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Unit	
  
•  Pressure:	
  Force	
  &	
  Area	
  

P=F/A	
  
•  SI	
  unit:	
  Pascal	
  (Pa)	
  
•  One	
  bar	
  =	
  100,000	
  Pa=750.062	
  torr	
  =	
  0.9869	
  atm	
  

•  1	
  atmosphere	
  	
  pressure	
  (sea	
  level)	
  	
  
•  1	
  atm	
  =	
  760	
  torr	
  =	
  14.7	
  psi	
  

•  Popular:	
  	
  
	
  GPa	
  =	
  9,870	
  atm	
  =	
  10,000	
  bar.	
  	
  	
  
	
  Kbar	
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•  Dynamic HP 
 Shock Wave and Detonation 

•  Static HP 
 1. Large volume press      
2. Small volume cell        
  DAC (Diamond Anvil Cell) 

High	
  Pressure	
  Technology	
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Percy	
  Williams	
  Bridgman	
  
(1882-­‐1961)	
  	
  

•  Bridgman	
  published	
  more	
  than	
  
260	
  papers	
  (only	
  two	
  of	
  which	
  
listed	
  a	
  coauthor)	
  and	
  13	
  books.	
  	
  

•  His	
  scien0fic	
  papers	
  have	
  been	
  
published	
  in	
  Collected	
  
Experimental	
  Papers,	
  7	
  vol.	
  (1964).	
  	
  

•  Among	
  his	
  many	
  books	
  are	
  The	
  
Physics	
  of	
  High	
  Pressure	
  (1931)	
  
and	
  Reflec=ons	
  of	
  a	
  Physicist	
  
(1950).	
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Nobel	
  Lecture,	
  December	
  11,	
  1946	
  	
  

Strength	
  of	
  materials!	
  



2015	
  NXS_ANL	
   9	
  

Compressibility	
  

Polymorphism	
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Novatek	
  Cubic	
  Press	
  

Large	
  Volume	
  Press	
  (LVP)	
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HP	
  Applica0ons	
  
	
  Syntheses	
  via	
  Pressure	
  

•  Superhard materials      
 Diamond ,    c-BN,            

•  Superconductor:     
 (Cu, Cr)Sr2Can-1CunO2n+3          n=1--9   
 (Sr, Ca)3Cu2O4+&Cl2-y 

•  Super “hot” materials:    
 (Mg, Fe)SiO3 
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GRAPHITE	
  
  sp2 carbon bonding	



sp2 has 3coplanar (strong) sigma-bonds & 
2 (week) p-bonds with 360o influence	



σ	



π	



DIAMOND 

sp3 has 4 “sigma” (strong) bonds	



sp3 – carbon bonding	
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F.P	
  Bundy,	
  H.T.	
  Hall,	
  H.M.	
  Strong,	
  R.H.	
  Wentorf,	
  Nature,	
  176,	
  51	
  (1955)	
  	
  

	
  
	
  
	
  

December	
  16,	
  1954,	
  Tracy	
  Hall	
  
et	
  al	
  of	
  General	
  Electric	
  	
  

High	
  Pressure	
  Man-­‐made	
  Diamond	
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1mm	



Kimberlitic Diamond Subduction Zone                         
Diamonds 

100 µm	
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Diamond	
  anvil	
  cell	
  (DAC)	
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The	
  lever-­‐arm	
  diamond	
  anvil	
  cell,	
  as	
  diagrammed	
  here:	
  by	
  the	
  applica0on	
  of	
  leverage	
  a	
  turn	
  
of	
  a	
  screw	
  could	
  create	
  many	
  thousands	
  of	
  atmospheres	
  of	
  pressure	
  	
  

•  C.	
  E.	
  Weir,	
  E.	
  R.	
  Lippincog,	
  A.	
  Van	
  Valkenburg,	
  and	
  E.	
  N.	
  Bun0ng,	
  Infrared	
  Studies	
  in	
  the	
  1-­‐to	
  
15-­‐Micron	
  Region	
  to	
  30,000	
  Atmospheres,	
  J.	
  Res.	
  Natl.	
  Bur.	
  Stand.	
  63A,	
  55-­‐62	
  (1959).	
  	
  

•  Alvin	
  Van	
  Valkenburg,	
  Visual	
  Observa0ons	
  of	
  High	
  Pressure	
  Transi0ons,	
  Rev.	
  Sci.	
  Instrum.	
  33,	
  
1462	
  (1962).	
  	
  



2015	
  NXS_ANL	
   22	
  

Alvin	
  Van	
  Valkenburg,	
  pictured	
  here	
  in	
  1963,	
  
was	
  a	
  pioneer	
  in	
  using	
  the	
  diamond	
  anvil	
  cell	
  
to	
  study	
  materials	
  at	
  high	
  pressure	
  at	
  the	
  
Na0onal	
  Bureau	
  of	
  Standards	
  (NBS),	
  
Washington	
  DC.	
  	
