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Abstract

A combined analytical method of NEXAFS measurement and DFT-calculation

was employed for the evaluation of Cs states in clay minerals. The measured Cs

M4,5 NEXAFS spectra of Cs halides were analyzed using the DFT-calculations

in order to establish the analytical methods. The NEXAFS spectra of the Cs

halides were well reproduced by incorporating the core-hole strength. The Cs

M4,5 NEXAFS spectrum of the clay minerals was well reproduced by the DFT-

calculations including the major transitions and tail structures with the estab-

lished method. Further evaluation of this spectrum by charge density analysis

suggested that these major transitions and the tail structures likely reflect the

bonding state and the local environment around the Cs atoms. Comparison of

electronic states of Cs in the clay mineral with those in the Cs halides by DFT-

calculations has shown that the interaction between Cs and the nearest-neighbor

atom is largest in the clay mineral, which differs from those of Cs halides. This
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happened due to the energy level of Cs-5s and 5p, which was closer to that of

O-2s and 2p than the s and p orbitals of other alkali metal and alkali earth

metal elements.

Keywords: cesium, NEXAFS, clay mineral, DFT calculation, electronic state

1. INTRODUCTION

The radioactive cesium (Cs) was released into the environment by the Fukushima

Daiichi Nuclear Power Plant accident [1, 2, 3]. For the purpose of Cs contam-

ination remediation, it is necessary to remove the clay minerals in the surface

soil, on which Cs is adsorbed. This removal work has consequently generated5

a huge amount of soil waste, which is to be safely stored or disposed of. Tech-

nological developments for reducing volume of the contaminated soil waste are

thus needed, which requires fundamental behaviors for Cs adsorption to and

desorption from the clay mineral.

Several basic studies in atomic or molecular scales have been conducted10

[4, 5, 6, 7, 8] in order to elucidate the Cs adsorption and desorption mechanisms.

In such micro-scale evaluations, Cs stability, which is determined by valence and

bonding states in the clay minerals, is of crucial importance. Therefore, we have

investigated atomic scale adsorption structures of Cs in clay minerals using a

combination method of near-edge X-ray absorption fine structure (NEXAFS)15

spectroscopy and density-functional theory (DFT) calculation.

Cs M4,5 NEXAFS is an effective probe for the present purpose because the

fine structure formed in the NEXAFS spectra varies according to the valence and

bonding states of Cs. This variation depends on the boundary and continuum

states, which are affected by coulomb attraction due to 3d core hole in the Cs20

compounds. A typical example can be seen in the M4,5 NEXAFS spectrum of

Cs halides. A characteristic shoulder in the high-energy side [9, 10] appears in

the NEXAFS of Cs chloride (CsCl), while that of Cs bromide (CsBr) shows a

double- or broad-peak structure [9]. In addition, the M4,5 NEXAFS spectrum

of Cs fluorite was measured [11]. Thus, Cs halides are suitable compounds25
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for certification of the boundary and continuum states that appeared in Cs

M4,5NEXAFS. On the othr hand, O K and Cs L3 NEXAFS spectra of Cs oxides

have been measured [12, 13, 14, 15].

Previously, Cs M4,5 NEXAFS spectra from several Cs halides have been

measured [9, 10, 16] and were analyzed theoretically using atomic Hartree-Fock30

(HF) calculations [9]. In addition, the action of 3d3/2 electrons on those of the

3d5/2 in Cs, Ba, and Xe through the effect of the spin-orbit interchannel cou-

pling in atomic states considering mutielectrons [17, 18, 19, 20, 21, 22]. As the

theoretical analysis did not fully touch upon the details of the Cs M4,5 NEXAFS

spectra from CsCl and CsBr, it can be said that the analysis method for these35

NEXAFS spectra has not been established. Thus, theoretical methods for the

spectral analysis of Cs M4,5 NEXAFS need to be re-examined and established

with full consideration of CsCl and CsBr prior to the evaluation of Cs valence

and bonding states in the clay minerals. In addition, Cs M4,5 NEXAFS spec-

tra of Cs halides measured previously were evaluated and the effect of atomic40

replacement in the NEXAFS and the electronic state of the valence band in

Cs-adsorbed clay mineral was investigated in our previous study [23]

In this study, Cs M4,5 NEXAFS spectra of the Cs halides (F, Cl, Br, I) are

theoretically evaluated using DFT calculations to establish an analytical method

for the NEXAFS of Cs in the clay minerals. The NEXAFS of several Cs halides45

are newly measured for this purpose. The Cs M4,5 NEXAFS spectrum of a

Cs-adsorbed clay mineral such as vermiculite is measured and analyzed by the

presently established DFT-based method in the view point of the behaviors of

excited electrons in the unoccupied range. Finally, the electronic states of Cs

in the clay mineral and the Cs halides are evaluated using DFT calculations for50

the detailed understanding of Cs adsorption and desorption behaviors.
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2. METHODS FOR NEXAFS MEASUREMENTS AND DFT CAL-

