
High quality x-ray absorption spectroscopy measurements with long
energy range at high pressure using diamond anvil cell

Xinguo Hong,1,a� Matthew Newville,2 Vitali B. Prakapenka,2 Mark L. Rivers,2,3 and
Stephen R. Sutton2,3

1MacCHESS, Cornell High Energy Synchrotron Source, Cornell University, Ithaca, New York 14853, USA
2Center for Advanced Radiation Sources, University of Chicago, Chicago, Illinois 60637, USA
3Department of Geophysical Sciences, University of Chicago, Chicago, Illinois 60637, USA

�Received 22 April 2009; accepted 6 July 2009; published online 29 July 2009�

We describe an approach for acquiring high quality x-ray absorption fine structure �XAFS�
spectroscopy spectra with wide energy range at high pressure using diamond anvil cell �DAC�.
Overcoming the serious interference of diamond Bragg peaks is essential for combining XAFS and
DAC techniques in high pressure research, yet an effective method to obtain accurate XAFS
spectrum free from DAC induced glitches has been lacking. It was found that these glitches, whose
energy positions are very sensitive to the relative orientation between DAC and incident x-ray beam,
can be effectively eliminated using an iterative algorithm based on repeated measurements over a
small angular range of DAC orientation, e.g., within �3° relative to the x-ray beam direction.
Demonstration XAFS spectra are reported for rutile-type GeO2 recorded by traditional ambient
pressure and high pressure DAC methods, showing similar quality at 440 eV above the absorption
edge. Accurate XAFS spectra of GeO2 glass were obtained at high pressure up to 53 GPa, providing
important insight into the structural polymorphism of GeO2 glass at high pressure. This method is
expected be applicable for in situ XAFS measurements using a diamond anvil cell up to ultrahigh
pressures. © 2009 American Institute of Physics. �DOI: 10.1063/1.3186736�

I. INTRODUCTION

Diamond anvil cells �DACs� are commonly used to in-
troduce the fundamental thermodynamic variable of pressure
to investigate the high pressure phase behavior of condensed
matter. X-ray absorption fine structure �XAFS� spectroscopy,
including the x-ray absorption near edge spectrum �XANES�
and extended x-ray absorption fine structure �EXAFS� spec-
tra, has proven to be a powerful tool for critically character-
izing the local atomic configuration as well as electronic
state of absorbing atoms in materials of crystalline, amor-
phous, and liquid phases at ambient or high pressure
environment1–3 �for review, see Refs. 4–6�.

The coupling of a DAC and the XAFS technique is of
general importance in physics, chemistry, materials and earth
sciences, and has long been regarded as potentially ex-
tremely important for understanding the behavior and evolu-
tion of the local and electronic structure of matter under ex-
treme conditions.3,7–9 For crystalline materials at high
pressure, local information obtained by XAFS about inter-
atomic distances, types, and number of atoms around the
absorbing atom complements the long-range periodic struc-
ture provided by x-ray diffraction experiments because the
local compressibility of a single bond in complex materials
usually differs from the bulk compressibility.10,11 For disor-
dered systems at extreme conditions, e.g., high pressure

liquids12–20 and supercritical fluids,21–24 high pressure XAFS
offers unique information to track changes in the local and
electronic structures of absorber atoms in the fields of mate-
rials science, chemistry, and biophysics.

However, the use of DAC for high pressure XAFS is
complicated by DAC produced distortions of XAFS spectra,
restricted sample thickness, and high x-ray absorption by the
diamond at low energy. The spectral distortions arise from
the Bragg reflection of the diamond anvils, which suddenly
reduces the transmitted intensity and makes a strong contri-
bution to the measured attenuation of x-ray photons at cer-
tain x-ray energies and orientations of the diamonds.3,7,8 Be-
cause of these DAC induced, Bragg glitches, which are often
more intensive than EXAFS and XANES oscillations and
spoil the high quality XAFS necessary for deriving precise
structural information, diamond anvils have long been re-
garded as poorly suited for conventional energy scan XAFS
measurements at high pressure.3

Currently, the energy dispersive mode is regarded as a
good alternative XAFS technique for studies of materials
under high pressure using DAC �Refs. 25–28� because the
transmitted beam from the DAC can be visualized in real
time without the need of scanning the monochromator. For
high pressure research with the DAC, energy dispersive
XAFS �ED-XAFS� has many advantages over the conven-
tional scanning XAFS technique, such as position stability of
the focal spot �no mechanical movement of the optics during
data collection� and improved time resolution for high speed
data acquisition, which allows the optimum orientation of the
DAC with respect to the x-ray beam to be determined in a
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relatively short time.29–32 With the whole spectrum observed
simultaneously, ED-XAFS facilitates the rapid screening of
cell orientations to find an optimal one and therefore have
the largest possible glitch-free energy range.33,32 The remain-
ing glitches at the optimal DAC orientation can be removed
by rotating the cell a few degrees with respect to the poly-
chromatic x-ray beam.27