  
	
  
now	
  the	
  Na0onal	
  Ins0tute	
  of	
  Standards	
  and	
  
Technology	
  (NIST)	
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Anvil	
  distor0on	
  and	
  effect	
  on	
  pressure	
  distribu0on	
  
a,b	
  unbeveled	
  anvils,	
  c,d	
  beveled	
  anvils	
  
Mao	
  and	
  Bell,	
  1978	
  

Distorted	
  anvil	
  face	
  due	
  to	
  plas0c	
  
deforma0on	
  at	
  1.7	
  Mbar	
  
Mao	
  and	
  Bell,	
  1978	
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Gas	
  driven	
  membrane	
  DAC	
  

Cover 
Membrane 
Interface disk 
Upper carbide tungsten rocker 
Upper rocker support (movable) 
Guidance pin  
Gasket (Stainless steel or rhenium) 
Lower carbide  tungsten rocker 
Lower rocker support (fixed)	
  

5	
  

6	
  

4	
  

1	
  2	
  
3	
  

8	
  7	
   9	
  

1	
  

5	
  

6	
  

8	
  

7	
  

2	
  

4	
  
3	
  

9	
   Height :   32 mm     
Diameter : 50 mm 	
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Screw	
  driver	
  (Hand)	
  driven	
  DAC	
  



DACs 
~160 degree side 

opening angle 

~140 degree side 
opening angle 

Typical symmetric cells 

2015	
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Hydrothermal	
  cells	
  

Panoramic	
  cell	
   Plate	
  cell	
  

26	
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High-P/High-T 	


Experiments	



Magnetic Susceptibility	


 Experiments	



Electrical Conductivity 	


Experiments	



A Powerful and Versatile High-P Technology	



Designer Diamond Anvil	
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In situ Research under High Pressure	
  

•  Synchrotron	
  &	
  neutron	
  
sources 	
  	
  

Dedicated	
  &	
  non-­‐dedicated	
  
high	
  pressure	
  sta0ons	
  
	
   	
   	
  XRD	
  
	
   	
   	
  Imaging	
  
	
   	
   	
  IXS	
  
	
   	
   	
  PDF	
  
	
   	
   	
  SAS,	
  WAS	
  
	
   	
   	
  ESAF	
  
	
   	
   	
  … 	
   	
  	
  

•  Lab	
  XRD	
  
•  Raman	
  
•  IR	
  
•  Brillouin	
  
•  Absorp0on	
  
•  Electronic	
  and	
  Magne0c	
  
Measurement	
  

•  …	
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High	
  pressure	
  measurement	
  &	
  calibra0on	
  

•  Force	
  
•  Area	
  
•  Pressure	
  measurement	
  

•  Higher	
  pressure:	
  totally	
  
different	
  story!	
  

P=F/A	
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Deforma0on	
  

•  Free	
  rota0on	
  piston-­‐cylinder	
  (deforma0on	
  free	
  condi0on)	
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Pressure	
  calibra0on:	
  Goal	
  

Primary	
  calibra0on	
  (accuracy)	
  
1-­‐	
  100	
  GPa	
  ΔP/P	
  =	
  ±1%	
  
100-­‐	
  300	
  GPa	
  ΔP/P	
  =	
  ±1%	
  
High	
  temperatures	
  -­‐-­‐	
  	
  
at	
  100	
  GPa-­‐2500	
  K	
  ΔP/P	
  =	
  ±1%	
  

	
  
Secondary	
  calibra0on	
  (precision)	
  

10	
  MPa	
  –	
  1	
  GPa	
  ΔP	
  =	
  ±5	
  MPa	
  	
  
1-­‐	
  100	
  GPa	
  ΔP/P	
  =	
  ±0.2%	
  
100-­‐	
  300	
  GPa	
  ΔP/P	
  =	
  ±0.2%	
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Primary	
  calibra0on	
  requires	
  measurements	
  of	
  two	
  
independent	
  func0ons	
  related	
  to	
  pressure.	
  	
  	
  

Examples:	


•  F and A – free rotation piston-cylinder	



•  US and UP – shock Hugoniot	



•  Vφ and ρ  – DAC or LVP 	

	



	

Vφ
2 = K/ρ ���

	

K = ρ dP/dρ ���
	

P = ∫ Vφ

2dρ. 
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Techniques	
  involve	
  

•  X-­‐ray	
  diffrac0on	
  (axial	
  and	
  radial)	
  
•  Op0cal	
  spectroscopy	
  (Brillouin,	
  Raman,	
  
fluorescence)	
  

•  Ultrasonic	
  measurement	
  
•  Inelas0c	
  x-­‐ray	
  scagering	
  spectroscopy	
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Pressure	
  calibra0on,	
  ΔP/P	
  ±1%	
  

ρ from x-ray diffraction	


Vφ from Brillouin scattering	


P-ρ EOS by integration (Primary)	



Ruby fluorescence shift	


Calibrated by MgO P-ρ EOS	


(Secondary)	



Zha,	
  Mao,	
  Hemley,	
  	
  PNAS	
  (2000)	
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Isothermal	
  bulk	
  modulus	
  	
  
(volume	
  measurements)	
  

Adiaba0c	
  elas0c	
  moduli	
  
(velocity	
  measurements)	
  

! 

P = "
K (V )
VVo

V
# dV

! 

K = "V dP
dV
# 

$ 
% 

& 

' 
( 2

SV!µ =

! 