CULATION

2.1. Measurement of Cs M4,5 NEXAFS spectra of vermiculite Cs halides

The Cs M4,5 NEXAFS spectra were measured using the scanning transmis-55

sion X-ray microscope (STXM) at Beamline 11.0.2 of the Advanced Light Source

(ALS). The STXM was operated as previously described [24, 25, 26, 27], with

a 0.5 atm He filled chamber and the ALS operating in top-off mode at 500 mA.

The photon beam is focused onto the sample by a zone plate with a working

distance of 0.5–9 mm, depending on photon energy. An order-selecting aperture60

(OSA) is placed between the zone plate and the sample. The sample is scanned

relative to the focused X-ray beam, and the transmitted intensity is recorded

as a function of sample position using a photomultiplier tube or a photodiode.

The zone plate can focus the beam down to a spot size of 25 nm, for a maximum

spatial resolution of 30 nm. Several different zone plates are used depending on65

photon energy, required spatial resolution and minimum working distance. The

maximum energy resolution E/∆E is better than 7500, and a resolution better

than 3000 is achieved at a photon flux of 108–109 s−1 in the sub-50 nm focused

beam at energies of about 200–1600 eV.

The Cs halides used in the STXM measurements were obtained from Alfa-70

Aesar. Reference samples for STXM were prepared in an inert atmosphere

glove box and double-sealed by Si3N4 windows to prevent degradation in the

atmosphere.

Clay minerals were made of aluminosilicate layers of nanometric thickness,

in which the TO4 tetrahedra (usually T = Si, Al) and MO6 octahedra (M = Al,75

Mg, or other metallic cations with various electric charges) sheets stack with 1:1

or 2:1 ratios. The Cs+ ion is confirmed to tightly adsorb within the interlayer

of 2:1 layer type clay minerals such as vermiculite [28, 29].

The clay minerals were obtained from the Fukushima Vermi Co., Ltd. The

samples of clay minerals (vermiculite) were prepared from weathered biotite as80

2:1 type clay mineral, which is one of the most dominant Cs-philic clay minerals
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in the Fukushima soil [30]. The weathered biotite was subjected to mechanical

grinding and levigation classification [31]. After treatment and classification, an

ultrafine powder having 2 µm diameter as an average particle size was obtained.

The other chemicals used were analytical grade reagent. The samples of clay85

minerals were used as to be received for STXM by applying particles to the

plane windows using fibers.

For the Cs-adsorbed weathered biotite preparation, 50 mL of a solution

containing 1.0 M CsCl (special grade reagents, Wako Pure Chemical Indus-

tries, Ltd.) was added to 500 mg of weathered biotite in a plastic centrifuge90

tube. The weathered biotite was equilibrated at room temperature for 24 hours

by using an end-over-end rotation type shaker (ATR Rotsmix RKVSD). The

weathered biotite was washed three times with distilled water, and then sepa-

rated by centrifugation and filtered through a 0.2-micron meter membrane filter

(Millipore 0.2 micron HA-type). The filtered solution was diluted with 0.1 M95

HNO3 (special grade reagents, Wako Pure Chemical Industries, Ltd.) for the

Cs determination by inductively-coupled plasma mass spectrometry (ICP-MS,

PerkinElmer, Nex-ION 300D), which was used for the Cs amount adsorbed on

the clay minerals.

2.2. DFT calculation method100

The NEXAFS spectra were analyzed for the Cs-adsorbed clay mineral, and

for CsCl, CsF, CsBr, and CsI as references, using the all-electron FP-LAPW

method [36, 37], as implemented in WIEN2k code [34] within the framework

of DFT. Exchange-correlation energy was described using the Perdew-Burke-

Ernzerhof (PBE) gradient-corrected exchange-correlation function within the105

generalized gradient approximation (GGA) [35].

