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Just  to  set  the  stage,  BaFe2As2  exposed  to  several  reac7ve  gases,  
including  fluorine,  shows  a  resis7ve  transi7on  to  superconduc7vity  at  

just  over  20  K.  This  talk  is  about  why?




This Behavior (Tc≈22 K) Was First Observed1 in Resistive 
Measurements of Thin Films of SrFe2As2 Exposed to Water Vapor 
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This Behavior (Tc≈22 K) Was First Observed1 in Resistive 
Measurements of Thin Films of SrFe2As2 Exposed to Water Vapor 

• Upon	
  exposure	
  to	
  water	
  vapor	
  they	
  measured	
  a	
  decrease	
  in	
  the	
  c-­‐axis	
  
laKce	
  parameter.	
  	
  They	
  considered	
  possible	
  intercalaDon	
  of	
  O2

-­‐	
  into	
  
intersDDal	
  sites.	
  

1.	
  	
  H.	
  Hiramatsu,	
  T.	
  Katase,	
  T.	
  Kamiya,	
  M.	
  Hirano	
  and	
  H.	
  
Hosono,	
  Phys.	
  Rev.	
  B	
  80,	
  052501	
  (2009).	
  (47	
  citaDons	
  to	
  
date)	
  



In SrFe2As2 : 2 large interstitial sites (both large enough to hold 
an O2

- ion) marked by green sphere 

I9	
  –	
  in	
  the	
  
As	
  plane	
  

I6	
  –	
  in	
  the	
  
Sr	
  plane	
  



Rather than interstitial doping, Hiramatsu, et al. also considered the possibility of  
creation of Sr vacancies through a reaction with the H2O molecule to form an 

alkaline earth hydroxide Sr(OH)2.  (Remember this for later)  

I9	
  –	
  in	
  the	
  
As	
  plane	
  

I6	
  –	
  in	
  the	
  Sr	
  
plane	
  (called	
  
‘2b’	
  site	
  below)	
  



Works Related to the Hiramatsu et al. SrFe2As2 + Water Vapor Work: 
	
  	
  	
  

•  Y.	
  Mizuguchi,	
  K.	
  Deguchi,	
  S.	
  Tsuda,	
  T.	
  Yamaguchi,	
  and	
  Y.	
  Takano,	
  Phys.	
  Rev.	
  B	
  81,	
  214510	
  (2010)	
  

-­‐	
  induced	
  superconducDvity	
  in	
  Fe0.8Te0.2S0.2 (just like SrFe2As2 also normally not 
superconducting) by exposure to air containing water vapor.  Speed of evolution 
of Tc with time “strongly enhanced” by immersion in 70 oC water.  Up to 48% 
diamagnetic shielding. 	
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  they	
  consider	
  H+,	
  OH-­‐	
   	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  O2

-­‐	
  as	
  possible	
  electron	
  dopants.	
  	
  No	
  
	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  microscopic	
  data	
  (e.	
  g.	
  XAFS)	
  to	
  corroborate.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



Works Related to the Hiramatsu et al. SrFe2As2 + Water Vapor Work: 

•  In	
  a	
  follow	
  up	
  paper	
  (Deguchi	
  et	
  al.,	
  Supercond.	
  Sci.	
  Technol.	
  25,	
  
084025	
  (2012))	
  correlated	
  the	
  presence	
  of	
  various	
  acids	
  in	
  the	
  liquids	
  
with	
  superconducDvity	
  and	
  suggested	
  that	
  –	
  rather	
  than	
  electron	
  
doping	
  –	
  perhaps	
  the	
  cause	
  of	
  the	
  superconducDvity	
  was	
  removal	
  of	
  
excess	
  Fe	
  from	
  interlayer	
  sites	
  (not	
  really	
  germane	
  to	
  work	
  on	
  
(Sr,Ba)Fe2As2.)	
  	
  	
  



So,  the  ques7on  arises,  what  else  could  be  reacted  with  the  122  
(Sr,Ba)Fe2As2  compounds  to  inves7gate  this  ~22  K  superconduc7vity?


X	
  
X	
  



     Tc ≈ 22 K in BaFe2As2 Exposed to Cl2 (our work)


	
  	
  BaFe2As2	
  +	
  24	
  hrs	
  Cl2	
  at	
  70	
  oC	
  
  BaFe2As2 - undoped 

Note	
  that	
  ρ→0	
  is	
  
quite	
  broad	
  





     Tc ≈ 22 K in BaFe2As2 Exposed to F2


Note	
  that	
  ρ→0	
  is	
  
fairly	
  narrow.	
  	
