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Studying Materials at High Pressure
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Carbon phase and reaction diagram

After Bundy et al, Carbon 1996
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Cold Compression of Graphite

Previous in-situ observations of cold compressed graphite:

• Increase in electrical resistivity from semi-metal to insulator at 12 GPa
(Aust and Drickamer, 1963; Bundy and Kasper, 1967)

• Optical transmittance above 18 GPa (Utsumi and Yagi, 1991); Drop in 
optical reflectivity 19 GPa (Hanfland et al, 1989)

• Broadening of higher frequency E2g line (9 GPa by Hanfland et al, 1989; 
15–35 GPa by Goncharov et al, 1989); Transition at 18 GPa, but no 
first order diamond peak (Xu et al, 2002)

• Changes in XRD at 14 GPa (Yagi et al, 1992; Zhao and Spain, 1989)

What’s the nature of the transition in graphite 
compressed at ambient temperature?
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Optical transmission and reflectivity

Utsumi and Yagi, Science 1991
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Yagi et al, PRB 1992

Synchrotron X-ray diffraction



Cold Compression of Graphite

What’s the nature of the transition in graphite 
compressed at ambient temperature?

What is the nature of the bonding changes?
Use inelastic x-ray scattering spectroscopy (x-ray raman) 
to directly measure unfilled electronic states, giving the 
chemical bonding state, which allows characterization of 
the π- and σ- bonding changes in compressed graphite 

What is the atomic arrangement?.  
X-ray diffraction (XRD) under hydrostatic conditions to 
investigate structural changes. 

Is this a new phase of carbon?



Carbon Near Edge Structure

Coffman et al, APL 1996

EELS

http://eels.kuicr.kyoto-u.ac.jp



Motivation

How do we probe K-edge of low Z elements at HP?
Sample environment at HP incompatible with techniques 
that require vacuum



Inelastic Scattering
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IXS Set-up
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IXS Spectra
•Conversion of approximately half 
of π-bonds ~17 GPa
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X-ray diffraction (He medium)
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Superhard material

Ring crack



Conclusions

Under compression, graphite exhibits reversible, 
orders-of-magnitude change in strength from very 
soft graphite to superhard material. 

This cold-compressed graphite is a new, distinct 
phase of carbon. 

IXS can be used to probe bonding changes in 2nd

row elements in-situ at high pressure.
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