Crystals of CsCl, CsBr, and CsI possess a cesium chloride structure whereas

CsF exhibits a rock salt structure [36, 37]. To avoid interactions between adja-

cent core holes in the NEXAFS process, calculations were performed on 3×3×3

supercells (54 atoms) for CsCl, CsBr, and CsI, which are Cs27Cl27, Cs27Br27,110

and Cs27I27, and 2×2×2 supercell for CsF (64 atoms), which is Cs32F32. A unit
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Figure 1: Supercell of the model structure of the Cs adsorbed-clay mineral. The upper figure:

the perpendicular formation of atoms to layer structure of the Cs-adsorbed clay mineral, the

lower figure: the parallel formation
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cell of the Cs-adsorbed clay mineral model was defined based on the structure

of vermiculite, CsSi4AlMg2O12 (essentially a weathered biotite as mentioned

above), which was determined in previous studies [38, 39, 40]. The structure of

the model of the Cs-adsorbed clay mineral from this basis was optimized until115

all forces were below 0.01 eV/Å. As for the Cs-adsorbed clay mineral, calcula-

tions on the clay mineral were performed on a 2 × 2 × 1 supercell (80 atoms),

which corresponds to Cs4Si16Al4Mg8O48. Figure 1 shows a supercell of the Cs-

adsorbed clay mineral model, where Cs atoms are in the stable inner position

between the interlayers of clay minerals. This supercell for the Cs-adsorbed120

clay mineral was an assumption, and will be validated later. In this model, Cs

atoms are situated in the interlayer sites of clay minral, because they are stable

in these sites [38, 39, 40]. The k-point sampling meshes were 7 × 7 × 7 for the

Cs halide supercells and 7 × 7 × 5 for the Cs-adsorbed clay mineral model. In

the calculations, relativistic effects were fully introduced by solving the Dirac125

equation for the core electrons. For valence electrons, spin-orbit interactions

were included in addition to the scalar relativistic approximation. In addition

to supercells for NEXAFS evaluation, the electronic states of Cs halides and the

Cs-adsorbed clay mineral were calculated from the unit cells, which are CsF,

CsCl, CsBr, and CsI for the Cs halides, and CsSi4AlMg2O12 for the Cs-adsorbed130

clay mineral. The k-point sampling meshes were 20 × 20 × 20 for Cs halides,

and 13× 13× 5 for the Cs-adsorbed clay mineral.

The muffin-tin radii, RMT, for Cl, F, Br, I, were set at 2.10 bohr, and those

for Cs, Si, Al, Mg and O were set at 2.50, 1.50, 1.60, 1.80, and 1.50 bohr,

respectively. These values were selected on the basis of the atomic distance135

and radii of the core-orbitals. The cutoff parameter RMTKmax for limiting the

number of plane waves was set at 6.0 for Cs halides and the Cs-adsorbed clay

mineral, where RMT was the smallest value of all atomic sphere radii and Kmax

was the largest reciprocal lattice vector used in the plane wave expansions.
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3. RESULTSAND DISCUSSIONS140

3.1. Consideration of the core-hole effect by using NEXAFS of Cs halides

The Cs M4,5 NEXAFS spectra of Cs halides have been previously measured

and evaluated by a theoretical approach that specifically addressed core-hole

effects. However, the theoretical treatment was not fully complete for CsCl

and CsBr [9]. The Cs M4,5 NEXAFS spectra of Cs halides measured in the145

current work agree well with those previously collected. Herein, the theoretical

NEXAFS spectra were calculated within the electronic-dipole-allowed transition

in the core-hole state, so that partial density of states (DOS) of Cs p and

Cs f were calculated in the presence of a Cs M5 or M4 (3d5/2 or 3d3/2) core

hole using the WIEN2k code [34]. The dipole transition probabilities in the150

photoabsorption process were also taken into account. The core-hole lifetime

broadening of the Cs M4,5-edge NEXAFS transitions is 0.6 eV full-width half-

maximum (FWHM), which is thought to be a little smaller than that of Ce

M4,5-edge NEXAFS transitions (0.7 eV) [41].

Figure 2 shows the present experimental Cs M4,5 NEXAFS spectra of the155

Cs halides. On the basis of the dipole selection rule, the dominant peaks at

735 eV and 749 eV are ascribed to the resonant excitation from Cs 3d3/2 and

3d5/2 to the Cs p and f components in the unoccupied states. In particular,

the dominant peaks in the experimental spectra reflect the localized nature of

the Cs 4f states [9, 10, 11, 16]. In these spectra, shoulder structures on the160

high-energy side of the dominant peaks are observed for CsCl as denoted by A

and A’, and double peak or broad peak structures are observed for CsBr. Small

peaks are found at 8–9 eV on the high-energy side of the dominant peaks for

these halides as denoted by B and B’. Figure 3 shows the Cs M4,5 NEXAFS

of Cs halides calculated by including a full core hole, that is, by removing one165

electron from the Cs 3d5/2 or 3d3/2 orbital of interest and adding one electron

at the bottom of the conduction band for the Cs halides. The ratio of the

intensity of 3d3/2 to that of 3d5/2 is 2/3 in the view point of simple multiplicity.