K = "VP
2 # (4 /3)"VP

2

Brillouin	
  Scagering	
  with	
  synchrotron	
  X-­‐rays	
  at	
  the	
  APS	
  
	
  
Elas0city	
  Grand	
  Challenge	
  
COMPRES	
  Infrastructure	
  Development	
  Project	
  

Measure	
  sound	
  veloci0es	
  and	
  density	
  simultaneously	
  
“Absolute”	
  or	
  internally	
  consistent	
  Pressure	
  Scales	
  

Zha	
  et	
  al.,	
  Brillouin	
  on	
  MgO	
  	
  (PNAS,	
  2000)	
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Brillouin	
  sca=ering	
  	
  
§  Acous@c	
  waves	
  present	
  in	
  a	
  solid	
  due	
  to	
  thermal	
  mo@on	
  of	
  atoms	
  

§  Laser	
  light	
  interacts	
  with	
  phonons	
  (or	
  density	
  /	
  refrac@ve	
  index	
  
fluctua@ons)	
  and	
  is	
  sca=ered	
  with	
  Doppler	
  shiPed	
  frequency	
  Δω	
  

§  Brillouin	
  shiP	
  is	
  propor@onal	
  to	
  acous@c	
  velocity	
  

Vi	
  =Δωλ	
  /	
  2n*sin	
  (θ/2)	
  

Laser

Original
frequency

Several
frequencies

Analyser
Frequency

OriginalBrillouin
shifted,
Vp or Vs

Laser
beam IN

Scattered 
Light OUT

q

!"

Vi =Δωλ / 2sin (θ*/2)  

Platelet	
  (symmetric)	
  geometry	
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Schema0c	
  diagram	
  of	
  the	
  Brillouin	
  system	
  installed	
  at	
  
sector	
  13-­‐BMD	
  at	
  APS	
  

Motorized	
  transla@on	
  components	
  (controllable	
  from	
  outside	
  the	
  hatch,	
  blue	
  boxes):	
  HMTS	
  -­‐	
  horizontal	
  motorized	
  transla0on	
  stage;	
  VMTS	
  -­‐	
  
ver0cal	
  motorized	
  transla0on	
  stage;	
  MLFA	
  -­‐	
  motorized	
  	
  laser	
  focusing	
  assembly;	
  MSCA	
  -­‐	
  motorized	
  signal	
  collec0ng	
  assembly;	
  SPOA	
  -­‐	
  
sample	
  posi0oning	
  and	
  orienta0on	
  assembly;	
  SL-­‐LB	
  -­‐	
  sample	
  light	
  /	
  light	
  block.	
  

Observa@on	
  /	
  feedback	
  elements	
  (red	
  boxes):	
  VC	
  -­‐	
  video	
  camera;	
  BT	
  -­‐	
  beam	
  target.	
  
X-­‐ray	
  components:	
  MAR	
  -­‐	
  MAR	
  Imaging	
  plate;	
  XBS	
  -­‐	
  X-­‐ray	
  beam	
  stop;	
  CS	
  -­‐	
  cleanup	
  slit.	
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CCD/SSD 
  Press 

Incident slits 

Sample 

X17B2 

YAG and CCD Camera"
X-ray Imaging 

Ultrasonic 
Interferometer    

Simultaneous P-V-T Eos and Sound Velocity 
(Vp,Vs) Measurements!

NSLS 

High Pressure Ultrasonic Experimental Techniques 
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Trigger

Computer
Control Wave Form

Generator

Digital
Oscilloscope

IEEE

i (t)

r(t)
Transduce
r

Buffer Rod

Sample

 Ch1 Sync
Ch1

g(t)
Frequency 

Amp 

Ultrasonic Interferometry 

cell 
assembly 

TC 

Pt NaCl 

sample 

C-heater 

TC 
Boron Th

e 
im

Details of SAM 85 

Cell assembly for 
ultrasonics at High P and 
T.  

P	
  and	
  S	
  wave	
  	
  
travel	
  0mes	
  
(tp,	
  ts)	
  inside	
  	
  
	
  the	
  sample	
  are	
  
	
  measured	
  at	
  the	
  	
  
	
  same	
  0me	
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“Pressure” is meaningful only under hydrostatic conditions.	
  

Nonhydrostatic stress conditions are 
difficult to reproduce ...
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more serious !	



Nonhydrosta0c	
  stress	
  

• Stress	
  inhomogeneity	
  

• Uniaxial	
  stress	
  

pressure gradients	



lattice distortion 	



broadening	



shift	



(signal)	



(signal)	
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Deformation under 
uniaxial stress


K. Takemura, JAP 89, 662 (2001).
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Ideal hydrostatic conditions can only be achieved with a fluid 
pressure medium and a perfect single crystal. 	



Local	
  stress	
  

single crystal	



single crystal	


(+ grain boundaries, 
dislocations, twins, ...)	



polycrystalline	



 broadening	



local stress !"
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In	
  prac0ce,	
  pressure	
  was	
  measured:	
  

•  Powder	
  XRD	
  via	
  well-­‐known	
  EoS	
  of	
  markers	
  
(Pt,	
  Au,…)	
  

•  Ruby	
  pressure	
  scale	
  

Secondary	
  pressure	
  calibra0on!!	
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Fluorescent	
  spectroscopy	
  

•  Ruby	
  (Al2O3),	
  YAlO3,	
  YAG,	
  MgO,	
  and	
  a	
  few	
  others.	
  