  Note	
  
also	
  the	
  large	
  
amount	
  of	
  work*	
  on	
  
this	
  effect	
  in	
  ‘as-­‐
prepared’	
  xtals.	
  
	
  
*e.	
  g.	
  Paglione	
  et	
  al.	
  
as	
  well	
  as	
  our	
  group	
  

	
  	
  	
  BaFe2As2	
  +	
  20	
  min	
  F2	
  at	
  25	
  oC	
  



Focus  on  Fluorinated  BaFe2As2  and  Its  Proper7es  
-­‐What  are  the  Important  Ques7ons?-­‐


• How	
  deep	
  is	
  the	
  superconducDvity?	
  
• Any	
  change	
  in	
  laKce	
  parameters?	
  
• Hall	
  Effect	
  
• X-­‐ray	
  Photoemission	
  Spectroscopy:	
  	
  Input	
  as	
  to	
  where	
  F	
  goes	
  in	
  the	
  
laKce?	
  
• DFT	
  calculaDons:	
  	
  where	
  might	
  the	
  F	
  be	
  going?	
  	
  	
  



Focus  on  Fluorinated  BaFe2As2  and  Its  Proper7es  
-­‐What  are  the  Important  Ques7ons?-­‐


• How	
  deep	
  is	
  the	
  superconducDvity?	
  	
  5	
  –	
  10	
  µ	
  
• Any	
  change	
  in	
  laKce	
  parameters?	
  	
  No	
  (c-­‐axis,	
  discussion)	
  
• Hall	
  Effect	
  	
  (see	
  next	
  slide)	
  
• X-­‐ray	
  Photoemission	
  Spectroscopy:	
  	
  Input	
  as	
  to	
  where	
  F	
  goes	
  in	
  the	
  
laKce?	
  
• DFT	
  calculaDons:	
  	
  where	
  might	
  the	
  F	
  be	
  going?	
  	
  	
  



Hall  Effect  of  Fluorinated  BaFe2As2




Focus  on  Fluorinated  BaFe2As2  and  Its  Proper7es  
-­‐What  are  the  Important  Ques7ons?-­‐


• How	
  deep	
  is	
  the	
  superconducDvity?	
  	
  5	
  –	
  10	
  µ	
  
• Any	
  change	
  in	
  laKce	
  parameters?	
  	
  No	
  (discussion)	
  
• Hall	
  Effect	
  	
  electron	
  concentraDon	
  decreases	
  with	
  F	
  doping	
  (??)	
  
• X-­‐ray	
  Photoemission	
  Spectroscopy:	
  	
  Input	
  as	
  to	
  where	
  F	
  goes	
  in	
  the	
  
laKce?	
  	
  (see	
  next	
  slide)	
  
• DFT	
  calculaDons:	
  	
  where	
  might	
  the	
  F	
  be	
  going?	
  	
  	
  



Photoemission  Data  on  Fluorinated  BaFe2As2  ⇒As  is  replaced  by  F


BaFe2As2, no F 
	
  

BaFe2As2, fluorinated	
  



This  XPS  result  matched  our  thinking  at  the  7me




Focus  on  Fluorinated  BaFe2As2  and  Its  Proper7es  
-­‐What  are  the  Important  Ques7ons?-­‐


• How	
  deep	
  is	
  the	
  superconducDvity?	
  	
  5	
  –	
  10	
  µ	
  (definitely	
  not	
  2-­‐d,	
  does	
  
not	
  obey	
  Kosterlitz-­‐Thouless)	
  
• Any	
  change	
  in	
  laKce	
  parameters?	
  	
  No	
  (c-­‐axis;	
  discussion)	
  
• Hall	
  Effect	
  	
  electron	
  concentraDon	
  decreases	
  with	
  F	
  doping	
  
• X-­‐ray	
  Photoemission	
  Spectroscopy:	
  	
  Input	
  as	
  to	
  where	
  F	
  goes	
  in	
  the	
  
laKce?	
  	
  Arsenic	
  3d,	
  4s	
  lines	
  missing	
  near	
  surface	
  
•  calculaDons:	
  	
  where	
  might	
  the	
  F	
  be	
  going?	
  	