However, this ratio is larger than 2/3 for Cs hildes in Figuer 2 due to the effect
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Figure 2: Measured spectra of Cs M4,5 NEXAFS of Cs halides.
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Figure 3: Calculated spectra of Cs M4,5 NEXAFS of Cs halides with the core hole fully taken

in account.

10



of spin-orbit-activated interchannel coupling [17, 18, 19, 20, 21, 22]. This effect170

cannot incorporated in one-electron DFT caluation, so that the experimental

values of this ratio is used in the present calcuaitons. The calculated spectra are

narrow, compaed with experimental ones. In particular, the calculated spectra

show no prominent shoulder structures for CsCl. Although the peaks observed

in the spectrum for CsBr are clearly asymmetric, well-resolved peaks are not175

observed. These results show that the calculated spectra are different from the

experimental ones.

In the X-ray absorption transition process for extended solids, the final state

has a core hole and one additional electron in the conduction band, as described

above. Thus, each spectrum can be simulated by supercell calculations, in which180

a core hole is introduced on one of the atoms. In this fashion, the possible ex-

citonic effects between core hole and excited electrons can be simulated quite

accurately in a computationally cost-effective manner. However, the additional

effect related to the interaction of the core hole and excited electrons with the

remaining electrons cannot be simulated, because this situation can be consid-185

ered as the static limit and represents the first approximation of the dynamical

absorption process. An independent self-consistent field (SCF) cycle has, there-

fore, been performed for each calculated spectrum, as one possible method for

the consideration of the core-hole effect. The conduction band states around

this core-hole atom will be attracted more strongly, so possible screening effects190

from the surrounding atoms are also included in the SCF calculation. While this

additional effect can be simulated by a solution of the Bethe-Salpeter equations

(BSE) as has been shown previously for some compounds [42, 43, 44, 45, 46],

this simulation is, however, expensive and thus can be applied only to limited

and selected systems.195

The other approach coming from previous results [47, 48, 49, 50, 51] on

Cu2O, MgB2 and several nitrides showed that half a core hole often gives better

overall agreement between theory and experiment, in accordance with Slater’s

transition state theory [52, 53] for excited states. In this approach, a partial

core hole could be induced in the electronic structure, taking into account the200
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variable strength of the interaction of the core hole with the valence-band elec-

trons. The precise strength to be used, however, remains unclear, and an actual

quantitative comparison as a function of the core-hole strength (CHS) [54] was

rarely done. The induction of the CHS involved coulomb potential dominantly

due to core hole and excited electron decay and other effects of the interaction205

of the core hole with the valence-band electrons. Luiz et al. [47] clearly showed

the importance of this parameter in the case of the Cu L2-edge where the CHS

was estimated at 0.5. The same CHS was found to be satisfactory for calcu-

lating the nitrogen K-edge in h-GaN [52] but a full core-hole treatment seems

necessary in the case of c-GaN. The full CHS treatment should, therefore, be210

used to evaluate similar structures. Moreu et al. [54] showed that very good

agreement can be obtained for π* states of BN (the low energy region) assuming

a full core hole (CHS 1.0), whereas for the higher energy features a much smaller

core hole is desirable (CHS 0.1), since the screening charge for π* states cannot

provide the proper screening for σ* states. Thus, in this case, the theoretical215

spectra are adjusted to the experimental spectra at best fitting. These previous

studies [46, 47, 48, 49, 50, 51, 54] revealed that the application of CHS is effec-

tive. Therefore, CHS is considered on the NEXAFS spectra of Cs halide in this

calculation.

Cs halides are proper for reference substances because their crystal structures220

are already known and they are stable compounds. Figure 4 shows calculated

NEXAFS spectra of CsCl and CsBr where the CHS is changed in a stepwise

manner from 0.0 to 1.0. The detailed core-hole effect is taken into account by

removing 0.0–1.0 electron from the Cs 3d5/2 or 3d3/2 orbital and adding the

corresponding numbers (0.0–1.0) of electrons at the bottom of the conduction225

band for CsCl and CsBr. The experimental NEXAFS spectra for CsCl and CsBr

are well reproduced in the case where the CHS is 0.60. In contrast with the

results of the calculation using a full core hole, the small peaks on the 8–9 eV

high-energy side of the dominant peak are reproduced remarkably well, as are

the shoulder structures of CsCl and the broad peak structure of CsBr. Figure 5230

shows the calculated spectra of Cs M4,5 NEXAFS of Cs halides, which are CsCl,
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Figure 4: Calculated spectra of Cs M4,5 NEXAFS of CsCl and CsBr with the CHS set to 0.0

to 1.0.
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Figure 5: Calculated spectra of Cs M4,5 NEXAFS of Cs halides with the CHS reduced to