•  Ruby’s	
  main	
  fluorescence	
  
lines	
  (the	
  R1	
  R2	
  doublet)	
  
were	
  intense	
  and	
  sharp,	
  and	
  
the	
  lines	
  shited	
  measurably	
  
toward	
  the	
  red	
  with	
  
increasing	
  pressure	
  

R.	
  A.	
  Forman,	
  G.	
  J.	
  Piermarini,	
  J.	
  D.	
  Barneg,	
  
and	
  S.	
  Block,	
  Pressure	
  Measurement	
  
Made	
  by	
  the	
  U0liza0on	
  of	
  Ruby	
  Sharp-­‐	
  
Line	
  Luminescence,	
  Science	
  176,	
  284	
  
(1972).	
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•  H. K. MAO and P. M. BELL, High-Pressure Physics: The 1-
Megabar Mark on the Ruby R1 Static Pressure Scale, Science, 
Vol. 191. no. 4229, pp. 851 – 852, 1976 

•  H. K. MAO and P. M. BELL, High-Pressure Physics: 
Sustained Static Generation of 1.36 to 1.72 Megabars, Science 
200, 1145-1147 1978  

•  H.-K. Mao, J. Xu, and P. M. Bell, J. Geophys. Res. 91, 4673 
(1986). 
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  Diamond	
  anvil	
  Raman	
  gauge	
  



2015	
  NXS_ANL	
   51	
  

Equa0on	
  of	
  State	
  (EoS)	
  

•  The	
  rela0onships	
  among	
  the	
  pressure,	
  the	
  
volume,	
  and	
  the	
  temperature	
  are	
  described	
  
by	
  the	
  Equa0on	
  of	
  State	
  (EoS).	
  

•  Ideal	
  gas:	
  PV=nRT	
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•  The	
  volume-­‐temperature	
  rela0onship	
  is	
  described	
  by	
  the	
  
defini0on	
  of	
  the	
  volume	
  coefficient	
  of	
  expansion	
  

	
  
•  The	
  rela0onship	
  between	
  the	
  pressure	
  and	
  the	
  volume	
  is	
  
given	
  by	
  the	
  isothermal	
  bulk	
  modulus	
  

Condi0ons	
  
For	
  the	
  validity	
  of	
  equa0on,	
  it	
  is	
  assumed	
  that	
  the	
  solid	
  is	
  
homogeneous,	
  isotropic,	
  nonviscous	
  and	
  has	
  linear	
  elas0city.	
  It	
  is	
  also	
  
assumed	
  that	
  the	
  stresses	
  are	
  isotropic;	
  therefore,	
  the	
  principal	
  stresses	
  
can	
  be	
  iden0fied	
  as	
  the	
  pressure	
  	
  
	
  	
  	
  	
  p	
  =	
  σ1	
  =	
  σ2	
  =	
  σ3	
  .	
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A	
  universal	
  EoS	
  must	
  cover	
  the	
  en0re	
  pressure	
  and	
  
temperature	
  range;	
  therefore,	
  it	
  is	
  necessary	
  
to	
  incorporate	
  all	
  of	
  the	
  deriva0ves	
  of	
  the	
  volume	
  coefficient	
  
of	
  expansion	
  and	
  the	
  isothermal	
  bulk	
  modulus.	
  	
  
There	
  is	
  no	
  single	
  expression	
  known	
  for	
  universal!	
  

•  The	
  determined	
  values	
  of	
  the	
  volume	
  and	
  the	
  bulk	
  
modulus	
  at	
  temperature	
  T	
  can	
  be	
  used	
  as	
  ini0al	
  
parameters	
  for	
  an	
  isothermal	
  EoS.	
  	
  

•  The	
  isothermal	
  equa0on	
  of	
  states	
  follow	
  	
  
	
  finite	
  strain,	
  interatomic	
  poten0al,	
  or	
  empirical	
  approach.	
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Finite-­‐strain	
  EoS	
  

•  The	
  Birch-­‐Murnaghan	
  EoS	
  (Birch,	
  1947;	
  Murnaghen,	
  
1937,	
  1944)	
  assumes	
  that	
  the	
  strain	
  energy	
  of	
  a	
  solid	
  
can	
  be	
  expressed	
  as	
  a	
  Taylor	
  series	
  in	
  the	
  finite	
  
Eulerian	
  strain.	
  Expansion	
  to	
  fourth	
  order	
  in	
  the	
  
strain	
  yields	
  an	
  EoS:	
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The	
  most	
  widely	
  used	
  isothermal	
  EoS	
  

•  F.D.	
  Murnaghan,	
  'The	
  Compressibility	
  of	
  Media	
  under	
  
Extreme	
  Pressures',	
  in	
  Proceedings	
  of	
  the	
  Na=onal	
  Academy	
  
of	
  Sciences,	
  vol.	
  30,	
  pp.	
  244-­‐247,	
  1944.	
  	
  

•  Francis	
  Birch,	
  'Finite	
  Elas0c	
  Strain	
  of	
  Cubic	
  Crystals',	
  in	
  
Physical	
  Review,	
  vol.	
  71,	
  pp.	
  809-­‐824	
  (1947).	
  	
