is sh o w n  in  F ig . 3 fo r  D -D O O - 
PPV . A t 10 K  w e fo u n d  th a t |M C mjn| d e c re a se s  by a fa c to r  
o f  2 as the b ias  in c re a se s  fro m  3.4 to  4 .4  V, w h e rea s  B m 
do es n o t c h a n g e  m u ch . A t V =  3 .4  V  w e fo u n d  th a t 
|M C mjn| in c re a se s  as the te m p e ra tu re  in c rea se s  fro m  10 
to  30 0  K , w h e rea s  B m is n o t a ffec ted  by  the te m p e ra tu re . 
Im p o rtan tly , the d e p e n d e n c e  o f  M C mjn on  V and  T  is fo u n d  
to  fo llo w  the sam e  d e p e n d e n c ie s  as the sa tu ra tio n  value , 
M C max; th e re fo re  the ra tio , M C mjn/M C max is independent 
o n  V7 and  T  [F ig . 3 in se ts] . T h is  in d ic a te s  th a t th e  U S M F E  
c o m p o n e n t is  correlated  w ith  th e  n o rm a l M C  re sp o n se , an d  
thus is a lso  d e te rm in e d  by  the H F I. W e thus co n c lu d e  th a t 
an y  v iab le  m o d e l d e sc r ib in g  th e  n o rm a l MC(B) re sp o n se  
n e e d s  to  a lso  ex p la in  th e  U S M F E  re sp o n se  co m p o n en t.

In  the tra d it io n a l v iew  o f  o rg an ic  M C  in  O L E D  the 
in je c te d  s p in - j  c a rr ie rs  fo rm  w eak ly  b o u n d  p o la ro n  sp in  

p a irs  (o r S P ), in  e ith e r  s in g le t (S P )iS o r tr ip le t (S P )r  sp in  
c o n fig u ra tio n  th a t p re c e d e s  e le c tro lu m in e sc e n c e  e m iss io n  
b y  in tra c h a in  s in g le t ex c ito n s . A s B  in c re a se s , th e  in te r ­
m ix in g  b e tw e e n  the S P  s in g le t an d  tr ip le t sp in  c o n fig u ra ­
tio n s  d e c re a se s  d u e  to  th e  in c re a se d  Z e e m a n  c o n tr ib u tio n , 
th e reb y  a ffec tin g  th e ir  re sp e c tiv e  p o p u la tio n s ; th is  le a d s  to 
a m o n o to n o u s , M C ,W(B ) re sp o n se  [9 ,10 ]. H o w ev er, i f  the 
ex c h a n g e  in te ra c tio n  c o n s ta n t J  is  fin ite , th e n  a  n ew  
M C l c (B ) c o m p o n e n t em e rg e s  a t B ~  B LC =  J ,  w h e re  a
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B(mT)

FIG. 2 (color online). N orm alized M C(fl) response for 
(a) |fl| <  30 mT, and (b) |fl| <  2 m T o f hole- and electron- 
only unipolar diodes based on MEH-PPV, m easured at room  
tem perature and V =  3 and 20 V, respectively. The M C(fl) 
responses are shifted in (b) for clarity.

s in g le t- tr ip le t le v e l-c ro ss in g  (L C ) o c c u rs  g iv in g  rise  to 
excess sp in  in te rm ix in g  b e tw e e n  th e  s in g le t an d  tr ip le t S P  
m a n ifo ld s . T h e  M C LC(fi) c o m p o n e n t has th e re fo re  an  op­
posite  s ig n  w ith  re s p e c t to  the re g u la r  M C ,W(B ) re sp o n se , 
w h ich  re su lts  in  a s tro n g  M C (B ) m o d u la tio n  re sp o n se  a t 
B  =  B l c [13]. B y  e x p lic itly  tak in g  in to  a c c o u n t the H F I 
b e tw e e n  each  o f  the S P  c o n s titu e n ts  an d  N  ( >  1) s tro n g ly  
c o u p le d  n e ig h b o r in g  n u c le i, w e  can  ex p la in  th e  U S M F E  
c o m p o n e n t re sp o n se  a s  due  to a L C  re sp o n se  a t  B  =  0.

