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Plasmon scattering probing of electronic states in diamond at extreme conditions
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We measured the collective plasmon scattering spectrum from diamond at pressures approaching
370 GPa. Samples are dynamically compressed employing counter-propagating laser beams where
the compression states are determined by Bragg scattering. X-ray energy loss spectroscopy with
8keV photons from the Linac Coherently Light Source (LCLS) is then applied to probe the electronic
state. The x-rays excite a collective interband transition, leading to a clear plasmon signal whose
dispersion matches density functional theory. The data reveal a pressure-dependent Penn gap and
demonstrate a non-conducting warm dense matter state for conditions of planetary interiors.

The extraordinary mechanical and optical properties of
carbon are the basis of numerous technical applications
[1] and make diamond anvil cells the premier device to
explore the high-pressure properties of materials [2, 3]. In
contrast, the behavior of carbon at the high pressure and
moderate temperatures typically occurring in planetary
interiors [4, 5] is poorly understood. Here, prediction
for the boundaries between the different high-pressure
phases, their microscopic structure, and the conductivity
at high pressure carry large uncertainties. As there is
growing evidence of the abundance of carbon in the in-
teriors of several planets, these information are urgently
needed for modelling planetary structures, their evolu-
tions and the generation of the external magnetic fields.
Moreover, the behavior of carbon under large pressures
is also one of the major inputs for describing inertial con-
finement fusion experiments [6, 7], where an ablator made
of high-density carbon rather than plastic has been shown
to reduce the entropy in implosions [8].

One of the most important problems at high pressures
is the closure of the band gap and the creation of a highly
conducting, metallic phase (Mott transition). Although
this is a general behavior, the transition point and the
path towards this phase transition pose severe challenges
for theoretical predictions [9]. Unlike for most semicon-
ductors, both the direct and indirect band gaps of dia-
mond have been predicted to first increase with compres-
sion [10, 11] before decreasing and eventually collapsing
at extremely high pressures. Ab initio simulations have
predicted a stable insulating phase under purely hydro-
static pressures of over 1 TPa [12, 13] and a band gap col-
lapse at a combination of high uniaxial stresses >400 GPa
and hydrostatic pressures of >100 GPa [14].

Indications for the unusual opening of the band gap
only exists at very low pressures; measurements have

been performed for pressures smaller than 10 GPa by
static compression experiments [15, 16]. Conversely, a
red shift of the absorption edge was observed at uniaxial
pressures of over 300 GPa [17, 18]. However, until now it
remains unknown whether this behavior is a consequence
of the intrinsic closure of the diamond band gap, is re-
lated to the impurities in natural diamond, or comes from
deformation of the highly strained anvils leaving con-
siderable uncertainties about the pathway towards the
Mott transition in carbon. The transition to a conduct-
ing fluid has been inferred for conditions under dynamic
shock-compression, which is connected to a considerable
temperature rise at several hundred GPa [19].

In this Letter, we present the first dynamic high-
pressure experiments at LCLS that ramp-compress solid
samples to pressure of 370 GPa. These conditions pro-
vide temperatures below 3000 K, close to the Neptune
adiabat , and allow access of ultra bright x-ray probing
[20]. We employ a unique combination of precision x-
ray measurements of the electronic and ionic structure.
The frequency shift of the inelastically scattered x-rays
encodes the optical properties and, thus, the behavior
of the band gap in the sample [21]. We observe an in-
creasing direct band gap in diamond in well-characterized
compression states from simultaneous x-ray diffraction.
The scattering spectra show a clear signature of col-
lective plasmon excitations that characteristically shifts
to higher frequency losses with the increasing pressure.
Combining these data with ab initio simulations reveals
an opening of the band gap up to the highest observed
pressures. Moreover, we can clearly rule out pressure-
induced changes as a sources of the observed red shift of
the optical absorption edge.

Our experiment was performed at the end station for
Matter in Extreme Conditions (MEC) in the LCLS at the
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Figure 1. Configuration for dynamic-compression experiment. (a) The diamond foils are compressed with a high-energy optical
laser and probed with the high-photon flux x-ray beam from LCLS. The scattered x-rays are resolved in spectrum and angle.
(b) Hydrodynamic simulations predict a density of 5gcm™2 when the compression waves collide. c¢) Data for the inelastic
scattering spectrum showing a distinct plasmon resonance. d) The Debye-Scherrer rings in the diffraction images are sensitive

to the density of the sample.

SLAC National Accelerator Laboratory [22]. Fig. 1(a)
gives a schematic of the experimental setup. Thin
foils of diamond, created by chemical vapor deposition,
were heated and compressed by driving two counter-
propagating pressure waves with intense optical lasers in-
cident on each surface. Hydrodynamic simulations with
the HELIOS code using the PROPACEOQOS equation of
state tables [23] predict densities of up to 5g/cm? at the
collision of the two compression waves several nanosec-
onds after the start of the laser drive (see Fig. 1(b)).

