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Nano-polycrystalline diamond (NPD) [Irifune et al. (2003), Nature (London),

421, 599] has been used to obtain a glitch-free X-ray absorption spectrum under

high pressure. In the case of conventional single-crystal diamond (SCD) anvils,

glitches owing to Bragg diffraction from the anvils are superimposed on X-ray

absorption spectra. The glitch has long been a serious problem for high-pressure

research activities using X-ray spectroscopy because of the difficulties of its

complete removal. It is demonstrated that NPD is one of the best candidate

materials to overcome this problem. Here a glitch-free absorption spectrum

using the NPD anvils over a wide energy range is shown. The advantage and

capability of NPD anvils is discussed by a comparison of the glitch map with that

of SCD anvils.

Keywords: X-ray spectroscopy; high pressure; glitch; nano-polycrystalline diamond;
diamond anvil cell.

1. Introduction

Diamond is an ideal material for the anvils used in high-

pressure research activities using synchrotron radiation

because of its hardness and low absorbance in the hard X-ray

region. A diamond anvil cell (DAC) has recently been utilized

for not only X-ray diffraction but also X-ray spectroscopy

(Haskel et al., 2007; Kawamura et al., 2009; Aquilanti et al.,

2009): X-ray absorption near-edge structure (XANES) and

extended X-ray absorption fine structure (EXAFS), and X-ray

magnetic circular dichroism (XMCD). These spectroscopic

techniques enable the investigation of pressure-induced

changes in the local atomic structure, electronic structure and

magnetic states of both the crystalline and the non-crystalline

materials. After the development of perforated diamond

anvils in order to reduce the X-ray absorption itself (Dada-

shev et al., 2001), the coverage of X-ray absorption experi-

ments under high pressure extends to lower energies; high-

pressure research at the Ce L3-edge (5.723 keV) (Itié et al.,

2005; Rueff et al., 2011) and Ti K-edge (4.966 keV) (Itié et al.,

2006; Jaouen et al., 2007) have been reported.

The most serious problem associated with X-ray spectro-

scopy under high pressure is Bragg diffraction from the

diamond anvils. Because a conventional anvil is made of a

single-crystal diamond (SCD), when the Bragg law is satisfied

in the diamond at a photon energy E the transmitted intensity

is dramatically reduced by the Bragg diffraction, and a spike-

like peak called a ‘glitch’ is superimposed on the original

spectrum of the sample at E. This glitch causes severe

distortion of the spectrum; therefore, considerable efforts

have been expended to prevent Bragg diffraction (Sapelkin &

Bayliss, 2001; Itié et al., 2005; Hong et al., 2009; Bhalerao et al.,

2010). Because the Bragg condition is sensitive to the orien-

tation of the diamond anvil with respect to the incident X-ray,

we can effectively reduce the number of glitches by rotating

the DAC to a suitable angle. In a recent paper, Hong et al.

(2009) reported that glitches were removed from the EXAFS

spectra at the Ge K-edge using an iterative algorithm based on

repeated measurements over a small angular range of DAC

orientation, e.g. within �3� relative to the direction of the

X-ray beam. However, this procedure is time consuming and

may be difficult in those energy regions where Bragg diffrac-

tion is frequently encountered. To the best of our knowledge,

the complete removal of the diamond glitches is still a chal-

lenge.

Nano-polycrystalline diamond (NPD) is one of the best

candidate materials for eliminating glitches. High-purity

single-phase NPD without any binder material has been
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synthesized from graphite by a direct conversion sintering

method under high pressure and high temperature (Irifune et

al., 2003; Sumiya et al., 2004). Because an NPD consists of

randomly oriented diamond grains that are several tens of

nanometers in size, the Bragg law is always satisfied inde-

pendently of the photon energy E. Therefore, it is expected

that the Bragg diffraction from NPD anvils provides a smooth

background to the absorption spectrum in contrast to the

glitches from SCD anvils. This characteristic of the NPD anvils

is suitable for the X-ray spectroscopic methodology under

high pressure. Fig. 1 shows a photograph of SCD and NPD

anvils. Although the NPD anvil has a dark yellow color owing

to nitrogen inclusion, optical transparency to observe the

sample room is ensured. The hardness of NPD is comparable

with or even higher than that of a SCD (Sumiya & Irifune,

2007), and the maximum pressure of the NPD anvils with a

culet size of more than 300 mm is 1.5–2 times higher than that

of SCD anvils (Nakamoto et al., 2011). These characteristics

of the NPD enable the measurements of glitch-free X-ray

absorption spectra under megabar pressures. Two reports of

EXAFS and magnetic EXAFS studies using the NPD anvils

already exist (Matsumoto et al., 2011; Baldini et al., 2011).