  

Third	
  order	
  Birch	
  EoS	
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Inter-­‐atomic	
  poten=al	
  EoSs	
  

•  The	
  theore0cal	
  base	
  for	
  the	
  interatomic	
  
poten0al	
  EoS	
  lays	
  in	
  the	
  thermodynamic	
  
rela0onship	
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The	
  poten0al	
  func0on	
  proposed	
  by	
  Mie	
  and	
  
extended	
  by	
  Grunesisen	
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“Universal	
  EoS”	
  derived	
  by	
  Rose	
  from	
  a	
  general	
  
inter-­‐atomic	
  poten0al	
  (Rose,	
  1984)	
  which	
  was	
  
promoted	
  by	
  (Vinet,	
  1987-­‐a,	
  -­‐b)	
  is	
  also	
  
commonly	
  used:	
  

The	
  Vinet	
  EoS	
  gives	
  very	
  accurate	
  results	
  for	
  simple	
  solids	
  at	
  very	
  high	
  pressure.	
  



2015	
  NXS_ANL	
   59	
  

Empirical	
  EoS	
  

•  Find	
  a	
  mathema0cal	
  func0on	
  which	
  gives	
  the	
  
best	
  fit	
  to	
  the	
  experiments	
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Equation: y=1.5*A*((x/C)^(-7/3)-(x/C)^(-5/3))*(1+0.75*(B-4)*((x/C)^(-2/3)-1)) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.63629
R^2 =  0.99945
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V0=104.16667 ? .32098A3
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Structural 
Type 

K0 
(GPa) K’0 

Pressure 
range (GPa) 

Pressure 
marker 

Pressure 
medium Techniques Reference 

B1 

150 ± 1 4 (fixed) 0-9.7 Ruby Methanol-
ethanol 

ADXRD 
/DAC 

This work 
run #1 

147 ± 4 4.2 ± 0.1 0-89 Au None ADXRD 
/DAC 

This work 
run #2 

148 ± 1 4 (fixed) 0-8.1 
NaCl BN EDXRD 

/LVC 
Ref. [13], 

1999 150 ± 1 4 (fixed) 0-7.8 

108 9 0-35 NaCl, Ag, 
MgO 

NaCl, Ag, 
MgO XRD/DP Ref. [11], 

1966 

130 4.13 -- -- -- Calculation 
/GGA Ref. [9], 2002 

B2 
169 ± 7 4.66 

(fixed) 102-176 Au None ADXRD 
/DAC 

This work 
run #2 

114 4.66 -- -- -- Calculation 
/GGA Ref. [9], 2002 

	
  

	
  

Bulk	
  Moduli	
  for	
  CdO	
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Case	
  1	
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ZnO	
  under	
  high	
  pressure	
  

Bates,	
  White,	
  and	
  Roy,	
  Science,	
  137,	
  
993	
  (1962)	
  

	
  

Wurtzite	
  (B4)	
  to	
  NaCl	
  (B1)	
  around	
  9	
  
GPa	
  	
  

Ammonium	
  chloride	
  solu0on	
  as	
  a	
  
catalyst.	
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Mechanism	
  of	
  B4-­‐to-­‐B1	
  Transi@on:	
  Path	
  

 
S. Limpijumnong, and S. 

Jungthawan, Phys. Rev. 
B, 70, 054104 (Aug. 
2004).  

 
S. Limpijumnong, and W. R. 

L. Lambrecht, Phys. Rev. 
Lett., 86, 91 (2001). 

L. Bellaiche, K. Kunc, and J. 
M. Besson, Phys. Rev. 
B, 54, 8945 (1996)   

A.	
  M.	
  Saiga,	
  and	
  F.	
  Decremps,	
  
Phys.	
  Rev.	
  B,	
  70,	
  035214	
  
(July,	
  2004)	
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Diffrac@on	
  studies	
  at	
  ambient	
  and	
  HP	
  condi@ons	
  	
  

	
  	
  
	
  B4	
  phase	
  Zn-­‐O:	
  1.992	
  Å	
  and	
  1.973	
  Å	
  
	
  	
  
	
  S.	
  C.	
  Abrahams,	
  and	
  J.	
  L.	
  Bernstein,	
  Acta	
  
Cryst.	
  B	
  25,	
  1233,	
  (1969).	
  	
  

	
  
	
  	
  

	
  
	
  The	
  ideal	
  correla0on:	
  
	
  	
  u(c/a)=(3/8)1/2	
  (u=3/8;	
  c/a=(8/3)1/2)	
  	
  
	
  between	
  c/a	
  ra0o	
  and	
  u,	
  which	
  was	
  
experimentally	
  confirmed	
  by	
  the	
  
wurtzite	
  structural	
  refinements	
  of	
  ZnO	
  
and	
  ZnS	
  at	
  ambient	
  condi0ons.	
  

	
  
	
  E.	
  H.	
  Kisi,	
  and	
  M.	
  M.	
  Elcombe,	
  Acta	
  Cryst.	
  C	
  
45,	
  1867,	
  (1989).	
  

S.	
  Desgreniers,	
  Phys.	
  Rev.	
  B,	
  58,	
  
14102	
  (1998).	
  

