
	
  � 2	
  dis&nct	
  Fe2+	
  components	
  	
  (A	
  &	
  B)	
  
	
  � Abnormally	
  low	
  QS	
  of	
  the	
  B-­‐site	
  	
  	
  

	
  à	
  local	
  environment	
  different	
  from	
  parent	
  structure	
  
	
  � x=2/3:	
  	
  area	
  ra&o	
  B/A	
  ~35/65	
  	
  	
  

	
  Seems	
  to	
  contradict	
  	
  the	
  proposed	
  superstructure	
  (50/50)	
  
	
  � 	
  B-­‐component	
  no	
  longer	
  present	
  when	
  cooled	
  to	
  77	
  K	
  
	
  � Above	
  450	
  K,	
  valence	
  fluctua&ons	
  àAsymmetric	
  line	
  broadening	
  
	
  
	
  
	
  
	
  

b	
  

Polaron	
  mobility	
  and	
  disordering	
  of	
  the	
  Na	
  subla5ce	
  in	
  NaxFePO4	
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Figure 6.1. (color online). (a) Olivine-type structure of MFePO4 (M=Li, Na) with chains of M+ ions
(blue), planes of FeO6 octahedra (red) and phosphate tetrahedra (grey). (b) Iron-sodium sublattice of ordered
superstructure for x=2/3. Three structurally distinct iron sites are shown in yellow, green and red. The axes
on left is for the orthorhombic pmna cell. Oblique axes of P21/n cell are shown in orange.

Temperature	
  evoluBon	
  of	
  Fe	
  and	
  Na	
  site	
  occupancies	
  

While	
  diffrac&on	
  rules	
  out	
  a	
  significant	
  rearrangement	
  of	
  Na	
  ions	
  between	
  77-­‐298	
  K,	
  
a	
  charge	
  localiza&on	
  transi&on	
  is	
  possible	
  

Low	
  temperature:	
  charge	
  order	
  
	
  Fe3+	
  prefer	
  the	
  blue	
  sites	
  
	
  Fe2+	
  prefer	
  the	
  red	
  or	
  green	
  sites	
  	
  

	
  	
  	
  	
  	
   	
  	
  
Increasing	
  temperature:	
  electronic	
  disorder	
  
	
   	
  Par&al	
  ferrous	
  occupancy	
  of	
  blue	
  site	
  

	
  Fe2+	
  site	
  with	
  unusually	
  low	
  QS	
  (B-­‐site)	
  
	
  
298	
  K:	
  total	
  electronic	
  disorder	
  

	
  Fe3+	
  evenly	
  distributed	
  over	
  all	
  3	
  sites	
  
	
  	
  à	
  33/66	
  	
  B/A	
  ra&o	
  

3	
  Fe	
  sites	
  with	
  their	
  Na	
  coordinaBon	
  shell	
  for	
  4	
  temperatures	
  77-­‐500	
  K	
  

Loss	
  of	
  local	
  order	
  on	
  the	
  Na	
  sub-­‐la5ce	
  
	
  à	
  3	
  Fe	
  sites	
  start	
  to	
  look	
  the	
  same	
  (brown)	
  	
  
	
  à	
  	
  overall	
  reduc&on	
  of	
  Na	
  coordina&on	
  of	
  the	
  Fe	
  sites	
  	
  

RelaBonship	
  between	
  the	
  onset	
  of	
  fast	
  electron	
  dynamics	
  
&	
  the	
  redistribuBon	
  of	
  sodium	
  

Clarifies	
  details	
  related	
  to	
  the	
  Na	
  and	
  electronic	
  charge	
  
ordering	
  in	
  the	
  structure	
  	
  and	
  suggest	
  that	
  electron-­‐ion	
  
interac&ons	
  may	
  play	
  an	
  important	
  role	
  in	
  the	
  dynamics	
  

•  Rapid	
  conversion	
  of	
  A-­‐type	
  to	
  B-­‐type	
  ferrous	
  Fe	
  sites	
  above	
  450	
  K	
  	
  
•  At	
  low	
  temperature	
  (red)	
  the	
  Fe2+	
  absorp&on	
  lines	
  at	
  ∼0	
  mm/s	
  are	
  

dis&nct.	
  By	
  473	
  K,	
  	
  B-­‐type	
  environment	
  becomes	
  the	
  majority	
  
divalent	
  component	
  

•  For	
  absorp&ons	
  	
  at	
  ∼2	
  mm/s,	
  	
  effect	
  is	
  obscured	
  by	
  the	
  spectral	
  
collapse	
  of	
  the	
  Fe2+	
  and	
  Fe3+	
  lines	
  from	
  the	
  concurrent	
  onset	
  of	
  fast	
  
charge	
  hopping	
  

•  Ra&o	
  of	
  B	
  to	
  A-­‐type	
  Fe2+	
  sites	
  varied	
  as	
  fit	
  parameter	
  