O u r m o d e l is b a sed  o n  the tim e  ev o lu tio n  o f  th e  S P  sp in  
su b lev e ls  in  a m ag n e tic  fie ld  [15]. F o r  b ip o la r d ev ice s  the 
S P  sp ec ie s  is  the o p p o s ite -c h a rg e  p o la ro n  pair, w h e rea s

B (mT)

FIG. 3 (color online). N orm alized M C(fl) response of a b ipo­
lar diode based on D-DOO-PPV for |fl| <  0.5 m T at (a) various 
bias voltages at T =  10 K, and (b) various tem peratures at 
V =  3.4 V; M C niax is defined in Fig. 1. The insets in (a) and 
(b), respectively, sum m arize M C nlitl/M C niax at various voltages 
at 10 K, and various tem peratures at 3.4 V.

fo r u n ip o la r d e v ic e s  i t  is the lik e -c h a rg e  77 d im e r  (i.e ., 
b ira d ic a l, o r b ip o la ro n  [6 ,10 ]). T h e  S P  sp in  H am ilto n ian , 
3 t ,  in c lu d e s  e x ch an g e  in te ra c tio n  (E X ), H F I, a n d  Z e e m a n  

te rm s: 3-C =  HZeem:m +  +  H ex; w h e re  / / h f i  =  

X -= i ' A-ij ■ lj]  is th e  H F I te rm , A  is the hy p erfin e

te n s o r  d e sc r ib in g  th e  H F I b e tw e e n  p o la ro n  ( /)  w ith  sp in  
Sj ( =  1 /2 ) ,  a n d  /V, n e ig h b o r in g  n u c le i, each  w ith  sp in  

lj,;  //zeeman =  +  S i P rB S jz *s t*le  e le c tro n ic
Z e e m a n  in te ra c tio n  co m p o n e n t; g , is  th e  g f a c to r  o f  each  
o f  the p o la ro n s  in  the S P  sp ec ie s  (fo r s im p lic ity  g t =  
g 2 =  g ) ; yci/j is the B o h r m ag n e to n ; H ex =  / S i  • S 2 is  the 
iso tro p ic  e x ch an g e  in te ra c tio n ; a n d  the a p p lie d  m ag n e tic  
fie ld  B is  a lo n g  th e  z ax is . A n  e x a m p le  o f  th e  sp in  en e rg y  
su b lev e ls  d isp e rs io n  w ith  B  u sin g  3 -f  fo r N\ =  N 2 =  1, 
a n d  n u c le a r  sp in  /  =  1 /2  (n am ely , o v e ra ll 16 e n e rg y  le v ­
e ls) is  sh o w n  in  F ig . 4 (a ) . N o te  the m u ltip le  L C s  th a t o ccu r 
a t  B  =  0; o th e r  L C s  a p p e a r  a t  la rg e r  B, b u t th o se  a re  
b e tw een  m o s tly  tr ip le t su b lev e ls , an d  thus h a rd ly  ch an g e  
the s in g le t- tr ip le t (S-T) in te rm ix in g  ra te  a n d  c o n se q u e n t 
p o p u la tio n s .

T h e  s te ad y  s ta te  S P 5 a n d  S P r  p o p u la tio n s  a re  d e te r ­
m in ed  by  th e  sp in -d e p e n d e n t g e n e ra tio n  an d  d ecay  ra te s . 
T he  e ffec tiv e  d ecay  ra te  co n s ta n t, k  is  co m p o se d  o f  d is so ­
c ia tio n  ra te  ( th a t co n tr ib u te s  to  th e  d ev ice  c u rre n t d en sity  
[17]) a n d  re c o m b in a tio n  ra te  (fo r b ip o la r  d io d e s ); these  
tw o  p ro cesse s  e lim in a te  the S P  sp ec ie s . T h e  S P  sp in  su b ­
lev e l p o p u la tio n s  a re  a lso  d e te rm in e d  by  th e  S-T  in te rm ix ­
in g  p ro v id e d  by  the H F I. A ny  c h a n g e  o f  the S-T  
in te rm ix in g  ra te , such  a s  p ro d u c e d  by  in c re a s in g  B m ay  
p e rtu rb  the o v e ra ll re la tiv e  s te ad y  s ta te  sp in  su b lev e l p o p ­
u la tio n s ; a n d  th ro u g h  th e  S P  d is so c ia tio n  m ech a n ism  it  
m ay  c o n se q u e n tly  co n tr ib u te  to  M C (f i) . T o o b ta in  s iz ab le  
M C  v a lue , k  <  o h fi-  T h e  U S M F E  re sp o n se  in  th is m o d e l 
re s u lts  fro m  the s tro n g  c o h e re n t S-T  in te rc o n v e rs io n  o f