“Obvious	
  ques0ons	
  which	
  arise	
  are	
  
whether	
  the	
  ideal	
  correla0on	
  are	
  
affected	
  by	
  the	
  compression”	
  



2015	
  NXS_ANL	
   67	
  

High	
  resolu0on	
  ADXRD	
  high	
  pressure	
  experiment	
  in	
  HPCAT	
  

6 8 10 12 14 16 18 20 22 24
0

45000

15.5GPa
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9.5GPa
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3.4GPa

0.6GPa
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ZnO under compression
in helium pressure medium

B1 phase

	
  

Polycrystalline	
  ZnO	
  (99.9995%);	
  

Helium	
  pressure	
  medium;	
  

Ruby	
  ball	
  pressure	
  marker;	
  

Monitored	
  un0l	
  close	
  equilibrium	
  at	
  each	
  
pressure	
  change;	
  

Average	
  pressure	
  before	
  &	
  ater	
  measurement;	
  

Room	
  temperature;	
  

Thickness	
  at	
  1	
  bar:	
  

	
  Sample:	
  ~5	
  µm	
  

	
  T301	
  Gasket:	
  ~45	
  µm	
  

λ	
  =	
  0.3888	
  Å;	
  

Beam	
  size:	
  ~15	
  µm;	
  

MAR345	
  IP	
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The	
  u	
  and	
  the	
  Transi0on	
  Path	
  

•  In	
  spite	
  of	
  the	
  c/a	
  ra0o	
  shows	
  a	
  slight	
  
decrease	
  with	
  pressure,	
  the	
  u(P)	
  trend	
  
in	
  our	
  experimental	
  results	
  show	
  that	
  
the	
  ini0al	
  intermediate	
  distor0on	
  path	
  
prefers	
  the	
  ‘hexagonal’	
  model	
  
than	
  the	
  ‘tetragonal’	
  model	
  up	
  to	
  
5.6	
  GPa.	
  	
  

•  The	
  ‘hexagonal’	
  intermediate	
  path	
  
is	
  not	
  the	
  ideal	
  one	
  used	
  in	
  
calcula0ons.	
  Therefore,	
  any	
  change	
  of	
  
the	
  c/a	
  ra0o	
  would	
  counter	
  the	
  
varia0on	
  of	
  u	
  under	
  pressure.	
  

•  The	
  u	
  values	
  quickly	
  decrease	
  during	
  
phase	
  transi0on	
  pressure	
  range	
  may	
  
imply	
  that	
  this	
  distor0on	
  ‘hexagonal’	
  
intermediate	
  phase	
  is	
  in	
  compe00on	
  
with	
  the	
  alterna0ve	
  path.	
  	
  

0 2 4 6 8 10 12 14

0.38

0.40

0.42

0.44

0.46

B1 phase

u in B4 phase of ZnO

Estimated from u(c/a)=(3/8)1/2

 

 

u

Pressure (GPa)

B4 phase

Pre-­‐transi0onal	
  effect:	
  	
  

ini0al	
  intermediate	
  distor0on	
  path	
  

	
  Haozhe	
  Liu,	
  Yang	
  Ding,	
  Maddury	
  Somayazulu,	
  et	
  al.,	
  Rietveld	
  refinement	
  study	
  of	
  the	
  pressure	
  dependence	
  of	
  internal	
  
structural	
  parameter	
  u	
  in	
  wurtzite	
  phase	
  of	
  zinc	
  oxide,	
  Physical	
  Review	
  B,	
  71,	
  212103,	
  2005.	
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Why	
  ultra-­‐high	
  pressure?	
  

	
  	
  
	
   	
  	
  

	
  Total	
  energy	
  and	
  
electronic	
  structure	
  
calcula0ons	
  

	
  
	
  B1	
  (NaCl)	
  to	
  B2	
  (CsCl)	
  
transi0on	
  at:	
  
	
  260	
  GPa	
  (LDA)	
  	
  
	
  256	
  GPa	
  (GGA)	
  

J.	
  E.	
  Jaffe,	
  J.	
  A.	
  Snyder,	
  Z.	
  Lin,	
  and	
  A.	
  C.	
  Hess,	
  Phys.	
  Rev.	
  B,	
  62,	
  1660	
  (2000).	
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High	
  Pressure	
  ADXRD	
  at	
  HPCAT	
  

ZnO	
  as	
  pressure	
  marker;	
  	
  
No	
  pressure	
  medium;	
  
Rhenium	
  gasket;	
  
IP	
  or	
  CCD	
  (30	
  s).	
  
	
  

~132	
  GPa	
  (12/11/2004)	
   Reliability	
  of	
  the	
  predic0ons?	
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Total	
  energy	
  calcula0ons	
  for	
  the	
  B1	
  and	
  B2	
  phase	
  of	
  ZnO	
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B1 phase

B1 phase

B2 phase

 

 

 

B2 phase

Equilibrium	
  transi0on	
  pressure	
  was	
  es0mated	
  at	
  about	
  261	
  GPa,	
  Need	
  Run	
  #4!	
  