At low energies ��10 keV�, the number of Bragg re-
flections in the absorption spectrum is rather low. By per-
forming measurements at different orientations of the DAC,
it is in some cases possible to obtain “reflection-free” spectra
with wide energy range,27,34,35 e.g., the K-edges of Ni �Refs.
7 and 8� �8.333 keV�, Zn �Ref. 36� �9.659 keV�, and Ga
�10.367 keV�.37,38 The combination of ED-XAFS and in-
dented DAC �Ref. 39� has succeeded in extending usable
x-ray energy down to 5 keV and thereby allow XAFS spectra
of low-Z atoms to be acquired at pressures up to 30 GPa,27

leading to numerous successful applications, e.g., Refs.
40–43 and 27. Due to the strong focusing properties of the
polychromator crystal, improvements in dispersive optics,
use of a low divergence undulator source, and upstream hori-
zontal focusing mirror, the size of focused x-ray beam has
been significantly reduced in ED-XAFS spectrometers32 and
a beam size of 5�5 �m2 �full width at half maximum� has
been achieved28 opening up the possibility of performing
studies which couple spectroscopy and microscopy.44 It has
been reported that the use of standard diamond anvils �typi-
cally 2 mm thickness for each anvil� and small x-ray beam
has successfully pushed the pressure limit to the megabar
range, e.g., Br at 110 GPa,45 hematite at 100 GPa,32 and InAs
at 80 GPa.46

At higher energies, where the number of glitches in a
given energy range increases approximately with the square
of the edge energy, it is in general not possible to eliminate
all diamond reflections in the whole energy range of an
XAFS spectrum.32 The approach of performing measure-
ments at different DAC orientations in some cases succeeds
in eliminating all glitches,34,35 but it is almost impossible to
reject all glitches far from the threshold energy, for example,
at Ge K-edge �11 103 eV�, as pointed out in Ref. 27

The classical energy scanning XAFS is a well recog-
nized method and widely applied to structural studies at am-
bient pressure, but the situation of overcoming DAC glitches
in XAFS spectra by searching for an optimum orientation is
more time consuming than for the energy dispersive mode
because of poorer time resolution. Nevertheless, classical en-
ergy scan XAFS has some remarkable advantages, such as
relatively simple monochromator and focusing optics, and
wide availability at virtually every synchrotron radiation fa-
cility, including applications to diverse subjects of interest
and availability of the microbeams which are needed for ul-
trahigh pressure research at megabar region.

For XAFS measurements at high pressure using the clas-
sic energy scan mode, there are several methods to avoid
DAC glitches, such as measuring multiple spectra at several
different orientations of the cell, using polycrystalline boron
carbide anvils, recording spectra through the gasket, and us-
ing a multianvil apparatus. As an effective approach for over-
coming the Bragg glitches, the use of polycrystalline B4C for

one or both anvil�s�3 has demonstrated that high quality Cu
K-edge EXAFS spectra can be obtained and copper can serve
as a pressure calibrant with an accuracy of 0.5 GPa in the
range of 0–10 GPa.47 However, the use of polycrystalline
B4C anvil�s� limits the maximum achievable pressure. XAFS
data can be taken using a DAC by employing a low atomic
number gasket and recording spectra through the gasket
rather than the diamonds,48,49 but uncertainties in sample
thickness under high pressure limit its application to XANES
spectra. Another method to avoid the DAC glitches is the use
of large volume pressure cell �multianvil apparatus�, which is
very useful for studies of noncrystalline materials at rela-
tively low pressures �typically, �20 GPa�.50,11 Wide spectral
energy range can be achieved in this method, e.g., 1200 eV
above the threshold energy for white-tin-type germanium at
pressures up to 12.8 GPa,11 and 1000 eV above the edge for
liquid GeO2 up to 9 GPa.51

However, for many cases, such as the studies of phase
transitions at pressures above 20 GPa, single-crystal dia-
mond anvils must be employed. Effects of coupling the DAC
with conventional energy scanning mode were reported more
than 20 years ago.7,8 It was reported that if XAFS was re-
corded through the diamonds, the glitches can, in principle,
be eliminated by measuring spectra at several different ori-
entations of the cell so that the glitches appear at different
energies, and then producing a glitch-free, composite
spectrum.7,8,52 Nevertheless, practical use of this method
seems to be quite tricky and complicated, e.g., incomplete
spectra of W LIII edge �10.207 keV� were reported at low
pressures of 3.6 and 7.6 GPa even though spectra were col-
lected at several different DAC orientations.53 The classical
energy scan mode is not widely used for high pressure XAFS
measurements, a situation that is partially responsible for the
paucity of publications in the pressure range of 30–100 GPa.
For example, no Ge K-edge XAFS spectrum in energy scan
mode at pressure above 10 GPa has been reported so far.