0.60.
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CsF, CsBr, and CsI, where the CHS is set to 0.60. All of the calculated spectra

reproduce the respective experimental spectra in Figure 2 excellently, and the

small peaks on the 8–9 eV high-energy side of the dominant peaks are also well

reproduced in both energy and intensity. For Cs halides, Cs M4,5 NEXAFS235

spectra are different in spite of the same crystal structures. This fact means

that the nearest atoms to Cs have a dominant effect on the Cs M4,5 NEXAFS

spectra, so that excited electrons behave dominantly near the Cs atoms. On

the other hand, the same values of CHS are applied to Cs M4,5 NEXAFS for

Cs halides, though the nearest atoms are different. This result indicates that240

coulomb potential induced by CHS has the same effect on excited electrons near

Cs atom, even though the nearest atoms to Cs are different elements. These

imply that the same value of CHS is applied in the case where excited electrons

behave dominantly near the Cs atoms. In other Cs compounds, excited electrons

in Cs M4,5 NEXAFS are supposed to behave dominantly near the Cs atoms as245

well as in Cs halides. This can lead to the applicability of the same values of

CHS to other Cs compounds such as clay minerals.

This establishes that the CHS parameter can be set to 0.60 for Cs M4,5

NEXAFS in Cs compounds whose structures are already known, thereby taking

into account the strength of the interaction of the core hole with the valence-250

band electrons that is necessary to properly interpret Cs M4,5 NEXAFS spectra.

From a physical perspective, it is evident that the CHS is related to the core hole

which depends on the decay of the excited states. That is, the partial core-hole

effect means that the valence electrons do not relax due to the presence of the

core hole before the transition is completed. This leads to the so-called sudden255

approximation [55]. At the other extreme of the core-hole effect, the valence

electrons relax before the end of the transition in which a large core-hole effect

is present. The proper evaluation of states that lie between the two extremes of

the core-hole effect requires a self-consistent calculation with a core-hole. The

use of a partial core hole is a sound technical approach to solving the core-hole260

simulation problem, because the intermediate state between the two extremes

of the core-hole effect can be account for in a computationally cost-effective
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manner. The full resolution of the BSE is needed to account for the entire

spectral intensities, but can be applied only to limited systems, as described

above. In order to establish the practical benefits of Cs M4,5 NEXAFS and to265

apply it to new materials systems, it is necessary to use the partial core-hole

effect as established above.

To further evaluate the nature of the interaction, the unoccupied partial

density of states (DOS) of Cs d-f and halogen orbital components was calculated

with the CHS set to 0.60 as shown in Figure 6. Figure 6 shows that the major270

feature of Cs 4f is found in the energy range of 9–13 eV above the Fermi level.

These features correspond to the main peak in the Cs M4,5 NEXAFS spectra

of Cs halides.

3.2. Analysis of NEXAFS of Cs in the clay minerals

Figure 7 shows experimental and calculated Cs M4,5 NEXAFS of the Cs-275

adsorbed clay mineral (vermiculite). The calculation is conducted using the

model as shown in Figure 1 to assess the validity of this model. Neither the

shoulders nor the double or broad peak structures are found in the experimental

NEXAFS. In this respect, the experimental spectrum of the Cs-adsorbed clay

mineral (vermiculite) is fundamentally different from those of Cs halides. Fur-280

thermore, new tail structures, which are low and broad peaks beside dominant

peaks, are found on the 4–8 eV high-energy side of the dominant transitions.

On the basis of the Cs halide results described in the previous subsection, the

Cs M4,5 NEXAFS spectrum of the clay mineral was calculated with the CHS

equal to 0.60. Using this approach, the Cs M4,5 NEXAFS spectrum of the clay285

mineral is well portrayed over the entire spectral profile; the tail structures in

the experimental NEXAFS are reproduced on the 4–8 eV high-energy side of the

dominant transitions, and neither the shoulders nor the double or broad peak

structures are found as well. This means that the model of the Cs-adsorbed

clay mineral is appropriate on the basis of the result of the calculated NEXAFS290

spectra of Cs halide.

To further evaluate the nature of the interaction, the unoccupied partial

16



Figure 6: Density of states of Cs d-f components and (a) F s-d components in CsF (b) Cl

s-f components in CsCl (c) Br s-f components in CsBr (d) I s-f components of CsI in the

unoccupied range with the CHS set to 0.60.
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Figure 7: Cs M4,5 NEXAFS of the Cs-adsorbed clay mineral (vermiculite). (a) Calculated

spectrum with the CHS reduced to 0.60. (b) Measured spectrum.

