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Warm dense matter

FIAP 2005 - JOHNSON

Hydrogen Aluminum

T ~ 1-10 eV (104-105 K)      ρ ~ 10-3-10 g/cm3

Conditions found in explosions, astrophysics



Warm dense matter

WDM difficult to maintain here on earth

Volatility requires time-resolved technique
FIAP 2005 - JOHNSON



Technique:  ps-XAS

Near-edge → electronic structure

EXAFS → atomic structure
FIAP 2005 - JOHNSON



Technique:  ps-XAS

Rapidly heat sample with fs laser pulse

X-rays probe before sample evaporates/expands
FIAP 2005 - JOHNSON

Spectrograph

Detector 
(MCP / 

Streak camera)

Laser pulse (150 fs, 800 nm)

X-ray pulse
(ALS bend magnet, 70 ps)

Sample foil



Liquid silicon

First experiment:  liquid Si near Tc (~5000 K)

Large changes from solid
FIAP 2005 - JOHNSON

S. L. Johnson, et al. PRL 
91, 157403 (2003)



Liquid silicon

MD simulations + FEFF x-ray code → model

Shift in p-to-d peak → (0.15 ± 0.07) Å increase in nearest-neighbor 
distance
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Liquid silicon

Region closer to LII,III edge better modeled by 3s-DOS

Decrease in edge jump related to band gap collapse
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Liquid silicon

LI edge:  experiment sees (-1.6 ± 
0.2) eV shift

Model predicts -1.2 eV shift from 
band gap collapse, DOS changes
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Liquid silicon

In general, experimental data show more broadening than expected

May be due to local density variations near Tc
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Liquid carbon

Difficult system due to high Tm

Important for astrophysics:  Uranus, Neptune

Intermediate in nanotube synthesis:  W. de Heer, Science 307, p. 309 
(2005)
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Liquid carbon

Melting of free-standing a-C foil → big changes in antibonding states 

Increase in π* states, decrease in σ* states

FIAP 2005 - JOHNSON

bonding antibondingπ* σ*

π

σ



Liquid carbon

Higher densities:  tamping with LiF 

Expansion delayed by ~100 ps
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Liquid carbon

Comparison:  tamped a-C at 100 ps (black) with free-standing a-C at 
5 ps (red, measured with streak camera)

Tamping does appear to delay expansion
FIAP 2005 - JOHNSON



Liquid carbon

Curve-fitting gives estimate of π* states/site

Low density is sp-bonded, higher densities a mixture

Agrees with tight-binding MD models
FIAP 2005 - JOHNSON
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! bonding in the material. The much broader absorption
near 300 eV is from transitions to "! continuum states, and
so the decrease in absorption here indicates a lower density
of the associated " bonds. The liquid data also show a
blueshift of absorption at these "! resonances, an indica-
tion of bond length shortening that suggests stronger inter-
action between carbon atoms.

To extract a quantitative picture of the bonding changes,
we use a peak fitting analysis similar to that applied to
high-resolution spectra of a-C in [10]. Figures 1 and 2
show the results as curves superimposed on the data. Each
spectrum is modeled as the sum of four components. One
component, representing !! states, is a variable-width
Gaussian fixed at 285 eV. The continuum step is repre-
sented as an error function step with a width of 3.5 eV fixed
at 289.5 eV. To model the gradual drop in absorption as the
energy increases far above the edge, this continuum step is
multiplied by a linear function of energy set to match the
observed cross section at 350–450 eV, where all the forms
of carbon showed nearly identical absorption. The "!
continuum states are represented as an asymmetric peak
we call "!

c. The line shape of "!
c, derived in [12], is a three-

parameter function of energy that represents the asymmet-
ric absorption cross section expected from a clustered
distribution of " bonds with different lengths. The fourth
and final peak is a Gaussian fixed at 289 eV and with a
4.5 eV FWHM. This peak (called "!

x) is necessary to obtain
acceptable fits of the solid and tamped liquid spectra. The
magnitude of this peak is in fact the main difference be-
tween the 2.0 and 2:6 g=cm3 tamped liquid spectra. The
physical meaning of this feature is unfortunately ambigu-
ous, since the energy position could correspond to non-
continuum "! states or to conjugated !! states (as seen in
C60 and benzene [13,14]). The fits of solid a-C in [10] also
required a peak at approximately the same energy, and the
authors attributed the feature to "! states on the basis of its
behavior upon annealing of the a-C samples. For this
reason we tentatively assign this peak to "! states.