The diamond foils were prepared by chemical vapor de-
position onto a silicon substrate seeded with a diamond
powder. The samples were 3 x 3 mm at a thickness of 40
pm. The foil surfaces were analyzed using a profilometer
showing an average grain size of 100 nm. The crystal
grains show a typical preference to the orientation of the
substrate planes [24]. The average density of the foils
was measured using the profilometer and a microbalance
as 3.45 g/cc. This is slightly less than the bulk density
(3.51 g/cc) as measured by x-ray diffraction, which is
explained by the formation of amorphous carbon at the
boundaries of the crystal grains. The main impurity was

hydrogen adsorbed on the surfaces of the grains at a con-
tent of 0.1% by mass as estimated by electron energy loss
spectroscopy.

Compression of the sample was achieved by two optical
lasers each delivered up to 4J of light at 527nm in a
4ns long ramp pulse. The laser spots were smoothed
with continuous phase plates giving a focal spot of 60 pm
FWHM and a peak intensity of 70 TW /cm?.

The compressed samples were probed by 8 keV x-rays
from the LCLS. The FEL beam provided a typical pulse
energy of 0.3mJ of x-rays on target and was focused to
a spot size of 10 um Thus, the central, most uniformly
compressed region of the diamond sample was probed.

Forward scattering spectra from the compressed dia-
mond were recorded at a fixed angle of 2540.26° using
a highly oriented pyrolytic graphite crystal spectrom-
eter. A Cornell-SLAC Pixel Array Detector observed
Debye-Scherrer rings from x-ray diffraction over an an-
gular range of 260 = 17-55°, sufficient to observe the (111)
and (220) diffraction peaks. For each shot, we recorded
inelastic spectra using a graphite crystal spectrometer as
well as powder diffraction rings with an area detector in
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Figure 2. Scattered spectra from compressed diamond. The
experimental data (black lines) preceding (5.5 ns) and at co-
alescence (6.5 ns) are compared to the synthetic spectra (red
lines). The compressed shots show a downshift in the plasmon
peak as compared to the undriven control sample. The blue
dashed lines show the relative contributions to the scattering
for the undriven spectrum, while the dashed line connects the
centers of the plasmon peaks. Inset: the spectrum at 6.5 ns is
compared to a 95% confidence interval for the fitted plasmon
shift.

the forward direction [25]. Examples for these two kinds
of spectra are shown in Fig. 1(c¢) and (d). The angu-
lar shift of the Bragg peaks in the compressed samples
directly provides the density; the spectral shift of the
plasmon peak is sensitive to the changes in the electronic
structure.

Figure 2 shows examples of inelastic scattering spec-
tra measured at times near the coalescence of the ramp
waves, thus sampling different density states. For com-
parison, we also show a control spectrum from undriven
diamond. A larger density from the compression leads
to an increase in the plasmon loss. These changes are
reflected in the experimental spectra by a greater shift
of the inelastic feature away from the elastic peak. We
determine the plasmon frequency shift by fitting a the-
oretical spectrum to the data, with the total plasmon
loss as a free parameter. The plasmon peak is shifted by
up to 10 £ 1 €V from the position of the uncompressed
diamond.

Observing the energy-loss of scattered x-rays is a well-
established technique in dynamic compression experi-
ments which can yield the material properties of warm
dense matter or plasma states [20, 26]. In this regime,
inelastic scattering comes primarily from free electrons
that have been ionized or reside in the conduction band.
Under certain conditions, the response of the electrons
becomes collective and plasmons are observed [21]. In
static compressions experiments, such plasmons have also
been measured with recent results from sodium at pres-

sures up to 100 GPa [27].

A similar collective resonance can also be excited in
insulators and semiconductors. Previous studies on non-
metals have almost exclusively characterized thin mem-
branes using electron energy loss spectroscopy [28]. For
dynamically compressed matter, where the high pressure
and density state is maintained for only several nanosec-
onds, electron scattering will be insufficient. Here, only
the advent of record-brightness LCLS x-ray free electron
laser provides a near ideal probe, permitting single-shot
measurements of the inelastic x-ray scattering spectrum.

Valence electrons localized within chemical bonds in
insulators can be collectively excited into an available
conduction band. For diamond, the four sigma bonds
then oscillate between bonding and anti-bonding states.
The plasmon and average separation between these two
bands, the Penn gap, form a system of coupled oscillators.
The resonance frequency for a scattered wave vector k
may be modeled as

h2
(k) = /R + gy + - K (1)

e

Here, wy, = nye?/mee is the plasma frequency associated
with the valence electrons with density ny, and wpeny 18
the Penn gap frequency [29] between the valence and con-
duction bands. The additional quadratic dispersion term
goes beyond the usual Drude model and is introduced fol-
lowing the behavior of the random phase approximation
for free electrons. We have measured the empirical dis-
persion constant « to be 0.22.