Figure 8: Density of states of Cs d-f and O s-d components of the Cs-adsorbed clay mineral

in the unoccupied range with the CHS set to 0.60.
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density of states (DOS) of Cs d-f and O s-p for the Cs-adsorbed clay mineral

was calculated with the CHS set to 0.60 as shown in Figure 8. Figure 8 shows

that the major feature of Cs f is found in the energy range of 8–10 eV above295

the Fermi level and that a tail structure is found in the energy range of 14–16

eV. These features correspond to the main peak and post-edge features in the

Cs M4,5 NEXAFS spectra of the clay mineral in the energy range of 734–736 or

748–750 eV and that of 740–742 or 754–756 eV.

To clarify the peak formative mechanism, Figure 9 illustrates the charge300

density of excited electrons in the energy range corresponding to the Cs M4,5

NEXAFS spectrum including the main peak and post-edge features in the energy

range of 734–736 or 748–750 eV and that of 740–742 or 754–756 eV. Figure 9

(a) and (b) show the charge density in the energy range of 8–10 eV in Figure

8, corresponding to the main feature of the Cs M4,5 NEXAFS spectrum, and305

Figure 9 (c) and (d) show the range of 14–16 eV in Figure 8, corresponding

to the tail structure in the spectrum. The planes in Figure 9 (a) and (c) are

perpendicular to the layered structure of the clay mineral as shown in the upper

figrure of Figure 1, while those in Figure 9 (b) and (d) are parallel as shown in

the lower figure of Figure 1. In Figure 9 (a) and (b), the charge of the excited310

electrons is localized near the Cs atom, so that the peak structure is created

in the boundary state. In addition, the relatively low charge density has a

narrow minimum between the Cs and O atoms that establishes these states

as antibonding Cs-4f and O-2p hybrids. These antibonding states found in the

unoccupied range suggest that bonding states of Cs-4f and O-2p hybrids exist in315

the occupied range, so that the mixing of the Cs 4f - O-2p may be indicative of

some degree of covalent bonding between Cs and O in the clay mineral. Figure

9 (c) and (d) indicate that standing waves are created between Cs and O atoms,

so that the charge created by the excited electrons is delocalized, thereby giving

rise to the tail structures created in the continuum state. This result suggests320

that the tail structures present in the Cs M4,5 NEXAFS spectrum of the clay

mineral likely reflect local environments around Cs atoms.
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(a) 8-10 eV
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(c) 14-16 eV
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(b) 8-10 eV
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(d) 14-16 eV
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Figure 9: Charge density in the energy range of (a) 8–10 eV of DOS in Figure 8 on the

perpendicular plane to layer structure of the Cs-adsorbed clay mineral (b) 8–10 eV of DOS

in Figure 8 on the parallel plane, corresponding to the main peak and post-edge features in

the Cs M4,5 NEXAFS spectra in the energy range of 734–736 or 748–750 eV, and (c) 14–16

eV of DOS in Figure 8 on the perpendicular plane (d) 14–16 eV of DOS in Figure 8 on the

parallel plane, corresponding to those of 740–742 or 754–756 eV.
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3.3. Electronic ground states of the Cs halides and the Cs-adsorbed clay mineral

To understand Cs adsorption behavior, it is important to determine the

electronic states of Cs in the clay mineral. For this purpose, the electronic325

structure and effective charge are calculated as fundamental information for Cs

adsorption behaviors on the basis of the validated model of the Cs-adsorbed

clay mineral. The ground-state DOS’s of the Cs-adsorbed clay mineral and Cs

halides are shown in Figure 10. In the Cs-adsorbed clay mineral DOS shown in

Figure 10 (a), O 2s and 2p components are found in the energy range of −22 to330

−19 eV and −14 to −2 eV, respectively. Similarly, the Cs 5s and 5p components

are found in the energy range of −22 to −20 eV and −11 to −3 eV, respectively.

The overlap suggests that the Cs 5s and 5p states interact with the O 2s and

2p states of the Cs-adsorbed clay mineral. In the unoccupied range, the Cs 5d

component show some interaction with O components in the energy range of 5335

to 11 eV, but the Cs 4f show little interaction.

Figure 10 (b) shows the calculated DOS of CsF. The respective Cs 5s and

5p components are found mainly in the energy range of −20 to −18 eV and

−7 to −4 eV. Additionally, there is a small but apparent Cs 5p component in

the energy range of −1 to 0 eV. The F 2s and 2p components are found mainly340

in the energy range of −20 to −18 eV and −1 to 0 eV, indicating that the

mixing and interaction between Cs 5s and F 2s could be large. Even though

the F 2p components are small, they are significant in the energy range of −7

to −4 eV. This result indicates that the interaction between Cs 5p and F 2p

is apparent. Thus, an interaction between Cs and F in CsF is also apparent.345

In the unoccupied range, the Cs 5d component show some interaction with

F components in the energy range of 6 to 12 eV, but the Cs 4f show little

interaction.