The occurrence of DAC Bragg peaks typically limits
the k-range of the XAFS spectra to a maximum of
7–8 Å−1,54–56 resulting in insufficient information in the
spectra57 and the reduction in the number of independent
parameters on which the ambiguity of EXAFS results are
strongly dependent.58 This is particularly critical in the case
of complex structures where high coordination shells and
multiple-scattering effects have to be taken into account to
refine the experimental XAFS spectra,59 and strongly penal-
izes the exploitation of high pressure EXAFS.

The interference of x-ray DAC Bragg reflections with
the absorption signal has proved to be a challenging prob-
lem. We tackle this problem by repeatedly measuring XAFS
spectra within a small angular range of DAC orientation,
e.g., �3° relative to the incident x-ray beam. In this paper,
we describe the method for acquiring high quality Ge K-edge
XAFS spectra of GeO2 glass at high pressure in a standard
classical energy scan station with DACs. The structure of
classical network-forming GeO2 glass has important implica-
tions in earth sciences as a SiO2 analog and the pressure
induced amorphous polymorphism of GeO2 glass has been
intensively investigated.25,51,60–63

We designed three sets of x-ray absorption experiments
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in traditional energy scan mode with standard symmetrical
DACs to investigate the changes in DAC induced glitches in
XAFS spectra upon reorientation of the DAC relative to the
incident x-ray beam. The first comprised a detailed compari-
son of Ge K-edge XAFS spectra for rutile-type GeO2 col-
lected with and without the DAC environment �1 GPa and
ambient pressure, respectively� to see if high quality XAFS
spectra with the DAC could be extracted. The second was to
carry out XAFS measurements with different DAC orienta-
tions on amorphous GeO2 glass at high pressure so as to
investigate the effect of high pressure on DAC glitches, re-
moval of DAC glitches, and whether spectral quality can be
improved as redundancy increases at high pressure XAFS
experiments. The last sets were to carry out two independent
DAC experiments on GeO2 glass at pressures up to 50 GPa
to demonstrate the capability of taking high quality XAFS
data at a standard energy scan XAFS station.

Accurate XAFS spectra of GeO2 glass have obtained at
high pressures up to 56 GPa, which provides important in-
sight into the structural transformation process induced
by high pressure, e.g., clear evidence of an amorphous-
amorphous phase transition has been observed at a pressure
of 25 GPa. This brings about new opportunities for high
pressure EXAFS using DACs. Although the present example
is focused on Ge K-edge XAFS of amorphous GeO2, the
method should be applicable to structural studies at other
edges as well, and with smaller beam size, in situ energy
scan XAFS measurements in the megabar region would be
feasible.

II. EXPERIMENT AND METHOD

The upper limit of pressure range covered by a DAC is
defined by the size of the diamond culet. Typically, it re-
quires a size of diamond culet between 300 and 150 �m to
reach peak pressures of 70–150 GPa. In the present high
pressure experiments, standard symmetrical DACs, 300 �m
culet size, 2.1 mm thickness for each anvil, and about 56°
cone opening were employed for XAFS measurements.
Rhenium gaskets �250 �m thick� were preindented to
35–40 �m and a hole of approximately 80 �m in diameter
was drilled in the center as the sample chamber for the load-
ing of amorphous or rutile-type GeO2 powder. Details of
GeO2 glass preparation were published elsewhere.61 To get a
homogeneous sample along the x-ray beam path, no pressure
transmitting medium was used in the XAFS experiments.
Pressures were determined using the pressure-dependent
fluorescence of small ruby balls ��5 �m� scattered at the
corner of the sample chamber, while the sample was placed
at the center.

XAFS spectra were acquired on the Ge K-edge �11 103
eV� of rutile GeO2 and GeO2 glass in transmission mode
at the GeoSoilEnviroCARS bending magnet beamline 13-
BM-D, Advanced Photon Source �APS�, Argonne National
Laboratory. The storage ring was operated at 7 GeV with
�100 mA current. The x rays were monochromatized by
using a Si�111� double-crystal monochromator. Higher har-
monics were rejected with a Pt-coated, 1 m long, vertical

focusing mirror pitched at 3 mrad and by detuning the sec-
ond crystal of the monochromator to reduce the total inten-
sity to �50% of the intensity at full tune.