  	
  



Inters77al  sites  for  F  in  t-­‐BaFe2As2

•  Search	
  for	
  possible	
  
intersDDal	
  sites	
  for	
  F	
  defect	
  
1.  Create	
  3D	
  mesh	
  over	
  

irreducible	
  part	
  of	
  cell	
  with	
  
0.1	
  Å	
  spacing	
  

2.  Add	
  F	
  atom	
  to	
  cell	
  at	
  
coordinates	
  of	
  mesh	
  point	
  

3.  Calculate	
  single	
  point	
  
energy	
  of	
  cell	
  using	
  UFF	
  
method	
  

4.  Repeat	
  for	
  each	
  mesh	
  point	
  
5.  Sort	
  coordinates	
  with	
  

lowest	
  energies	
  
•  Found	
  three	
  low-­‐energy	
  
intersDDal	
  sites	
   4e	
   8g	
  2b	
  



F  impurity  calcula7on  results


Impurity	
  site	
   ​∆𝑬↓𝒓𝒂𝒘 	
  (eV)	
   ​∆𝑬↓𝒕𝒓𝒖𝒆 	
  (eV)	
   ​𝑽↓𝒊𝒎𝒑 	
  (Å3)	
   ​𝒅↓𝒊𝒅𝒆𝒂𝒍 	
  (Å)	
  

Ba	
  sub.	
   -­‐4.28,	
  -­‐1.58	
   1.98,	
  6.04	
   12.6	
   0.00	
  

Fe	
  sub.	
   2.96,	
  -­‐1.61	
   3.30,	
  6.01	
   8.6	
   0.00	
  

As	
  sub.	
   -­‐2.06,	
  -­‐0.71	
   4.20,	
  6.91	
   -­‐5.9	
   0.13	
  

2b	
  int.	
   -­‐4.51	
   1.76,	
  3.11	
   18.8	
   0.00	
  

4e	
  int.	
   -­‐2.82	
   3.44,	
  4.80	
   21.6	
   1.14	
  

8g	
  int.	
   -­‐4.20	
   2.06,	
  3.41	
   19.8	
   1.43	
  



What  have  we  learned;  what  are  remaining  ques7ons?


• Not	
  2-­‐d,	
  not	
  Kosterlitz	
  Thouless	
  behavior	
  
•  Fluorine	
  gives	
  reproducible	
  (over	
  200	
  samples,	
  always	
  the	
  same	
  Tc	
  
with	
  1	
  or	
  2	
  K)	
  filamentary	
  superconducDvity.	
  	
  No	
  diamagneDc	
  
shielding	
  
• At	
  least	
  according	
  to	
  XPS,	
  fluorine	
  replaces	
  arsenic	
  in	
  the	
  laKce	
  
• According	
  to	
  calculaDons,	
  fluorine	
  replacing	
  arsenic	
  is	
  most	
  consistent	
  
with	
  the	
  calculated	
  volume	
  of	
  the	
  impurity,	
  Vimp.	
  



F  impurity  calcula7on  results


Impurity	
  site	
   ​∆𝑬↓𝒓𝒂𝒘 	
  (eV)	
   ​∆𝑬↓𝒕𝒓𝒖𝒆 	
  (eV)	
   ​𝑽↓𝒊𝒎𝒑 	
  (Å3)	
   ​𝒅↓𝒊𝒅𝒆𝒂𝒍 	
  (Å)	
  

Ba	
  sub.	
   -­‐4.28,	
  -­‐1.58	
   1.98,	
  6.04	
   12.6	
   0.00	
  

Fe	
  sub.	
   2.96,	
  -­‐1.61	
   3.30,	
  6.01	
   8.6	
   0.00	
  

As	
  sub.	
   -­‐2.06,	
  -­‐0.71	
   4.20,	
  6.91	
   -­‐5.9	
   0.13	
  

2b	
  int.	
   -­‐4.51	
   1.76,	
  3.11	
   18.8	
   0.00	
  

4e	
  int.	
   -­‐2.82	
   3.44,	
  4.80	
   21.6	
   1.14	
  

8g	
  int.	
   -­‐4.20	
   2.06,	
  3.41	
   19.8	
   1.43	
  



What  have  we  learned;  what  are  remaining  ques7ons?

• Not	
  2-­‐d,	
  not	
  Kosterlitz	
  Thouless	
  behavior	
  
•  Fluorine	
  gives	
  reproducible	
  (over	
  200	
  samples,	
  always	
  the	
  same	
  Tc	
  
with	
  1	
  or	
  2	
  K)	
  filamentary	
  superconducDvity.	
  	