Both reports show that glitch-free spectra were obtained, and

that the local structure around the absorbing atom was

successfully determined.

This paper addresses the issue of glitches from a technical

viewpoint. We have conducted a comparative study of the

X-ray absorption spectrum obtained using the SCD and the

NPD anvils. The influence of Bragg diffraction from the two

anvils is discussed by a comparison of the glitch map of NPD

anvils with that of SCD anvils. It is concluded that the use of

the NPD anvils is highly advantageous to X-ray spectroscopy

under high pressure.

2. Glitches from the SCD anvils

Fig. 2 shows a glitch map of an SCD represented by the Ewald

sphere in reciprocal space. In order to project all the reci-

procal lattice points on the two-dimensional map, each point is

plotted using the components parallel and perpendicular to

the incident X-ray (wavevector k0). The diameter of the Ewald

sphere increases in proportion to the photon energy. When the

Ewald sphere of a particular value of E touches an hkl lattice

point, an hkl reflection occurs and a glitch appears at that E.

Because commercially available diamond anvils are symme-

trically cut around their a-axis with several degrees of offset

angle (Sapelkin & Bayliss, 2001), two cases are considered in

the glitch map: �off = 0� and �off = 4�, where �off represents the

angle between k0 and the a-axis. In this study, �off of six SCD

anvils was determined by the Laue diffraction patterns, and

the average �off with its standard deviation was estimated to be

4� � 2�. The glitch map of �off = 4� corresponds to a geometry

where the SCD anvil is rotated by 1.8� around the horizontal

axis and 3.6� around the vertical axis. We suppose that both

rotation axes are perpendicular to k0, and each axis is parallel

to the b- or c-axis of the SCD anvil when �off = 0�. The crys-

tallographically equivalent reciprocal lattice points are located

at the same position for �off = 0�, whereas they are concen-

trically scattered around the original position for �off = 4�. In

the case of �off = 0�, there are two energy ranges where the

reciprocal lattice point is absent: E� 5.21 keV and 6.95 keV�

E � 9.38 keV. In the energy range above E = 9.38 keV, the

reciprocal lattice points are densely distributed, therefore the

removal of the glitches is more difficult. The absorption

experiment in the energy range E � 5.21 keV is quite difficult

because of the large absorption of X-rays (Dadashev et al.,
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Figure 1
Photograph of the NPD (left) and the SCD (right) anvils used in this
study. Both anvils have an outer diameter of 2.0 mm and a culet size of
0.45 mm. The height of the anvils is 1.0 mm. The scale is 0.5 mm per
division. This figure will appear in color in the online version of the paper.

Figure 2
Glitch map of an SCD. The closed circles represent the reciprocal lattice
points of the SCD when �off = 0�. �off corresponds to the angle between
the incident X-ray k0 and the a-axis. The open circles are the reciprocal
lattice points when �off = 4�. The lower abscissa shows the diameter of the
Ewald sphere in units of the photon energy E. The half circles a, b and c
correspond to Ewald spheres of E = 5.21 keV, 6.95 keV and 9.38 keV,
respectively. The two gray regions surrounded by the Ewald spheres
indicate the traces of the Ewald sphere in the energy regions where
glitches appear less frequently in the case of �off = 0�. The lattice constant
of the diamond is set to 3.5671 Å. This figure will appear in color in the
online version of the paper.



2001). Hence, the energy range for a glitch-free spectrum of

the SCD anvils is practically limited within the narrow range

6.95 keV � E � 9.38 keV. Furthermore, the scattered reci-

procal lattice points effectively increase the number of glitches

in the case of �off = 4�. As �off increases, glitches appear more

frequently at different values of E, and consequently the

glitch-free region becomes narrower.

It should be noted that the frequency of the glitches is also

related to (i) the distortion of the anvil and (ii) the relative

orientation of the upper and lower anvils. At higher pressure

the strain gradient is significantly introduced in the diamond

anvil, which can increase the mosaic spread and broaden the

glitches (Hong et al., 2009). The difference between �off of the

upper and lower anvils multiplies the number of glitches;

therefore, it is more feasible to mount two anvils such that

their a-axes align in the same direction. Thus it seems that the

complete removal of a glitch is hardly realized when the SCD

anvils are utilized.

3. X-ray absorption spectra using the SCD and NPD
anvils

Fig. 3 shows the X-ray absorption spectra of an Fe foil using

the SCD or NPD anvils over a wide energy range from 6 keV

to 10 keV. The spectra were measured on BL39XU of the

SPring-8 synchrotron radiation facility (Kawamura et al.,

2009). We measured these spectra by sandwiching the Fe foil,

5 mm in thickness, with two anvils without pressure. The

thickness of each anvil is about 1 mm. The incident and

transmitted beams were measured using ionization chambers.