The Pt-coated mirror was also used to focus the beam
in the vertical to �0.05 mm, and slits were used to define
the horizontal beam size to 2.5 mm. Details of the equipment
and x-ray optics of this beamline are described
elsewhere.64,65 The x-ray beam was then focused down to a
beam diameter of approximately 15 �m in horizontal direc-
tion at the sample position using a 200 mm Kirkpatrick–Baez
mirror65 so the beam passed cleanly through the sample hole
�80 �m� without grazing the ruby balls ��5 �m� and Re
gasket. This is necessary for XAFS experiments to avoid any
interaction between the x-ray beam and the gasket or ruby,
which is detrimental to the data quality such as deformations
in the spectrum shape and inconsistent spectra measured at
different cell orientations. The incident and transmitted x-ray
intensities were measured with a N2-filled ion chamber.

The cell mounted on DAC stages could be rotated and
translated remotely in both the horizontal and the vertical
direction �90° to beam�. In this way the cell position was
optimized to the rotation center prior to spectral collection so
as to make sure that the x-ray pass through the same sample
area at different angles, which is necessary for the elimina-
tion of sample inhomogeneity and thickness effect due to the
uneven or curvature of DAC at high pressure.66,62

XAFS spectra were collected by scanning the monochro-
mator energy from 11 003 to 11 564 eV with 5 eV steps
before the main edge, 0.5 eV steps within �25 eV of the
main edge �11 103 eV�, and 0.04 Å−1 steps in photoelectron
wave number above the main edge. The signals from the ion
chambers were recorded for 2 s at each energy point, and
typically it took about 12 min to collect a full XAFS spec-
trum for amorphous GeO2. Several scans were collected at
different DAC orientations with 0.5° or 1° step within an
angle range of �3°, and at most of the pressure points in
this paper, usually seven spectra were collected with 1° step.
The inset of Fig. 1 shows a schematic layout of the DAC

FIG. 1. �Color� X-ray absorption spectrum of GeO2 glass �Ge K-edge� at 1.0
GPa with the DAC orientation of 1°, 0.5°, 0°, and �0.5° with respect to the
x-ray beam. The Inset shows a schematic layout of the DAC experiment.
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experiment.
We propose an iterative method to identify and remove

the glitches due to diamond diffraction in the raw absorption
spectra. A flow chart of the method is shown in Fig. 2. A first
trial XAFS spectrum, �1�E�, was obtained by averaging all
the spectra at different orientations. Glitches at each spec-
trum, �a�E�, were ruled out by criteria in deviation to the
target �1�E� for 10%, 20%, and 5% in the pre-edge, edge,
and postedge regions, respectively, to generate a new respec-
tive spectrum, �a��E�, with strong glitches removed. Align-
ing �a��E� to �1�E� by a constant, which is determined by
subtracting �1�E� from �a��E�, resulting in �a��E� at each
orientation. A new averaged XAFS spectrum, �2�E�, is ob-
tained by averaging over all the �a��E� spectra. These �2�E�
data are then used as a standard for each spectrum for further
glitch removal with tight criteria of 5%, 10%, and 2% in the
pre-edge, edge, and postedge, respectively, to discern and
remove the remainder of strong glitches in the first step as
well as some very weak glitches that may be neglected. Sev-
eral iterative circles of glitch removing and averaging can
effectively remove all the strong and weak glitches imposed
by DAC. Once no change in the resultant averaged spectrum
and all the glitch-removed spectra at each orientations are
consistent with each other, the iterative process is completed.
No interpolation is needed to make up the removed part of
glitches.

In some case of low data redundancy, when only one or
two spectra free of DAC glitch at some specific energy range
is available, it may be needed to replace the corresponding
part of average �1�E� or �2�E� using the glitch-free one for
further iteration. The last average data are taken as the final
XAFS spectrum at each pressure step.

Further XAFS data processing and analysis were then

performed with the ATHENA and ARTEMIS programs67 of the
IFEFFIT package.68 In addition, glitch-removed spectra at
each orientation, e.g., �a��E�, can be directly averaged by
using ATHENA to generate the composite spectrum. XAFS
oscillation, ��k�, at each pressure was obtained by subtract-
ing the slowly varying background using ATHENA. Theoreti-
cal models for the XAFS were constructed with FEFF

�Refs. 69 and 70� by using crystallographic atomic positions
of GeO2. The models were fitted to the data by using
ARTEMIS,67 which also performs an error analysis and calcu-
lates the goodness-of-fit parameters.