  No	
  diamagneDc	
  
shielding	
  
• At	
  least	
  according	
  to	
  XPS,	
  fluorine	
  replaces	
  arsenic	
  in	
  the	
  laKce	
  
• According	
  to	
  calculaDons,	
  fluorine	
  replacing	
  arsenic	
  is	
  most	
  consistent	
  
with	
  the	
  calculated	
  volume	
  of	
  the	
  impurity,	
  Vimp.	
  
• Hall	
  effect	
  
• According	
  to	
  calculaDons,	
  As	
  subsDtuDon	
  is	
  energeDcally	
  much	
  less	
  
favorable	
  that	
  intersDDal	
  placement	
  of	
  the	
  fluorine.	
  
• Mechanism	
  for	
  the	
  superconducDvity:	
  

•  TSDW	
  is	
  ~	
  unchanged	
  (caveat)	
  
•  Charge	
  doping?	
  
•  Defect	
  mechanism	
  
	
  



Mechanism  for  Superconduc7vity  –  Defects?


• Paglione	
  group	
  (Saha	
  et	
  al.	
  PRL	
  103,	
  037005	
  (2009))	
  proposed	
  defects	
  
as	
  being	
  important	
  in	
  their	
  SrFe2As2	
  as-­‐prepared	
  crystal	
  work:	
  	
  
“internal	
  crystallographic	
  strain	
  originaDng	
  from	
  c-­‐axis-­‐oriented	
  planar	
  
defects	
  plays	
  a	
  central	
  role	
  in	
  promoDng	
  the	
  appearance	
  of	
  
superconducDvity	
  under	
  ambient	
  pressure	
  condiDons	
  in	
  ∼	
  90%	
  of	
  as-­‐
grown	
  crystals.”	
  
• Paul	
  Chu’s	
  group	
  (Wei	
  et	
  al.,	
  Phil	
  Mag	
  94,	
  2562	
  (2014))	
  ExplanaDon	
  of	
  
Tc=49	
  K	
  (filamentary	
  but	
  some	
  (≤3%)	
  low	
  field	
  (H<1	
  G)	
  diamagneDc	
  
shielding)	
  in	
  Pr-­‐doped	
  CaFe2As2:	
  
•  enhanced	
  Tc	
  up	
  to	
  49	
  K	
  –	
  doping	
  independent	
  Tc,	
  rules	
  out	
  Tc=	
  f(carrier	
  density)	
  
•  may	
  have	
  occurred	
  at	
  the	
  interfaces	
  associated	
  with	
  strains	
  and/or	
  defects	
  



What  have  we  learned;  what  are  remaining  ques7ons?

• Not	
  2-­‐d,	
  not	
  Kosterlitz	
  Thouless	
  behavior	
  
•  Fluorine	
  gives	
  reproducible	
  (over	
  200	
  samples,	
  always	
  the	
  same	
  Tc	
  
with	
  1	
  or	
  2	
  K)	
  filamentary	
  superconducDvity.	
  	
  No	
  diamagneDc	
  
shielding	
  
• At	
  least	
  according	
  to	
  XPS,	
  fluorine	
  replaces	
  arsenic	
  in	
  the	
  laKce	
  
• According	
  to	
  calculaDons,	
  fluorine	
  replacing	
  arsenic	
  is	
  most	
  consistent	
  
with	
  the	
  calculated	
  volume	
  of	
  the	
  impurity,	
  Vimp.	
  
• Hall	
  effect	
  
• According	
  to	
  calculaDons,	
  As	
  subsDtuDon	
  is	
  energeDcally	
  much	
  less	
  
favorable	
  that	
  intersDDal	
  placement	
  of	
  the	
  fluorine.	
  
• Mechanism	
  for	
  the	
  superconducDvity:	
  

•  TSDW	
  is	
  ~	
  unchanged	
  (caveat)	
  
•  Charge	
  doping?	
  
•  Defect	
  mechanism	
  
•  .	
  .	
  .	
  .	
  .	
  .	
  



Comments,  Sugges7ons?