B (mT)

FIG. 4 (color online), (a) Exam ple o f calculated energy levels 
vs B for a spin pair w ith isotropic HFI; a]/gfxB = 3a2/gfJLs = 
3 mT, J = 0. N ote the m ultiple level crossing at B =  0. 
(b) Calculated M C (fl) response for a SP w ith axially sym m etric 
HFI averaged over all magnetic field directions. The isotropic 
HFI is the sam e as in (a). The anisotropic HFI is a.. =  0. 15a,- for 
the respective SP constituent.
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n ea rly  d e g e n e ra te  lev e ls  a t B «  aHPl/g fx B, w h ere  aHPl is 
the iso tro p ic  H F I co n stan t.

T h e  re le v a n t tim e  ev o lu tio n  o f  th e  S-T  in te rm ix in g  th a t 
d e te rm in e s  the s tead y  sta te  S P s p o p u la tio n  is o b ta in e d  in  
o u r  m o d e l v ia  th e  tim e -d e p e n d e n t d e n s ity  m a trix  p(t). 
S o lv in g  fo r the e n e rg ie s  E„ and  w ave fu n c tio n s  
and  s ta rtin g  fro m  a s in g le t s ta te  w e ex p re ss  the tim e 
ev o lu tio n  o f  the s in g le t p o p u la tio n  p s (t) as [13,181

M
p s (t) =  T r[p(t)P s] =  (4 /M )  £  | P £ J 2 co s< < W . (1)

m,n= 1

w h ere  P s mn a re  the m a trix  e le m e n ts  o f  th e  s in g le t p ro je c tio n  
o p e ra to r, comn =  ( E„ -  Em)/h ,  and  M  is  the n u m b e r o f  sp in  
co n fig u ra tio n s  in c lu d e d  in  the S P  sp ec ie s  (fo r I =  1 /2 , 
M  =  2N+1). In  the a b sen ce  o f  S P  d ecay , E q . (1) c o n ta in s  
m an y  ra p id ly  o sc illa tin g  te rm s th a t d o  n o t co n tr ib u te  to the 
s in g le t s tead y  sta te  p o p u la tio n , and  tw o  im p o rta n t te rm s th a t 
do  n o t o sc illa te  in  tim e. T h e se  a re  {ps(t =  0°)) =  

12/M  +  4 Z ;II* „ | P s im 12/M ,  w h e re  th e  seco n d  
su m m a tio n  is re s tr ic te d  to  accidental degenerate levels, 
fo r  w h ich  comn(B) =  0. T h e  firs t (d iag o n a l)  term  co n tr ib u te s  
to  the “ n o rm a l”  m o n o to n o u s  M C M(B) re sp o n se , w h ereas 
the seco n d  ( “ lev e l c ro s s in g ” ) te rm  co n tr ib u te s  to M C l c (B) 
re sp o n se  th a t m o d u la te s  {p s (t =  oo)) p rim a rily  a t B  =  0, 
w h ere  the S-T  d e g e n e ra c y  is re la tiv e ly  h ig h  [see F ig . 4 ( a ) l . 
T h e  c o m b in a tio n  o f  M C M(B) and  M C l c (B ) c o m p o n e n ts  a t 
B  — 0 , in  p rin c ip le , ex p la in s  th e  U S M F E  re sp o n se  in  
o rg an ic  d ev ice s .

W h e n  the S P  sp ec ie s  d ecay s , p s (t) in  E q . (1) n eed s  be 
m u ltip lie d  by a  d ecay  f u n c t io n / ( f ) .  U n d e r  th e se  c o n d itio n s  
the s tead y  sta te  s in g le t d ecay  y ie ld , <f>s =  k fo  P s ( t) f( t)d t  
is  g iv en  by

M
<t>s (B) =  (4 /M )  X  \P L \2f(co mn) (2)

n ,m — 1

w here/(& >) =  k / “  c o s cotf(t)d t. W h e n  S P s e lim in a tio n  is 
co n tro lle d  by an  ex p o n e n tia lly  d ecay in g  fu n c tio n  f ( t )  'A 
e x p (~ k t) ,  w e h av e  f(co)  =  k2/ ( k 2 +  co2).