Higher harmonics of the incident beam were reduced by a Rh-

coated mirror, and the incident beam was focused at the

sample position by Kirkpatrick–Baez mirrors (Yumoto et al.,

2009). The spectra were obtained by a conventional scanning

method.

The spectrum of the SCD anvils shows many glitches at

energy values around E = 6.4, 6.9 and 9.4 keV. The sharp and

strong Bragg diffraction from the SCD anvils deforms mainly

the baseline of the absorption profile. According to the glitch

map, the glitches around 6.4 keV, 6.9 keV and 9.4 keV are

assigned to 311, 220 + 400 and 511 reflections, respectively.

The low density of glitches in the range from 7.2 to 9.2 keV is

fairly consistent with the glitch-free region. The distribution of

the glitches indicates that �off of the anvils is less than 1.5�.

However, as mentioned above, the glitch-free region becomes

narrow when �off increases. The inset in Fig. 3 shows an X-ray

absorption spectrum of an Fe-based compound, and the

spectrum was obtained using a different pair of commercially

available SCD anvils. Glitches are observed not only in the

baselines but also in the EXAFS spectrum. Two glitches in the

EXAFS region are assigned to the 220 reflections, indicating

that one of the SCD anvils possesses a large offset angle to be

�off ’ 6.0�. Compared with other reflections, the equivalent

reciprocal lattice points of the 220 reflection rapidly move

away from the Ewald sphere of E = 6.95 keV with increasing

�off. Consequently, the glitches from the 220 reflection are

dispersed in the wide range of the absorption spectrum

including the EXAFS region.

In contrast, a glitch-free spectrum is obtained by the use of

the NPD anvils; Fig. 3 shows that the spike-like peaks attrib-

uted to the glitches vanish in the spectrum of NPD in the wide

energy range. The absorption coefficient changes smoothly

below and above the Fe K-absorption edge, and high-quality

XANES and EXAFS spectra of the Fe foil are realized. Fig. 4

shows the absorption profile of the NPD anvils without the Fe

foil over a wide energy range from 5.6 keV to 10 keV. The

absorption of NPD anvils gradually increases with decreasing

E because of the large absorption coefficient of diamond in

the lower energy range (Sapelkin & Bayliss, 2001). Additional

absorption edges attributed to impurities are not observed,

indicating that the NPD anvil is made of high-purity single-

phase diamond without any binder material. Therefore, the

obtained absorption profile demonstrates that the NPD anvil
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Figure 3
X-ray absorption spectra of an Fe foil in a DAC using the SCD and NPD
anvils. Crosses indicate the glitches due to Bragg diffraction from the
SCD anvils. For clarity the spectrum using the NPD anvils is shifted
downward. The inset shows an X-ray absorption spectrum of an Fe-based
compound around the Fe K-edge using a different pair of SCD anvils.
Glitches observed at both baseline and EXAFS region are caused by a
large �off . This figure will appear in color in the online version of
the paper.

Figure 4
X-ray absorption spectrum of the NPD anvils. This spectrum was
measured without a sample foil.



is very suitable for X-ray absorption measurements under high

pressure.

4. Influence of Bragg diffraction from NPD anvils

As shown in the glitch map of the NPD (Fig. 5), the equivalent

reciprocal lattice points of the NPD are arranged in a

concentric pattern. Randomly oriented nano-diamond crystals

in the NPD (Sumiya et al., 2004) result in the uniform distri-

bution of the reciprocal lattice points on the circles. This

implies that the intensity of the diffracted X-ray from NPD

anvils is constant or changes moderately with respect to E.

Consequently, the NPD imparts a smooth background to the

absorption profile.

As E increases, the Ewald sphere increases in size and

eventually intersects with the outer circles of the higher-order

reciprocal lattice points. This peculiar geometry produces new

diffraction from the NPD anvil with Bragg angle �B = 90�. In

the range 5.6 keV � E � 10 keV, new diffraction occurs at

E311 = 5.764 keV, E400 = 6.952 keV, E331 = 7.575 keV, E422 =

8.514 keV, E511+333 = 9.030 keV and E440 = 9.830 keV, where

Ehkl corresponds to the energy of the first intersection with the

circle of the hkl reflection. In Fig. 6(a), the first-derivative

X-ray absorption spectrum of the NPD anvils, d�t/dE, is

plotted to find the influence of the new diffraction at Ehkl,

where � is the linear X-ray absorption coefficient and t is the

sample thickness. Six peaks are observed in the d�t/dE profile;

they are exactly located at Ehkl . Therefore, anomalies appear

in the X-ray absorption spectrum at Ehkl as a result of Bragg

diffraction from the NPD anvils.

