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Acting	  as	  an	  electrode,	  electrical	   resistance	  of	   LSMO	  film	  was	  measured	  by	  varying	   temperature	   from	  

20K	  to	  350K.	  Two	  LSMO	  films	  with	  different	  growth	  conditions,	  deposited	  under	  high	  vacuum	  and	  under	  

oxygen	   pressure	   of	   15Pa,	   were	   deposited	   and	   measured.	   The	   result	   of	   temperature-‐dependent	  

resistance	   shows	   that	   the	   film	   deposited	   under	   high	   vacuum	   decreases	  with	   increasing	   temperature.	  

The	  peak	  of	   transition	  point	   is	  below	  100K	  and	   this	   LSMO	  film	  behaves	   semiconducting.	  Although	   the	  

resistance	   is	   smaller	   at	   room	   temperature,	   the	   Curie	   temperature	   of	   the	   LSMO	   film	   deposited	   at	  

insufficient	  oxygen	  is	  too	  low	  that	  Mn	  3d	  spins	  become	  disordered,	  and	  the	  spin	  anisotropy	  disappears	  

based	  on	  the	  result	  of	  Park’s	  1.	  Thus,	  this	  film	  cannot	  be	  used	  as	  a	  spin-‐valve	  bottom	  electrode.	  

	  

In	   another	   deposition	   condition,	   sufficient	   oxygen	   was	   supplied	   during	   LSMO	   deposition.	   The	   result	  

shows	   in	   Figure	  1	  distinguishes	   the	  difference	  due	   to	  different	   level	   of	  oxygen	   supplying.	  Under	  15Pa	  

oxygen	   deposition,	   temperature-‐dependent	   resistance	   displays	   a	   metallic	   behavior	   that	   temperature	  



increases	  with	  resistance	  increases.	  Also,	  the	  Curie	  point	  is	  above	  300K	  since	  no	  peak	  can	  be	  observed	  

within	  20K	  to	  300K.	  	  	  

	  

Figure	   S1.	   Resistance	   against	   temperature	   curve	   of	   La0.7Sr0.3MnO3	   deposited	   under	   15Pa	   O2	   shows	   metallic	  
behavior	  and	  Curie	  temperature	  is	  above	  room	  temperature.	  

	  

Hole-‐doped	  manganese	   oxides	   La1-‐xSrxMnO3	  with	   perovskite	   structure	   becomes	   conducting	   despite	   of	  

the	  fact	  that	  its	  parent	  antiferromagnetic	  LaMnO3	  is	  an	  insulator.	  Due	  to	  the	  deviation	  of	  eg	  band	  filling	  

process,	   La1-‐xSrxMnO3	   undergoes	   an	   insulator-‐to-‐metal	   transition.	   A	   strong	   exchange	   interaction	  

between	  eg	  electrons	  or	  hole	  and	  t2g	   spins	   leads	   to	   the	  distinct	   feature	  of	  metallic	   state	   in	  LSMO.	   It	   is	  

shown	  in	  Figure	  S1,	  near	  the	  Tc	  point,	  the	  resistance	  is	  almost	  ~20	  times	  magnitude	  higher	  than	  that	  in	  

low	  temperature.	  This	  rapid	  decrease	  in	  resistance	  below	  Tc	  is	  explained	  by	  Tokura2,	  and	  it	  is	  because	  of	  

the	   increase	   of	   carrier	  mobility	   which	   results	   from	   reducing	   in	   the	   carrier	   scattering	   by	   thermal	   spin	  

fluctuation.	  Based	  on	  double	  exchange	  theory	  3,	  the	  ferromagnetic	  spin	  arrangement	  tends	  to	  increase	  

the	  effective	  transfer	  interaction	  and	  thus	  the	  mobility	  of	  hole,	  finally	  results	  in	  drop	  of	  resistance	  right	  

below	   Tc.	   When	   temperature	   is	   higher	   than	   Tc,	   semiconducting	   behavior	   is	   observed	   due	   to	  
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paramagnetic	   spin	   configuration,	   localization	   effect	   of	   eg	   hole-‐carriers	   will	   reduce	   the	   mobility	  

significantly.	   As	   a	   consequence,	   to	   obtain	   a	   good	   performance	   of	   transport	   properties	   of	   LSMO,	  

sufficient	  oxygen	  pressure	  is	  needed	  during	  deposition.	  