III. RESULTS AND DISCUSSION

Figure 1 shows the sensitivity of DAC induced glitches
to the DAC orientation for Ge K-edge XAFS of GeO2 glass
at 1.0 GPa, where the DAC angle relative to the x-ray beam
is defined in the schematic layout of the DAC experiment
�inset�. As observed previously by classical energy scan
method,7 there are many Bragg reflection glitches in each
XAFS spectrum at the different orientations which are often
more intense than EXAFS and XANES oscillations and se-
riously compromise the quality of each single XAFS spec-
trum. Considerable position shift of DAC glitches can be
observed even when the DAC orientation with respect to
x-ray beam was changed by as little as 0.5°. As shown in Fig.
1, the spectra measured at different angles are consistent ex-
cept for variation in the glitches, which would make the ex-
traction of precise XAFS spectrum from redundant orienta-
tion measurements possible.

Figure 3 shows the multiple data sets of transmission Ge
K-edge XAFS for rutile-type GeO2 at 1.0 GPa with the DAC
at different angle settings of 0°, �1°, �2°, and �3° with
respect to the incident beam. Using the iterative algorithm,
shown in Fig. 2 and described above, the overlap is excellent

FIG. 2. �Color online� A flow chart of the iteration algorithm method for
DAC glitch removal.

FIG. 3. Ge K-edge XAFS of rutile-type GeO2 at 1.0 GPa obtained by classic
energy scan transmission mode across the diamond anvils �300 �m culet� at
different angle settings with an x-ray beam size of 15 �m in diameter.
Pressure was determined by ruby chips at the corner of sample chamber. The
x-ray absorption spectrum shows extra peaks due to Bragg diffraction by the
diamond anvils. The bottom curve shows the spectrum obtained after appli-
cation of the glitch removal algorithm.
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for all of the spectra. Typically, the difference between the
glitch-removed raw spectra �a�E� and the average composite
spectrum, �2�E�, is within 3% for spectra recorded within
the DAC orientation range of �3°. After three iterations, the
standard deviation of seven independent spectra to the aver-
age one is about 0.11% in the whole spectra. As a result of
using spectra at seven DAC orientations, typically each com-
posite point is based on at least three independent experi-
mental results. The final XAFS spectrum is the bottom curve
of Fig. 3. A similar data reduction method of using indepen-
dent measurements at seven different angle settings in the
energy dispersive x-ray diffraction method was successfully
employed to overcome the Laue peaks from a single-crystal
sapphire cell, by which high quality x-ray diffraction curves
of fluid Hg in the supercritical region were obtained.23

A comparison with the well established XAFS recording
method at ambient pressure without the DAC environment
would be a strict criterion for the proposed iterative process,
as well as to ensure that the extraction of XAFS signal does
not introduce any spurious features imposed by DAC holder.
The raw Ge K-edge XAFS spectra of rutile-type GeO2

samples recorded with and without the DAC at 1 GPa and
ambient pressure, respectively, were background subtracted,
normalized, and plotted for comparison. The XAFS spectra
�Fig. 4�a�� including XANES region �inset� are consistent
with each other over the entire energy range to 440 eV above
the absorption edge. The double oscillation �11 122 eV and
11 125 eV�, which is evident in some of spectra recorded in
the DAC �Fig. 3�, was first smeared due to a small remainder
�11 122 eV� of a neighboring glitch at 11 126.5 eV �the �3°
curve in Fig. 3� with an automatically iteration and averaging
process. To get a suitable bandpass �e.g., 5% in XANES
region in this case�, monitoring the iteration process and
comparing all the resultant data in the same region is worth-
while for ruling out such a remainder of neighboring glitch
or weak glitches. This illustrates that redundant measure-
ments at DAC orientations are helpful in distinguishing the
influence of DAC glitches and consequently improving the
reliability of experimental data. It can be noted that there is a
slight energy shift in the white line �strong first peak� be-
tween the two spectra which may come from the different
conditions in pressure. The variation in the height of the
white line is caused by the different sample thickness in
these two experiments.

Figure 4�b� shows the comparison of k2-weighted ��k�
XAFS spectra and the amplitude, ���R��, of the XAFS Fou-
rier transform of k2��k� by using a k range from 1 up to
11 Å−1 for spectra with and without the DAC and a Hanning
window. The oscillations both in k2��k� and ���R�� show
similar amplitudes and frequencies with and without the
DAC, indicating that the influence of DAC diffraction is
negligible.