Figs. 6(b) and 6(c) show enlarged plots of the absorption

spectrum of the NPD anvils around E311 and E422 , respec-

tively. In order to extract the effects of the Bragg diffraction

on the absorption spectrum, we performed a least-squares

fit of the absorption profile using the Victoreen equation:

AE�3 + BE�4 + C, where coefficients A, B and C are the fitting

parameters. Each least-squares fit was made at energies below

Ehkl , and the difference between the fitted curve and the

experimental data is plotted. Both figures show that the

absorption profile deviates from the Victoreen equation, and a

step appears at the expected energy Ehkl. The step at E311 is

largest (�0.028) and the step at E422 is second largest

(�0.016) in the energy range of this study. The magnitude of

all steps is of the order of 10�2 or less, which is small compared

with the rapid decay of the absorption profile. Hence, the

influence of these steps is almost negligible for data analysis if

the sample thickness is carefully prepared to keep the edge

jump ��t ’ 1 (Bunker, 2010).

The magnitude of the step depends on the intensity of the

hkl reflection. Therefore, below E = 5.6 keV the lower-order

111 and 220 reflections probably cause a large step at E111 =

3.010 keV and E220 = 4.916 keV, respectively. On the other

hand, above E = 10 keV it is inferred that steps owing to the

higher-order reflections are less effective. We emphasize that

the step is easily found and removed during data analysis;

because Ehkl is independent of the alignment of the NPD

anvils, the step owing to the hkl reflection is observed only at

that particular Ehkl. Since the hkl reflection broadens with

increasing strains in the NPD anvils at high pressures, it is

considered that the step is influential in the data analysis only

at a low-pressure region.
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Figure 5
Glitch map of an NPD. Broadening lines of the quarter circles represent
the class of the equivalent reciprocal lattice points owing to randomly
oriented diamond grains. As an example, the Ewald sphere of E = 8 keV
is represented by the solid line. This figure will appear in color in the
online version of the paper.

Figure 6
(a) First-derivative profile of the X-ray absorption spectrum, d�t /dE, of
the NPD anvils. Ticks near the profile indicate peaks due to hkl Bragg
reflection from the anvils. (b) and (c) Solid circles in the upper panels
denote the enlarged plots of the absorption spectrum using the NPD
anvils at around (b) E311 = 6.952 keV and (c) E422 = 8.514 keV. The solid
lines represent the fitted curves based on the Victoreen equation (see
text). The open circles in the lower panels correspond to the difference
between the experimental data and the fitted curves. The vertical lines
indicate the position of Ehkl where hkl reflection occurs. This figure will
appear in color in the online version of the paper.



5. Concluding remarks

We have shown the difficulties in removing glitches owing to

diffraction from the SCD anvils, and have presented a new

application using the NPD anvils for glitch-free absorption

spectra. The nano-polycrystalline structure of the NPD anvil

enables us to obtain an absorption spectrum without glitches

even under megabar pressures. Small anomalies remain in the

absorption profile as a result of Bragg diffraction from the

NPD anvils. However, the anomaly is almost negligible, and

we can counteract the influence during data analysis. In the

near future, NPD anvils would be used in the following

spectroscopic techniques where glitches have been an inevi-

table problem so far:

(i) XANES. NPD anvils are used to perform measurements

at absorption edges close to the hkl reciprocal points of

the SCD anvils, e.g. Ce L3-edge, Eu L3-edge, Mn K-edge, Fe

K-edge and the edges located above a photon energy of

9.38 keV.

(ii) EXAFS. A glitch-free EXAFS profile with a wide

energy range of more than 1 keV is obtained. The NPD anvils

stimulate the structural study of crystal, quasicrystal and glass

materials under high pressure (Baldini et al., 2011).

(iii) XMCD and magnetic EXAFS. NPD anvils prevent the

modification of the circular polarization of the incident beam

that is caused by the strong Bragg diffraction from the SCD

anvils. This ensures high-quality dichroic spectra with a wide

energy range (Matsumoto et al., 2011).

(iv) Density measurement. NPD anvils can be used for

density measurements by using the transmitted X-rays from a

sample if the thickness of the sample is accurately evaluated

(Sato & Funamori, 2008).

This experiment was performed at SPring-8 with the

approval of PRC-JASRI (Nos. 2010A1140, 2011B1485).
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