Raw  and  true  defect  forma7on  energies

•  SubsDtuDonal	
  raw	
  defect	
  formaDon	
  energy:	
  

Δ​𝐸↓𝑟𝑎𝑤 [​𝐹↓𝑋 ]=𝐸[​𝐹↓𝑋 ]−𝐸[bulk]+ ​𝜇↓𝑋 	
  
•  𝐸[​𝐹↓𝑋 ]	
  -­‐	
  energy	
  of	
  supercell	
  with	
  fluorine	
  at	
  X	
  =	
  As,	
  Fe,	
  Ba	
  
•  𝐸[bulk]	
  -­‐	
  energy	
  of	
  the	
  perfect	
  supercell	
  (without	
  defect)	
  
•  ​𝜇↓𝑋 	
  -­‐	
  reference	
  chemical	
  potenDal	
  for	
  X	
  =	
  As,	
  Fe,	
  Ba	
  

•  IntersDDal	
  raw	
  defect	
  formaDon	
  energy:	
  
Δ​𝐸↓𝑟𝑎𝑤 [​𝐹↓𝑖 ]=𝐸[​𝐹↓𝑖 ]−𝐸[bulk]	
  
•  𝐸[​𝐹↓𝑖 ]	
  -­‐	
  energy	
  of	
  supercell	
  with	
  fluorine	
  at	
  intersDDal	
  site	
  

•  True	
  defect	
  formaDon	
  energy:	
  
Δ​𝐸↓𝑡𝑟𝑢𝑒 =Δ​𝐸↓𝑟𝑎𝑤 − ​𝜇↓𝐹 	
  
•  ​𝜇↓𝐹 	
  -­‐	
  reference	
  chemical	
  potenDal	
  for	
  fluorine	
  

Chemical	
  potenDals:	
  

​𝜇↓𝑋 [BaF​e↓2 A ​s↓2 ]≤ ​𝜇↓𝑋 ≤ ​
𝜇↓𝑋 [bulk]	
  

−4.614≤​𝜇↓Ba ≤−1.908	
  
−9.589≤​𝜇↓Fe ≤−8.237	
  
−6.022≤​𝜇↓As ≤−4.669	
  
Fluorine	
  reservoir:	
  

−∞≤ ​𝜇↓F ≤ ​𝜇↓F [ ​F↓2 ]	
  
Using	
  BaF2	
  as	
  a	
  reference:	
  

​𝜇↓𝐹 = ​1/2 (𝐸[Ba ​F↓2 ]− ​
𝜇↓Ba )	
  
−7.616≤​𝜇↓F ≤−6.263	
  
	
  

*all	
  𝜇	
  given	
  in	
  eV	
  



•  The	
  two	
  values	
  for	
  “Eraw”	
  for	
  the	
  subsDtuDon	
  sites	
  are	
  upper	
  and	
  
lower	
  bounds	
  depending	
  on	
  the	
  chemical	
  potenDal	
  of	
  the	
  atom	
  that	
  
will	
  be	
  removed.	
  The	
  lower	
  bound	
  represents	
  the	
  chemical	
  potenDal	
  
for	
  the	
  atom	
  in	
  BaFe2As2	
  and	
  the	
  upper	
  bound	
  represents	
  the	
  
chemical	
  potenDal	
  for	
  the	
  atom	
  in	
  its	
  elemental	
  ground	
  state	
  
structure.	
  The	
  “Eraw”	
  values	
  for	
  the	
  intersDDal	
  sites	
  are	
  a	
  single	
  value	
  
as	
  the	
  sites	
  are	
  iniDally	
  empty.	
  
•  “Etrue”	
  are	
  then	
  calculated	
  by	
  subtracDng	
  the	
  fluorine	
  chemical	
  
potenDal	
  from	
  “Eraw”.	
  The	
  range	
  of	
  fluorine	
  chemical	
  potenDals	
  is	
  
calculated	
  using	
  the	
  compound	
  BaF2	
  as	
  a	
  reference,	
  which	
  gives	
  an	
  
upper	
  or	
  lower	
  bound	
  depending	
  on	
  the	
  chemical	
  potenDal	
  for	
  Ba.	
  
•  “Vimp”	
  is	
  the	
  impurity	
  volume	
  and	
  is	
  defined	
  as	
  Vimp	
  =	
  V(with	
  F)	
  –	
  
V(bulk),	
  where	
  V(with	
  F)	
  is	
  the	
  volume	
  of	
  the	
  BaFe2As2	
  cell	
  with	
  
fluorine	
  at	
  a	
  given	
  site	
  and	
  V(bulk)	
  is	
  the	
  volume	
  of	
  the	
  bulk	
  BaFe2As2	
  
cell.	
  
•  “d_ideal”	
  is	
  the	
  distance	
  the	
  fluorine	
  atom	
  has	
  displace	
  from	
  the	
  ideal	
  
site,	
  intersDDal	
  or	
  subsDtuDonal,	
  awer	
  relaxaDon	
  of	
  the	
  atoms/cell.	
  