Figure 10 (c) shows the calculated DOS of CsCl. In Figure 10 (c), the Cs 5s

and 5p components are found in the energy range of −20 to −19 eV and −8 to350

−5 eV, respectively. The Cl 3s and 3p components are found in the energy range

of −13 to −12 eV and −1 to 0 eV, respectively. The Cs and Cl components are

absent in any other energy range. The Cs and Cl components are not found in
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Figure 10: Density of states of Cs 5s and 5p and (a) O 2s and 2p in the Cs-adsorbed clay

mineral (b) F 2s and 2p in CsF (c) Cl 3s and 3p in CsCl (c) Br 4s and 4p in CsBr (e) I 5s

and 5p in CsI in the ground state.
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Table 1: Effective charge of Cs and atomic distance between Cs and the nearest atom.

Compound Ground state Core-hole (0.60) state Atomic distance (nm)

CsF 0.88 1.31 0.3004

CsCl 0.83 1.17 0.3571

CsBr 0.81 1.20 0.3712

CsI 0.80 1.17 0.3955

Clay mineral 0.92 1.37 0.3253

the same energy range and it can be inferred that there is no mixing of these

components and thus, the interaction between Cs and Cl in this energy range355

is small. In the unoccupied range, the Cs 5d component show some interaction

with Cl components in the energy range of 5 to 13 eV, and the Cs 4f show some

interaction in the energy range of 11 to 25 eV. A similar analysis of the DOS

calculated for CsBr and CsI, shown in Figure 10 (d) and Figure 10 (e), implies

that Br and I share similar electronic features as that of CsCl with respect to360

Cs.

In the DOS, the F and O 2s orbitals are close in energy to the Cs 5s. For

CsCl, CsBr, and CsI, the s orbitals are all higher in energy than the Cs 5s. This

means that the interaction may be more covalent in CsF and the Cs-adsorbed

clay mineral than in the other Cs halide, in which there is no interaction.365

The Bader charge [56] of Cs in the clay mineral is calculated to provide a

measure of effective charge and is compared to the same calculations for Cs in

the Cs halides as a basis for comparison. Table 1 shows the effective charge

values for Cs in the clay mineral and the Cs halides in the ground state, as well

as for the core-hole state where the CHS is set to 0.60. The distance between370

Cs and the nearest atoms are also shown in Table I. The interatomic Cs-F,

Cs-Br, Cs-Cl, and Cs-I distances all match the expected distances based on a

summation of the ionic radii [57]. The effective charge values of Cs in the clay

mineral are 0.92 and 1.37 in the ground and core-hole states, respectively. The

effective charge values of Cs in CsF are similar, with values of 0.88 and 1.31 in375
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the ground and core-hole states, respectively. In contrast, the effective charges

of Cs in CsCl, CsBr, and CsI are smaller, and are found between 0.80–0.83 in

the ground state and between 1.17–1.20 in the core-hole state. The difference

in effective charge observed in both the ground and excited states for Cs in CsF

and the Cs-adsorbed clay mineral relative to CsCl, CsBr, and CsI are likely a380

reflection of the more electronegative F and O atoms relative to the softer Cl,

Br, and I halide ligands. Hence ,the tendency of the bonding states in the core-

hoe states is qualitatively the same as that in the ground state. This suggests

that these NEXAFS spectra qualitatively reflect the ground state. These results

are consistent with expectations from Pearson Hard-Soft Acid Base theory.385

As for the Cs adsorbed clay mineral, the nearest O atom to Cs is bound

to a Si atom. The O-Si bond in the Cs-adsorbed clay mineral attracts the

electronic charge. In fact, the O is so electrophilic that the nearest Cs atom

becomes more positively charged in the clay mineral, as shown by its effective

charge in comparison to CsF. In addition, this electrophilic bond is involved in390

the O 2s component and serves to increasingly spread the O 2p component as

shown in Figure 10. The interaction between the Cs 5s and the O 2s is large

due to the overlapping energy ranges of the Cs 5s and O 2s states. This feature

contributes to the large interaction between Cs and O in the Cs-adsorbed clay

mineral. Consequently, the effective charge of the Cs atom in the clay mineral395

is larger than that in CsF and the interaction between the Cs and O is large.