	  

Figure	  S2.	  Resistance	  changes	  at	  room	  temperature	  

	  

At	   first,	   to	   fabricate	  the	  FTJ	  that	  can	  be	  used	   in	  room	  temperature,	   testing	  for	   transport	  properties	  of	  

the	  devices	  was	  carried	  out	  at	  room	  temperature.	  The	  result	  obtained	  in	  Figure	  S2	  shows	  the	  resistance	  

change	  at	  room	  temperature.	  The	  resistance	  changes	  from	  54.1kΩ	  (low	  resistance	  state,	  LRS)	  to	  55.8kΩ	  

(high	  resistance	  state,	  HRS)	  with	  an	  extremely	  small	  OFF/ON	  ratio	  only.	  In	  O.Trithaveesak	  report4,	  it	  was	  

stated	  that	  the	  leakage	  currents	  can	  be	  observed	  when	  the	  BTO	  film	  thickness	  is	  reduced	  to	  100nm.	  To	  

solve	  this	  problem	  caused	  by	  thermally	  activated	  processes,	  measurement	  at	  lower	  temperature	  has	  to	  

be	  carried	  out	  in	  order	  to	  reduce	  the	  conductivity	  in	  the	  system.	  

Due	  to	  the	  current-‐leakage	  problem	  of	  our	  device,	  a	  load	  resistance	  Rload	  acts	  as	  a	  current	  limiter	  after	  

the	  resistance	  drop	  on	  the	  device	  in	  order	  to	  clarify	  the	  properties	  of	  resistance	  changing	  in	  BTO.	  From	  

Figure	  S3(a),	  the	  ON/OFF	  ratio	  of	  BTO	  reaches	  3	  orders	  of	  magnitude	  by	  adding	  a	  constant	  resistance	  in	  



the	  measurement.	  It	  can	  be	  seen	  that	  the	  ratio	  is	  remaining	  constant	  after	  a	  thousand	  cycle	  endurance	  

test	   as	   well	   as	   the	   retention	   test.	   Combining	   the	   TEM	   images	   and	   the	   properties	   of	   BTO	   below,	   it	  

indicates	   the	   reason	   why	   resistance	   change	   is	   not	   very	   large	   because	   of	   current	   limitation	   of	   our	  

equipment	  instead	  of	  the	  oxidation	  state	  of	  NiFe/BTO	  interface.	  	  

	  

Figure	  S3.	  (a)	  Electroresistance	  change	  of	  NiFe/BTO/LSMO	  device;	  (b)	  and	  (c)	  are	  the	  tests	  for	  endurance	  in	  
1000cycles	  and	  retention	  respectively	  

	  

Figure	  S4.	  Tunneling	  properties	  of	  the	  device	  at	  297K	  and	  20K	  (a)	  ON	  state	  (b)	  OFF	  state	  

In	  order	  to	  determine	  whether	  the	  switching	  is	  due	  to	  a	  tunneling	  effect,	  the	  graph	  of	  conductance	  

against	  voltage	  shows	  the	  direct	  tunneling	  mechanism.	  According	  to	  Brinkman’s	  model,	  it	  suggests	  a	  

trapezoidal	  barrier	  led	  to	  a	  roughly	  parabolic	  dependence	  of	  conductance	  on	  voltage	  5.The	  expression	  



accurate	  to	  10%	  when	  the	  barrier	  thickness	  is	  greater	  than	  10Å	  and	  when	  ∆!
!
	  is	  less	  than	  one	  are	  using	  

equations	  E1,	  E2	  and	  E3,	  
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where	  ∆φ = φ! − φ!	  ,	  difference	  of	  barrier	  heights	  on	  both	  interfaces	  of	  BTO/NiFe	  and	  BTO/LSMO	  with	  

zero	  applied	  voltage,	  φ	  is	  the	  average	  barrier	  height,	  d	  is	  the	  barrier	  thickness	  in	  Å	  and	  the	  potentials	  are	  

in	  volts.	  In	  our	  work,	  the	  LRS	  were	  fitted	  by	  this	  model	  and	  the	  solid	  line	  in	  Figure	  S4	  indicates	  E1.	  It	  can	  

be	  seen	  clearly	  that	  the	  curves	  in	  range	  of	  500mV	  agree	  with	  Brinkman	  model	  which	  implies	  the	  electron	  

tunneling	  is	  dominant	  in	  the	  transports	  process6,7.	  From	  the	  model,	  a	  table	  of	  parameters	  is	  obtained	  

from	  the	  fitting.	  

State Temperature(K)	   d	  (nm)	   𝜑  (eV)	   ∆φ	  (eV)	  

ON	  (LRS)	   20	   4.5	   0.65	   0.39	  

ON	  (LRS)	   297	   4.5	   0.67	   0.28	  

OFF	  (HRS)	   20	   4.5	   0.88	   0.41	  

OFF	  (HRS)	   297	   4.5	   0.93	   0.23	  

Table	  T1.	  Parameters	  obtained	  by	  Brinkman	  model.	  

In	  the	  obtained	  results	  in	  Table	  T1,	  the	  barrier	  heights	  at	  two	  interfaces	  (BTO/LSMO)	  and	  (NiFe/BTO)	  of	  

both	  structure	  and	  at	  20K	  are	  in	  agreement	  with	  the	  values	  recorded	  by	  the	  others,	  ranging	  from	  0.5	  to	  

1.1eV	  8,9.	  The	  asymmetric	  curves	  and	  a	  shift	  of	  the	  minimum	  value	  of	  conductance	  from	  zero	  voltage	  are	  

caused	  by	  the	  different	  barrier	  heights	  at	  two	  electrode	  interfaces.	  	  