It was reported that the method of adjusting DAC orien-
tation in energy scan XAFS is only effective in the case
when the number of DAC diffractions is small, and was lim-
ited to the K-edges of Fe, Co, and Ni atoms.7 Here, the
comparable quality XAFS spectra obtained by DAC to the
conventional ambient method demonstrates that even for the
tough Ge K-edge,27 we can obtain high quality spectra by

redundant DAC orientation measurements over a small an-
gular range with respect to the incident x-ray beam using the
proposed iterative method. It should be noted that the de-
rived Ge K-edge XAFS spectra are free of reflection-induced
glitches up to 440 eV above the threshold energy, while that
of reported Ge K-edge spectra in terms of ED-XAFS are 300
eV for crystalline and vitreous GeO2 �Ref. 25� and 350 eV
for MgGeO3 enstatite and CaGeO3 wollastonite.55

At high pressure, the problem of DAC glitches in clas-
sical energy scan mode is compounded by the influence of
strains in the diamonds as the cell pressure increases. The
strain gradient in the diamonds can increase the mosaic
spread and broaden DAC glitches, causing noisy background
or broken spectra.3,53 Figure 5�a� shows the raw data of Ge
K-edge XAFS of GeO2 glass at a pressure of 53.3 GPa mea-
sured at seven different orientations, 0°, �1°, �2°, and �3°
relative to the incident x-ray beam. High pressure does make
the diamond-derived Bragg glitches broader in comparison
with the data at low pressure �Fig. 3�. The magnified plot of
the XANES region shows the presence of weak DAC dif-
fractions �shoulders indicated by purple and yellow arrows,
respectively�. These small diffraction peaks are hard to be

FIG. 4. �Color� �a� Comparison of Ge K-edge XAFS spectra obtained with
and without the DAC environment after glitch removal of the DAC spec-
trum. The inset shows the XANES spectra. �b� The k2-weighted ��k� XAFS
spectra and the amplitude, ���R��, of the XAFS Fourier transform of k2��k�
by using a k range from 1 up to 11 Å−1 for both spectra, and Hanning
windows. The similar amplitudes and frequencies of oscillations in k2��k�
and ���R�� indicate that influence of DAC diffraction is negligible.
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recognized by screening with few scans or by low data re-
dundancy, e.g., if the number of independent spectra is less
than four. With higher data redundancy, when several curves
overlap in the same energy region �Fig. 5�b��, these weak
peaks could be identified and then eliminated from the final
composite spectrum. The described method is useful to over-
come such weak DAC diffractions and improve the reliabil-
ity of XAFS data, although in some cases of single measure-
ment �no redundancy�, it may obtain glitch-free XANES
spectra, as implied by the black, green, and blue lines of Fig.
5 and also reported in references of Br K-edge71 and Rb
K-edge.72

XAFS using synchrotron radiation is a rapidly expand-
ing field, in particular, the analysis of spectral features in
XANES region. XANES spectra are very sensitive to the
electronic states and three-dimensional �3D� atomic configu-
ration around x-ray absorbing atoms, and widely employed
as footprints to help identifying the structural phase changes
at high pressure. Progress in quantitative analysis indicates
that XANES is sensitive to bond angles, species of ligands,
and geometries, and the full retrieval of the geometrical
structure within a longer distance of 6–7 Å from the absorb-
ing site is possible.73–75 Due to the narrow spectral range,
acquiring accurate spectra free from any strong or weak
DAC diffraction is essential for the quantitative ab initio
simulation of XANES spectra70,73–75 as well as the reliability
of 3D geometrical retrieval around the absorbing atoms.
Much exercise of caution would be required in the removal
of the weak Bragg peaks shown in Fig. 5�b� if data redun-
dancy is low. In addition, residual small DAC peaks in the
EXAFS region may cause unphysical contributions to EX-
AFS oscillation and dramatic phase change.3

To obtain high quality XAFS spectra, the method of
comparing an observed entire spectrum with the preceding
one during the cell adjustment obviously makes it difficult to

reject such weak spurious Bragg reflections at each pressure
step,27 for example, when only two orientations of the DAC
are used to produce a composite spectrum through the nor-
malization process in ED-XAFS.76 Therefore, maximizing
the data redundancy on DAC orientations holds true both for
energy scan and energy dispersive modes in pursuit of high
quality XAFS spectra with long energy range above the
threshold.

Figure 6 shows the effect of data redundancy on the
quality of the composite Ge K-edge XAFS spectrum for
GeO2 glass at 53.3 GPa. Merged spectra were based on the
data sets of three �top�, five �middle�, and seven �bottom�
independent spectra. As shown in Fig. 6, the composite spec-
trum is broken if only three orientation data were employed.
No interpolation was made to replace the strong Bragg peaks
because such an interpolation by straight or polynomial line
may induce considerable uncertainties in the ���R�� data
function. The composite spectrum becomes complete as five
or seven orientation data were used. From the k2-weighted
��k� XAFS spectra �inset, Fig. 6�, it can be seen that higher
redundancy can significantly improve the signal-to-noise ra-
tio. No interpolation is needed for such a continuous spec-
trum, and typically at least three scans at different orienta-
tions contributed to each point in the composite ��k�. This
result indicates that even at a pressure of 53.3 GPa, which is
close to the upper pressure limit of a 300 �m culet size
DAC and strain in the diamonds leads to a worse glitch prob-
lem, it is still possible to acquire high quality complete
XAFS spectra free from glitches with the described method.