	
  
Haozhe	
  Liu,	
  John	
  S.	
  Tse,	
  and	
  Ho-­‐kwang	
  Mao,	
  Stability	
  of	
  rocksalt	
  phase	
  of	
  zinc	
  oxide	
  under	
  strong	
  compression:	
  
Synchrotron	
  x-­‐ray	
  diffrac0on	
  experiments	
  and	
  first-­‐principles	
  calcula0ons	
  studies,	
  Journal	
  of	
  Applied	
  Physics,	
  2006.	
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•  the	
  3d	
  and	
  4d	
  transi0on-­‐metal	
  monoxide	
  ZnO	
  and	
  CdO	
  	
  
•  Cd:	
  end	
  member	
  of	
  the	
  transi0on	
  metal	
  group,	
  [Kr].4d10.5s2,	
  similar	
  

to	
  IIA	
  main	
  group	
  elements	
  

	
  The	
  first	
  principles	
  DFT	
  total	
  energy	
  
calcula0ons:	
  	
  
	
  rock-­‐salt	
  (B1),	
  cesium	
  chloride	
  (B2),	
  
nickel	
  arsenide,	
  zinc-­‐blende,	
  
orthorhombic	
  cmcm,	
  cinnabar,	
  and	
  
wurtzite	
  structures	
  
	
  	
  
	
  Predic0on:	
  B1	
  to	
  B2	
  
transi0on	
  ~89GPa.	
  
	
  	
  
	
  (common	
  behavior	
  in	
  alkali	
  and	
  ammonium	
  
halides,	
  some	
  IIA-­‐VIA	
  compounds	
  under	
  
pressure)	
  

R.	
  J.	
  Guerrero-­‐Moreno,	
  N.	
  Takeuchi,	
  Phys.	
  Rev.	
  B	
  66,	
  
205205	
  (2002).	
  

Next	
  Door	
  Neighbor:	
  CdO	
  



2015	
  NXS_ANL	
   73	
  

6 8 10 12 14 16 18 20 22
0

5000

10000
B2

B1

(210)(200)(111)

(110)

(100)

(311)
(222)

(220)

(200)

90.6GPa

93.4GPa

95.8GPa

102.5GPa

 

 

In
te

ns
ity

 (a
. u

.)

2 Theta (degree)

84.4GPa

CdO during pressure induced 
phase transition  (B1 to B2) 
λ=0.4228Å

(111)

High	
  Pressure	
  ADXRD	
  for	
  CdO	
  at	
  HPCAT	
  

Run	
  #2	
  (Feb.	
  2004):	
  

Polycrystalline	
  CdO	
  (99.998%);	
  

No	
  pressure	
  medium;	
  

Au	
  pressure	
  marker;	
  

Room	
  temperature;	
  

Rhenium	
  gasket;	
  

Beam	
  size:	
  ~10	
  µm;	
  

MAR345	
  IP	
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High	
  Pressure	
  ADXRD	
  for	
  CdO	
  at	
  HPCAT	
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λ=0.3678Å

(210)

Haozhe	
  Liu,	
  Ho-­‐kwang	
  Mao,	
  Maddury	
  Somayazulu,	
  et	
  al.,	
  B1-­‐to-­‐B2	
  phase	
  transi0on	
  of	
  transi0on-­‐metal	
  monoxide	
  
CdO	
  under	
  strong	
  compression,	
  Physical	
  Review	
  B,	
  70,	
  094114,	
  2004.	
  	
  

~170	
  GPa	
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High	
  Pressure	
  ADXRD	
  for	
  CdO	
  at	
  HPCAT	
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  case	
  for	
  the	
  B1-­‐to-­‐B2	
  directly	
  phase	
  transi0on	
  in	
  d	
  transi0on-­‐metal	
  
monoxides	
  under	
  pressure.	
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Neighborite:	
  NaMgF3	
  

An	
  ideal	
  analogue	
  model	
  for	
  silicate	
  
perovskite	
  (MgSiO3)	
  due	
  to	
  the	
  similari0es	
  
between	
  their	
  crystal	
  and	
  electronic	
  
structures.	
  	
  
	
  
Advantage:	
  weaker	
  bonding	
  feature	
  of	
  
neighborite	
  grant	
  us	
  the	
  opportunity	
  to	
  
simulate	
  behavior	
  of	
  silicate	
  perovskite	
  at	
  
lower	
  mantel,	
  i.	
  e.	
  high	
  pressure	
  and	
  high	
  
temperature	
  condi0on,	
  at	
  rela0vely	
  lower	
  P-­‐
T	
  condi0ons.	
  

Okeeffe	
  M,	
  Bovin	
  JO,	
  Solid	
  electrolyte	
  behavior	
  of	
  NaMgF3:	
  
geophysical	
  implica0ons,	
  Science,	
  206	
  (4418):	
  599-­‐600,	
  
1979.	
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 ADXRD, Zhao et al 1993
 ADXRD, Zhao et al 1994
 EDXRD, Zhao et al 1994
 ADXRD, this work (Chen & Liu)
 ADXRD & EDXRD, this work

Jiuhua	
  Chen,	
  Haozhe	
  Liu,	
  C.	
  David	
  Mar0n,	
  et	
  al.,	
  Crystal	
  
chemistry	
  of	
  NaMgF3	
  perovskite	
  at	
  high	
  pressure	
  and	
  
temperature,	
  American	
  Mineralogist,	
  90(10),	
  1534-­‐1539,	
  
2005.	
  	