For	  the	  device	  measured	  in	  20K,	  the	  value	  of	  the	  barrier	  thickness	  calculated	  is	  in	  the	  range	  of	  10%	  

difference.	  However,	  the	  difference	  is	  over	  20%	  for	  the	  device	  that	  in	  297K.	  It	  may	  be	  explained	  by	  two	  

major	  reasons.	  Brinkman’s	  model	  is	  derived	  at	  0K,	  while	  297K	  has	  a	  large	  difference	  in	  temperature,	  so	  

other	  mechanisms	  may	  be	  involved.	  Another	  reason	  is	  that	  voltage-‐dependent	  hopping	  conductance	  

may	  present	  at	  high	  temperature	  as	  reported	  by	  Oliver	  et	  al10.	  However,	  it	  is	  clear	  that	  the	  mechanism	  

for	  transport	  is	  purely	  tunnel	  conduction	  caused	  by	  ferroelectric	  switching	  at	  20K.	  

	  

Figure	  S5.	  Tunneling	  model	  of	  the	  device	  at	  higher	  temperature	  

In	  297K,	  the	  transport	  mechanisms	  of	  the	  device	  may	  include	  several	  according	  to	  the	  results	  above,	  to	  

understand	  whether	  the	  switching	  consists	  of	  other	  transport	  mechanisms	  rather	  than	  tunneling	  effect	  

in	  higher	  temperature,	  the	  graph	  ln(J/E)	  vs	  E0.5	  shows	  Poole-‐Frenkel	  conduction	  mechanism	  11.	  According	  

to	  J.G.Simmons’	  model	  11–13,	   it	  suggests	  the	   linearity	  at	  high	  voltage	  may	  because	  of	  the	  Poole-‐Frenkel	  

(PF)	  or	  Schottky	  emission	  (SE).	  By	  using	  equation	  E4	  and	  E5,	  	  

𝜎 = 𝜎!exp  (
!!

!
!

!"
)	   (E4)	  



𝛽 = !!

!"!!!
	   	   (E5)	  

Where	  𝜎!  is	  the	  low	  field	  conductivity	  of	  the	  system,	  k	  is	  the	  Boltzmann	  constant,	  βis	  the	  slope	  of	  the	  

plot	  lnσ	  vs	  E0.5/kT,	  ε0	  	  	  is	  the	  permittivity	  of	  free	  space	  and	  K	  is	  the	  high-‐frequency	  dielectric	  constant	  of	  

the	   insulator.	   In	   case	   of	   Poole-‐Frenkel	   mechanism,	  α=1	   while	   that	   of	   Schottky	   emission	  α=4.	   The	  

resulting	  value	  for	  K	  should	  satisfy	  K=n2,	  where	  n	  is	  the	  refractive	  index	  of	  the	  material.	  In	  our	  work,	  the	  

value	  of	  K	  are	  4.45	  to	  6.5	  and	  1.1	  to	  2	  ,	  respectively,	  for	  PF	  and	  SE.	  compared	  with	  the	  expected	  value	  of	  

optical	  dielectric	  constant	  of	  BTO	  which	  is	  2.4	  14,15,	  SE	  can	  be	  neglected	  and	  PF	  conducting	  mechanism	  

would	  be	  dominated	  in	  higher	  temperature.	  SCLC	  can	  also	  be	  ignored	  because	  the	  result	  does	  not	  show	  

a	  discrete	  value	  which	  is	  not	  shown	  here16.	  	  

	  

	  

Figure	  S6.	  Resistance	  changes	  at	  8K	  by	  varying	  the	  magnetic	  field	  

To	  clarify	  whether	  the	   involvement	  of	  colossal	  magnetoresistance	  or	  anisotropic	  magnetoresistance	  of	  

LSMO	  may	  give	  rise	  to	  misinterpretations	  when	  comparing	  resistance	  with	  and	  without	  magnetic	  field,	  



i.e.,	   the	   resistance	   change	   is	   not	   related	   to	   TMR,	   resistance	   of	   plain-‐LSMO	  was	  measured	   under	   the	  

testing	  condition	  same	  as	  that	  of	  the	  device.	  The	  result	  is	  shown	  in	  Figure	  S6,	  where	  it	  can	  be	  seen	  that	  

the	   change	   of	   resistance	   is	   only	   0.275Ω	   for	   antiparallel	   and	   parallel	   magnetic	   moment,	   while	   the	  

resistance	  difference	  of	  the	  device	  is	  much	  greater	  than	  plain	  layer	  of	  LSMO.	  Magnetoresistance	  of	  the	  

NiFe/BTO/LSMO	  is	  hence	  TMR	  effect.	  
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