The magnitude of the !! absorption indicates the aver-
age number of ! bonded electrons per atom. Following the
reasoning presented in Ref. [10], we can estimate the rela-
tive number of !! states in each form of carbon by taking
the area under the !! peak. To transform these relative
areas into an estimated number of !! states=atom, we use
the spectrum of C60 from [13] as a reference [15]. Since
C60 is a purely sp2 network of carbon atoms, there is
exactly one !! state=atom. These states are clearly identi-
fiable in the spectrum. Further, the lack of long-range order
in C60 avoids some problems encountered in this type of
analysis with graphite or diamond [10]. Table I summa-
rizes the results.

The quoted uncertainties in the !! area are based on the
idea that the primary source of error is the mistaken assign-
ment of oscillator strength near 287–289 eV, the region of
the spectrum where the !! and "! resonances overlap. The
lower bound of the uncertainty in the !! area is taken as the
integral of the fitted !! line shape over energies above
287 eV. Similarly, the upper bound is set to the sum of the
areas under the "!

x and "!
c resonances for energies below

289 eV.
Inspection of the results for the two solids in Table I

shows a higher level of !! contributions in the a-C than in
the DLC. This seems consistent with earlier estimates of
88%–100% sp2 bonding in evaporated a-C [16,17] and
with the measurements of [10] that estimate 40% of the
atoms in their DLC samples are sp2 bonded and 60% are
sp3 bonded.

For the liquids there is much more ! bonding evident
from the fits. The low-density untamped liquid shows 2–3
times the number of !! states than does the a-C solid. The
estimate of 2:3!! states=atom is close to the 2 states=atom
expected for sp bonding. For the tamped liquids, we can
compare to the results of the T " 7000 K tight-binding
simulations of [5]. Values for the !! states=atom based on

TABLE I. Summary of important results of fitting the absorp-
tion spectra. The second column lists the number of
!! states=atom estimated from the area of the !! peak, normal-
ized to the !! contribution to C60 as described in the text. The
third column lists the !! states=atom derived from the simula-
tion results in Fig. 2 of [5]. The quoted uncertainties in these
values are based on the estimated uncertainty in the density of
the target carbon (#5%) and on the small fraction of atomic sites
in the simulation with onefold and fivefold coordination. The
rightmost column gives the energy of the maximum absorption
in the "!

c continuum feature.

Material
!! states=site

(fit)
!!=atom

(sim.)
"!

c peak
(eV)

a-C 0:7$0:2%0:1 & & & 295:5# 0:2

DLC 0:4$0:2%0:1 & & & 295:6# 0:3

l-C, untamped 2:3$0:1%0:5 & & & 297:6# 0:9

l-C, 2:0 g=cm3 1:5$0:2%0:3 1:5# 0:1 297:1# 0:7

l-C, 2:6 g=cm3 1:4$0:2%0:3 1:2# 0:1 299:2# 0:9
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FIG. 3 (color online). Comparison of the spectrum of an un-
tamped a-C foil 5–10 ps after heating to that of a tamped a-C
foil 100 ps after heating. Solid line: absorption spectrum from
heated a-C obtained using the streak camera detector, integrating
in time from 5–10 ps after excitation. Dashed line: tamped a-C
spectrum from Fig. 2(b).

PRL 94, 057407 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
11 FEBRUARY 2005

057407-3
S. L. Johnson, et al. PRL 94, 057407 (2005) 
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Future:  hard X-rays

FIAP 2005 - JOHNSON

Develop ps- and fs-XAS capability for photon energies 5-15 keV

Invesitigate transition to WDM (melting)

Other high energy-density systems 



Conclusions
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Time-resolved XAS:  good tool 
for WDM

Liquid silicon XAS shows good 
agreement with MD models, 
except for broadening

Liquid carbon is sp-bonded at low 
densities, a mixture at higher 
densities

Work on extending the technique 
to hard X-rays in progress at SLS 