•  Charge	
  hopping	
  was	
  limited	
  to	
  the	
  B-­‐type	
  Fe2+	
  sites	
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•  Synchrotron	
  Mössbauer	
  extends	
  these	
  measurements	
  to	
  
elevated	
  pressure	
  	
  

•  Due	
  to	
  phase	
  transi&on	
  above	
  500	
  K	
  at	
  2	
  GPa	
  we	
  are	
  only	
  
able	
  to	
  put	
  a	
  lower	
  bound	
  on	
  VA	
  

•  At	
  493	
  K	
  at	
  2	
  GPa	
  ligle	
  indica&on	
  of	
  spectral	
  effects	
  from	
  
polaron	
  hopping	
  	
  

•  Large	
  posi&ve	
  Va	
  is	
  not	
  typical	
  of	
  polaron	
  hopping.	
  	
  
Indicates	
  electron	
  ion-­‐interac&ons	
  may	
  play	
  a	
  role	
  in	
  the	
  
dynamics	
  

•  Low	
  cost	
  and	
  environmental	
  abundance	
  of	
  Na	
  	
  
	
  à	
  Agrac&ve	
  alterna&ve	
  to	
  Li	
  bageries	
  

•  Na	
  analogue	
  to	
  LiFePO4:	
  	
  triphylite-­‐NaFePO4	
  	
  
	
  à	
  Obtained	
  via	
  ion	
  exchange	
  route	
  

•  Ordered	
  structure:	
  3	
  dis&nct	
  Fe	
  sites	
  with	
  a	
  1/1/1	
  ra&o	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1,	
  2	
  &	
  3	
  vacancies	
  in	
  their	
  6-­‐fold	
  Na	
  coordina&on	
  shell	
  

x=2/3	
  ordered	
  phase	
  

Small	
  polaron	
  hopping	
  
•  Bound	
  carrier	
  can	
  only	
  move	
  if	
  the	
  local	
  distor&on	
  travels	
  with	
  it	
  
•  Elevated	
  temperature	
  à	
  diffusive	
  Arrhenius-­‐type	
  mobility	
  	
  

•  Superstructure	
  peaks:	
  long	
  range	
  order	
  persists	
  for	
  	
  x>2/3	
  
•  Superstructure	
  peaks	
  become	
  increasingly	
  weak	
  &	
  are	
  completely	
  gone	
  by	
  483	
  K	
  
•  (020)	
  peak	
  has	
  a	
  low	
  angle	
  shoulder	
  à	
  	
  intensity	
  increase	
  with	
  temperature	
  
•  Region	
  above	
  x=2/3	
  is	
  biphasic	
  at	
  298	
  K	
  

Synchrotron	
  x-­‐ray	
  diffracBon	
  Na0.73FePO4	
  

Revised	
  phase	
  diagram	
  

Secondary	
  ferrous	
  doublet	
  in	
  Mössbauer	
  spectrum	
  

Nuclear	
  resonant	
  sca\ering:	
  probe	
  for	
  dynamical	
  valence	
  states	
  
�  Valence	
  fluctua&ons	
  at	
  iron	
  ions	
  due	
  to	
  charge	
  hopping 	
  	
  
�	
  	
  	
  Spectra	
  are	
  altered	
  when	
  dynamical	
  changes	
  occur	
  on	
  the	
  same	
  &me	
  scale	
  of	
  the	
  57Fe	
  nuclear	
  decay	
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  barrier	
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  polaron	
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between	
  adjacent	
  sites	
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Chapter 3

The activation volume

3.1 Overview

Electron transfer between adjacent sites in a crystal lattice occurs in a constant pressure envi-

ronment. Accordingly, the activation barrier is best described in terms of an activation enthalpy and

can be broken down into an energetic component plus a volume dependent term,

Ha = Ea + PVa. (3.1)

The activation energy, Ea, describes the energy barrier for polaron transfer between adjacent sites

and the second term quantifies the pressure effect on the activation barrier, giving the extra energy

cost due to the finite volume change in the activated state. The activation volume, Va, can be in-

terpreted physically as the local change in volume as the particle moves through its transition state.

Va can be either positive or negative, indicating a local expansion or contraction of the lattice, re-

spectively. Fig. 3.2 illustrates a possible sequence of events for a polaron hop on a one-dimensional

chain. The second frame displays the development of a transient distortion pattern that facilitates

electron transfer and illustrates the volume change in the activated state. In this case, the chain

undergoes a local dilation, indicating a positive activation volume.

Accounting for the theoretical details of the last chapter, a general expression for the polaron

VA>	
  +3	
  A3	
  