T h e  tr ip le t y ie ld  in  th is m o d e l is g iv en  by, <$>T(B) 
[ =  1 -  O s (B ) 1 [151. I f  the S P  s in g le t and  tr ip le t d is so c ia ­
tio n  ra te s  in to  fre e  p o la ro n s  are  eq u a l to e a c h  o th e r, th en  
th e ir  re la tiv e  co n tr ib u tio n  to  th e  d ev ice  co n d u c tiv ity  w o u ld  
n o t c h a n g e  w ith  B  in  sp ite  o f  th e ir  f ie ld -in d u ced  p o p u la tio n  
c h an g e , re s u ltin g  in  n u ll M C (B ) re sp o n se . W e a c c o u n t fo r 
the d is so c ia tio n  ra te  d if fe re n c e  by e x p re ss in g  M C (B ) as the 
w e ig h ted  av e rag e  [151:

M C  (B)
<*>s(0) +  ^ rs^ rC O )

-  1. (3)

re la tiv e  S-T  co n tr ib u tio n s  to the d e v ic e  co n d u c ta n c e  v ia 
d is so c ia tio n  in to  free  p o la ro n s .

F ig u re  4 (b ) sh o w s the c a lc u la te d  M C (B ) re sp o n se  u s in g  
E q s . ( 1)—(3) fo r  an  ax ia lly  sy m m etric  an iso tro p ic  H F I w ith  
N l = N 2 =  l ( l  =  1 /2 ;  M  =  16), w h ere  a HF1 (e lec tro n ) =  
3 a HFJ(ho le ) =  3 m T  (in  u n its  o f  g /xB), J  =  0 , S TS =  0 .96 , 
a n d  an  e x p o n e n tia l S P  d ecay  h k /a HPl(e) =  0 .0 0 1 . T he  
c a lc u la te d  M C (B ) re sp o n se  cap tu re s  b o th  the o b ta in e d  
U S M F E  re sp o n se  a t sm a ll B , as w ell as the a p p ro x im a te  
B 2/( B 02 +  B 2) sh ap e  a t  la rg e r  B, w here  B 0 ~  1 .5 a HFJ(<?) ~  
4 .5  m T . T h e  e x c e lle n t a g re e m e n t b e tw e e n  th eo ry  an d  e x ­
p e rim e n t, in c lu d in g  b o th  B m an d  U S M F E  sh ap e  an d  re la tiv e  
am p litu d e , v a lid a te s  the m o d e l u sed .

In  su m m ary , w e d e m o n s tra te  th a t th e  p e c u lia r  U S M F E  
c o m p o n e n t a t B «  aHPl/g fx B th a t w as re p o r te d  b e fo re  fo r 
M E L  in  b ip o la r  p o ly m e r O L E D  [151, is in  fa c t g en e ric  fo r 
m an y  M F E  re sp o n se s  in c lu d in g  M C (B ) o f  b ip o la r and  
u n ip o la r  d io d es . O u r m o d e l ex p lic itly  in c lu d e s  in  th e  S P  
sp in  H a m ilto n ia n  th e  H F I w ith  th e  m o s t s tro n g ly  c o u p led  
n u c le a r  sp in s , and  is c ap ab le  o f  re p ro d u c in g  the en tire  
M C(B) re sp o n se , in c lu d in g  th e  U S M F E  co m p o n en t.

T h is  w o rk  w as su p p o rted  in  p a r t  by th e  D O E  G ra n t 
N o . 0 5 -0 3 1 7 2  and  the N S F  D M R  G ra n t N o . 0 8 -0 3 3 2 5  a t 
the U n iv e rs ity  o f  U ta h , an d  the Is ra e l S c ien ce  F o u n d a tio n  
(IS F  7 4 5 /0 8 ).

w h ere  O s (B ) is g iv en  by  E q . (2) an d  S TS is the tr ip le t- 
s in g le t “ sy m m etry  b re a k in g ”  p a ra m e te r  th a t d e sc r ib e s  the
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