Taking wp, = 31.1eV from the valance electron den-
sity and wpenn = 13.8€V gives a plasmon loss of 34eV
for diamond under standard conditions [30, 31]. Under
compression, the plasmon loss will shift to lower ener-
gies from both the densification and band gap opening.
Thus, by independently constraining the density, we can
experimentally determine the behavior of the band gap.

We compare the measured plasmon shift to predictions
in Fig. 3(a). Here, we first assumed a constant Penn en-
ergy. The increase of the electron density due to the
compression is not sufficient to explain the data. The
remaining increase of the plasmon energy must be at-
tributed to an increase of the Penn gap. To improve our
modeling, we also use Penn gaps that have been extracted
from density functional theory (DFT) simulations. The
DFT calculations predict an increase in the Penn gap un-
der compression which, when inserted into Eq. (1), gives
an excellent agreement with the measured plasmon shift.

The experimental data indicate an increase in the Penn
gap from 13.8eV at normal density to 20.5eV at the
maximum compression of 5.3 gem™>. Concomitant with
the increasing Penn gap, the DFT simulations reveal a
widening optical band gap. The calculated pressure co-
efficient is approximately 5 meV/GPa for pressures up to
80 GPa, 3meV/GPa up to 250 Pa, and then 2meV/GPa
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Figure 3. Analysis of the inelastic scattering data. (a) Measured plasmon shift versus density. The experimental data is
compared to the two predictions using a constant band gap (green) and one inferred from DFT calculations of the density of
states (blue). The density for the markers showing the experimental data is determined from the (111) diffraction peak with
error bars inferred from the (220) peak. The dashed black line shows the plasmon shift of undriven diamond. (b) Density of
states from the DFT calculations for different densities showing an opening of the band gap and modifications of the shape
under compression. The arrows demonstrate the increase in the Penn gap with density. ¢) Simulated isosurfaces of the valence
electron density of diamond. Under compression the bound electrons move closer to the ions, widening the band gap and

stiffening the material.

to the highest simulated pressure of 800 GPa. These low-
est pressure coefficients are comparable to previous theo-
retical and experimental work: 5 meV/GPa from the the-
oretical calculations by Fahy et al. [11], 6 meV/GPa from
the experiments of Onodera et al. [16] to 2.3 GPa, and
6.9 meV/GPa at up to 7 GPa from Trojan et al. [15]. The
stiffening of the band structure at high pressures demon-
strates that the material properties cannot be inferred
from extrapolation from low pressure studies.

At elevated temperatures, thermal ionic motion can
lead to a reduction in the band gap [32]. By observing
the intensity of the elastically scattered peak, we mea-
sured the temperature of the diamond sample through
the Debye-Waller factor. The relative increase in the
elastic peak yields a maximum temperature of 2800 K
[33], which has a negligible impact on the DFT results.

Under the large anisotropic stresses, typical of dia-
mond anvil cells [34], the band gap of diamond has been
predicted to collapse at pressures of 400 GPa [35]. As our
maximum inferred pressure is close to this value, it is im-
portant to consider non-hydrostatic effects that compress
the lattice differently along each direction and may lead
to a disagreement in the lattice constants, and thus den-
sity for different Bragg peaks. By measuring the shifts of
the (111) and (220) diffraction peaks, we find the largest
strain in our experiment results in a 0.03 A anisotropy
in the inferred lattice constants and an error of 5% in
the density. Our DFT calculations show that this small
amount of strain has only negligible effects on the band

structure. These small strains are in strong contrast to
the 10% elongation of the lattice constant as predicted
in highly strained diamond anvils [35].

In conclusion, we present the first detailed measure-
ments combined with DFT simulations of the electronic
structure of diamond at extreme pressures. For that
goal, we have transformed electron loss spectroscopy into
the x-ray domain allowing probing of larger samples on
much shorter time scales. By employing wavelength-
and angularly-resolved x-ray scattering simultaneously,
we show that diamond remains an insulator to densi-
ties of at least 5.3 gcm ™2 and pressures of 370 + 25 GPa.
We have observed the band gap of diamond to increase
under compression. The stability of diamond under
strong hydrostatic compression can have large implica-
tions for carbon-rich planets as a pressure-induced metal-
lic phase has significantly different thermodynamic prop-
erties. Moreover, our results point to anisotropy and im-
purities as a source for the closure of the optical window
in diamond anvil cells.
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