Theoretically, if a Bragg peak occurs at the same energy
in all the measured spectra, the composite XAFS spectrum
may be broken. In this case, additional XAFS spectra at dif-
ferent orientations should be obtained. Fortunately, DAC
Bragg peaks are very sensitive to DAC orientation, e.g., 0.5°
in present studies �Fig. 1� and 0.31° reported earlier.7 By
including a sample thickness correction,61,62 XAFS measure-

FIG. 5. �Color� �a� Ge K-edge XAFS of GeO2 glass at 53.3 GPa measured
at seven different orientations, 0°, �1°, �2°, and �3° relative to the inci-
dent x-ray beam. �b� Magnified plot of the XANES region showing the
presence of weak DAC diffraction features �shoulders indicated by purple
and yellow arrows�, which are difficult to identify by low data redundancy,
e.g., when the number of independent spectra is less than 4.

FIG. 6. �Color� Effect of data redundancy on the final composite Ge K-edge
XAFS of GeO2 glass at 53.3 GPa. Merged spectra from data sets of three
�top�, five �middle�, and seven �bottom� independent spectra. Inset: the
k2-weighted ��k� XAFS spectra obtained from these data sets.
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ments can be performed over a much wider angular range,
e.g., �20°. Valuable data available for the removal of DAC
glitches would exist in the conical region defined by rotating
DAC along x-ray beam direction. As shown in Fig. 6, high
data redundancy can significantly improve the signal-to-
noise ratio of XAFS spectrum, which is highly advantageous
for EXAFS compared to XANES.

To test the reliability of the DAC glitch removal method
at high pressure, Fig. 7 shows the reproducibility of deducing
Ge K-edge XAFS of GeO2 glass from two independent DAC
experiments above 50 GPa. Both amplitudes and frequencies
of oscillations in k2��k� and ���R�� curves are nearly identi-
cal, indicating the validity of the proposed iterative algorithm
for the removal of DAC glitches. Please note that no attempt
for DAC orientation optimization was made prior to the mea-
surement. Acquiring redundant data in a small DAC orienta-
tion region is sufficient and essential for a continuous, repro-
ducible and glitch-free XAFS spectrum at high pressure �Fig.
6�. To our best knowledge, no classical energy scan XAFS
measurements in transmission mode have been carried out
on GeO2 samples with a DAC at pressures above 10 GPa,
whereas existing data at high pressures ��30 GPa� were
collected by ED-XAFS.

To validate the derived XAFS data of GeO2 glass at high
pressures above 30 GPa, it is necessary to compare the val-
ues of Ge–O distances determined by the energy dispersive
and energy scan XAFS methods at the same low pressure
range. To this end, a very simple one-shell model was chosen
in all cases.

In EXAFS analyses, the values of photoelectron energy

origin, E0, and Fourier windows were set the same in all of
fits so as to alleviate the correlations between path lengths
and E0, and Debye–Waller factors and the amplitude reduc-
tion factor. The apodization window is of the Hanning type
between 1 and 10 Å−1. A quantitative analysis of the XAFS
was performed on the first shell of ���R�� by using a back
Fourier filtering has then been applied within the 1.0–2.2 Å
R window. We used the automated first shell fit implemented
in ARTEMIS programs67 of the IFEFFIT package68 where an
input file was built and the first path was imported for the
FEFF calculation69,70 to determine the best match to the ex-
perimental data. All the experimental data have been pro-
cessed using the same procedures and using the same set of
parameters so as to minimize random errors.

Figure 8 shows the evolution of Ge–O distances of GeO2

glass obtained from the ARTEMIS analysis in terms of the first
scattering paths of Ge–O as a function of pressure up to 53.3
GPa. The derived Ge–O distances are basically in good
agreement with the earlier published data at low pressure
ranges of below 6 and 11–16 GPa,25 and the very recent
results of Ge–O distance in GeO2 glass77 recorded using a
Paris Edinburgh cell78,79 in the range of 6–10 GPa where
intermediate state exists.60,61 The values of Ge–O distance
show a V-shape minimum at 2.5–5 GPa and a kink at 7–9
GPa, confirming the existence of intermediate states at these
pressure ranges.61,60 After completion of the octahedral tran-
sition �15 GPa�, the Ge–O distance does not show a simple
compression behavior, indicating that a post-octahedral com-
pression process is active.61 The high pressure variation in
Ge–O distance appears at about 25 GPa. Detailed data analy-
sis including higher shells and further details on spectral in-
terpretation will be described elsewhere.80

As an additional check on the possible amorphous-
amorphous transition at 25 GPa in GeO2 glass, we examined
the XANES spectra, which can provide information about
the valence state and local symmetries of the Ge atom. Fig-
ure 9 shows the Ge K-edge XANES spectra of GeO2 glass

FIG. 7. �Color online� Reproducibility of determining Ge K-edge XAFS of
GeO2 glass at high pressure from two independent DAC experiments.