  

Case	
  2	
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Neighborite	
  under	
  high	
  pressure	
  at	
  RT	
  

Compression	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Phase	
  transi0on?	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Decompose	
  or	
  amorphiza0on?	
  
	
  	
  	
  	
  	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Higher	
  or	
  lower	
  symmetry?	
  	
  	
  	
  	
  	
  	
  	
  Til0ng	
  and	
  distor0on	
  destablize?	
  
	
  
In	
  situ	
  high	
  pressure	
  XRD	
  DAC	
  experiments:	
  	
  
1.  EDXRD,	
  Silicone	
  oil,	
  22	
  GPa,	
  X17C,	
  NSLS,	
  2/4-­‐9/03	
  
2.  ADXRD,	
  Silicone	
  oil,	
  22	
  GPa,	
  HPCAT,	
  APS,	
  2/18-­‐22/03	
  
3.  EDXRD,	
  Methanol/ethanol,	
  30	
  GPa,	
  X17C,	
  NSLS,	
  3/6-­‐9/03	
  
4.  ADXRD,	
  Silicone	
  oil,	
  30	
  GPa,	
  X17C,	
  NSLS,	
  4/10-­‐13/03	
  
5.  ADXRD,	
  Silicone	
  oil,	
  53	
  GPa,	
  X17C,	
  NSLS,	
  9/21-­‐22/03	
  
6.  ADXRD,	
  Helium,	
  16	
  GPa,	
  HPCAT,	
  APS,	
  2/7-­‐8/04	
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Macro-derived tilting 
(from lattice parameters) 

cosθ=a/b 
cosφ=21/2a/c 
cosΦ=cosθcosφ	
  

Micro-derived tilting:  
(from atomic displacements) 

 
tanθ=4(u2

F(1)+v2
F(1))1/2/c=321/2wF(2) /(a2+b2)1/2 

tanφ=4(u2
F(2)+v2

F(2))1/2/(a2+b2)1/2 
cosΦ=cosθcosφ 

Link between micro- and macro approach for tilting 

     Φxyz	
  = 1.19Φabc-0.174             0~7GPa, T=250C 

     Φxyz	
  = 0.428Φabc+12.6            7~16GPa, T=250C 
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Octahedral tilting
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 ADXRD-DAC, HPCAT-APS, 2004, this work
 EDXRD-LVC, 17B1-NSLS, 1993, Ref [11]
 ADXRD-LVC, KEK, 1994, Ref [12]

ε(s)=[2(a*2+b*2+c*2-a*b*-b*c*-c*a*)/3ao
2]1/2

(Z=1, a*=a/21/2, b*=b/20.5, c*=c/2, ao=bc/4a)
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Contribution of octahedral tilting 
and the octahedral bond length to 
the volumetric compression:	
  

PPFMg
FMg

VVV ∂Φ
Φ∂−

+
∂−
−∂−

=+= Φ cos
cos2

][
][3

0 βββ

Spontaneous strain	
  

H.	
  Liu,	
  J.	
  Chen,	
  J.	
  Hu,	
  C.	
  D.	
  Mar0n,	
  D.	
  J.	
  Weidner,	
  D.	
  Häusermann,	
  and	
  H.	
  K.	
  Mao,	
  Octahedral	
  
0l0ng	
  evolu0on	
  and	
  phase	
  transi0on	
  in	
  orthorhombic	
  NaMgF3	
  perovskite	
  under	
  pressure,	
  
Geophysical	
  Research	
  Le=ers,	
  Vol.	
  32,	
  No.	
  4,	
  L04304,	
  2005.	
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Two	
  independent	
  theore0cal	
  calcula0ons	
  
[Parise	
  et	
  al.,	
  2004;	
  Oganov,	
  2005]	
  confirmed	
  
this	
  pressure	
  induced	
  phase	
  transi0on.	
  
	
  
Further	
  studies:	
  Dave	
  Mar0n	
  et	
  al.	
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31.3GPa

NaMgF3 compression in

silicone oil pressure medium
λ=0.3185Å, X17C, NSLS

HP	
  phase	
  could	
  be	
  indexed	
  with	
  the	
  
layering-­‐type	
  post-­‐perovskite	
  structural	
  
model	
  with	
  space	
  group	
  Cmcm.	
  	
  

a=2.780	
  Å,	
  b=8.491	
  Å,	
  and	
  c=7.001	
  Å	
  at	
  
31.3GPa	
  	
  

Analog:	
  for	
  silicate	
  perovskite	
  (MgSiO3)	
  to	
  
post-­‐perovskite	
  transi0on	
  at	
  high	
  
pressure	
  and	
  high	
  temperature	
  
(lowermost	
  mantle,	
  D’’	
  layer)	
  condi0ons.	
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New	
  phases	
  at	
  the	
  core	
  mantle	
  boundary:	
  Electronic	
  and	
  elas0c	
  
proper0es	
  of	
  (Mg,	
  Fe)SiO3	
  post-­‐perovskite	
  

Mao	
  et	
  al,	
  Science,	
  312,	
  564,2006	
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