FIG. 8. �Color online� Evolution of the first shell Ge–O distance of GeO2

glass as a function of pressure �full circles� up to 53.3 GPa. For comparison,
open squares are from Ref. 25, while open up triangle is from the recent
results of Ref. 77.
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obtained at pressures of 15.1, 25.1, 40.0, and 53.3 GPa, as
well as the difference spectra compared to the spectrum at
15.1 GPa. The energy point of the white line maximum at
15.1 GPa is located at E=11.1161 keV, as indicated by the
dashed line.

The XANES spectrum of GeO2 glass at 25.1 GPa shows
fairly similar white line to that of 15.1 GPa and little change
above the edge, while the XANES spectra above 25 GPa
show dramatic changes in their relative intensities and posi-
tions with increasing pressure �Fig. 9�b��. Note the pressure
shift and the emergence of a strong peak at the difference
spectra �E=11.1182 keV� as pressure exceeds 25 GPa. The
position of the main absorption edge remarkably moves 2 eV
to a higher energy, a sign of significant modification in Ge–O
coordination �Fig. 8�. The normalized white line height is a
useful measure of phase transitions in GeO2 glass. Striking
changes in the shape of the absorption edge �white line� and
of the near edge region indicates further geometrical and/or
chemical modifications in the close environment of the
absorber. This provides clear evidence for a transition at
pressures above 25 GPa to a more compact arrangement of
atoms.

Finally, it should be pointed out that XAFS measure-
ments in the transmission energy scanning mode present
their own challenges, including the presence of diffraction
and absorption of DAC and uncertainties in sample thickness
under high pressure. The sample thickness, which is re-
stricted by DAC gasket, is hardly optimized at each pressure
step. At high pressure deformation of diamond anvils occurs
and sample thickness becomes considerable thinner as in-
creasing pressure.62 Changes in sample thickness is not sen-

sitive to the interatomic distance but has significant influence
on the amplitude of EXAFS.81 Accurate measurement of the
amplitude of EXAFS is required in determining the number
of given atoms and the disorder at a distance.81 Therefore,
correction on sample thickness, which can be determined
using the method reported previously,62 is needed for
EXAFS analysis at high pressure.

It is becoming increasingly apparent that structural infor-
mation is critical in understanding the nature of matter under
high pressure. Since the early 1970s DAC technology has
enabled pressures of several hundreds of GPa to be applied
to very small samples �a few tens of micrometers in diam-
eter�. The XAFS technique is especially important because
of the unique electronic and structural information provided
about the absorbing atom. With x-ray beam sizes readily
achievable down to a few micrometers, the major concern for
combining XAFS and DAC techniques is the DAC induced
glitches. The data presented here indicate that with optimized
hardware and software, the influence of DAC induced
glitches can be minimized and high quality XAFS data can
be acquired both at energy scan or dispersive XAFS stations.
The future of the method looks very promising in the
megabar region, especially if one considers that there are
numerous data available for the removal of DAC induced
glitches in the cone of DAC openings and improvements in
x-ray focusing optics will be forthcoming.

IV. CONCLUSION

In summary, we have introduced an effective method for
precisely measuring x-ray absorption spectroscopy spectra at
high pressure with DAC. It has been shown to markedly
alleviate the problem of glitches induced by diamond anvils.
The DAC induced glitches, which are very sensitive to the
relative orientation between DAC and incident x-ray beam,
can be effectively eliminated by redundant measurements at
a small angle range, e.g., within 3°. Demonstration XAFS
spectra recorded for rutile-type GeO2 with and without the
DAC show similar quality up to 440 eV above the absorption
edge. Accurate XAFS spectra of GeO2 glass have been ob-
tained at high pressures up to 53.3 GPa, showing good agree-
ment with the published data at low pressures. Clear evi-
dence of an amorphous-amorphous phase transition has been
observed at a pressure of 25 GPa. This method should be
applicable for in situ XAFS measurements using DACs up to
ultrahigh pressures.
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FIG. 9. �Color� �a� Ge K-edge XANES spectra of GeO2 glass obtained at
pressures of 15.1, 25.1, 40.0, and 53.3 GPa; �b� the difference spectra com-
pared to the spectrum at 15.1 GPa. The energy point of white line maximum
at 15.1 GPa is at E=11.1161 keV, as indicated by the dashed line. Note the
pressure induced energy shift and the emergence of a strong peak in the
difference spectra �E=11.1182 keV� as pressure exceeds 25 GPa.
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