Additionally, the Cs 5p orbitals are characterized as shallow energy levels

compared to the p orbitals of other alkali metal and alkali earth metal elements

[58]. The O 2p orbitals are also considered as possessing quite shallow energy

levels in relation to the p orbitals of all the alkali metal and alkali earth metal400

elements [58], so that the energy level of Cs 5p is closer to that of O 2p than any

other p orbitals of alkali metal and alkali earth metal elements. This causes and

results in the strong interaction between the Cs 5p and the O 2p components,

compared with those between Cs and the nearest atom in Cs halides.
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4. CONCLUSIONS405

The Cs states for a detailed understanding of Cs adsorption and desorption

behavior were analyzed by a newly developed combined approach of NEXAFS

measurement and its analysis by DFT-calculation considering core-hole interac-

tion. In order to establish the analytical model, the Cs M4,5 NEXAFS spectra

of the Cs halides have been measured and theoretically evaluated using DFT-410

calculations. The incorporation of parameters with optimized values to portray

the strength of the core-hole interaction has successfully led to the good repro-

duction of measured NEXAFS.

The measured Cs M4,5 NEXAFS spectrum of the Cs-adsorbed clay mineral

was well portrayed by the DFT calculations with the established theoretical415

model. The evaluated Cs M4,5 NEXAFS suggests that the major transitions

and the tail structures seen in the Cs M4,5 NEXAFS spectra of the clay mineral

likely reflect the bonding state and the local environment around the Cs atoms,

which correspond to the boundary and continuum states.

The evaluations of electronic states of Cs in the clay mineral and the Cs420

halides have indicated that the interaction between Cs and the nearest-neighbor

atom is largest in the clay mineral, as in Cs halides. In addition, the energy

level of Cs-5s and 5p is closer to that of O- 2s and 2p than the s and p orbitals

of other alkali metal and alkali earth metal elements. These results suggest that

the interaction between Cs and the nearest atoms is strong in the clay mineral,425

compared with those in Cs halides.

This combined approach reveals the fundamental features for Cs states in-

volving local environments around Cs, bonding states, and Cs valence states.

Such parameters can be useful for the evaluation of Cs stability in the process

of Cs adsorption and desorption behaviors.430

5. ACKNOWLEGEMENT

The authors are grateful to several anonymous reviewers for their valuable

comments, and M. Mitome of the National Institute for Materials Science for

25



several useful suggestions. Part of this work was supported by a Grant-in-Aid

for scientific research (No. 24340133) from the Ministry of Education, Culture,435

Sports, Science, and Technology of Japan. JIP and DKS were supported by

a Laboratory Directed Research and Development award at LBNL. SGM was

supported by the Director, Office of Science, Office of Basic Energy Sciences,

Division of Chemical Sciences, Geosciences, and Biosciences Heavy Element

Chemistry Program of the U.S. Department of Energy (DOE) at LBNL under440

Contract No. DE-AC02-05CH11231. Research at the Beamline 11.0.2 at the

ALS was supported by the Director, Office of Science, Office of Basic Energy Sci-

ences, Division of Chemical Sciences, Geosciences, and Biosciences Condensed

Phase and Interfacial Molecular Sciences Program of the U.S. DOE at LBNL

under Contract No. DE-AC02-05CH11231. The ALS and TT were supported445

by the Director, Office of Science, Office of Basic Energy Sciences, of the U.S.

DOE under Contract No. DE-AC02-05CH11231 at LBNL. ABA acknowledges

support by a DOE Integrated University Program Fellowship at the University

of California, Berkeley.

[1] N. Kinoshita, K. Sueki, K. Sasa, J. Kitagawa, S. Ikarashi, T. Nishimura,450

Y.-S. Wong, Y. Satou, K. Handa, T. Takahashi, M. Sato, T. Yamagata,

Assessment of individual radionuclide distributions from the Fukushima

nuclear accident covering central-east Japan, Proc. Natl. Acad. Sci. USA

108 (2011) 19526.

[2] T. J. Yasunari, A. Stohl, R. S. Hayano, J. F. Burkhart, S. Eckhardt, T.455

Yasunari, Cesium-137 deposition and contamination of Japanese soils due

to the Fukushima nuclear accident, Proc. Natl. Acad. Sci. USA 108 (2011)

19530.

[3] Y. Morino, T. Ohara, M. Nishizawa, Atmospheric behavior, deposition,

and budget of radioactive materials from the Fukushima Daiichi nuclear460

power plant in March 2011, Geophys. Res. Lett. 38 (2011) L00G11.

[4] T. Ikeda, M. Boero, Hydration structure and polarization of heavy alkali

26



ion: A first principles molecular dynamics study of Rb+ and Cs+, J. Chem.

Phys. 137 (2012) 041101.

[5] H. Nakamura, M. Okumura, M. Machida, First-principles calculation study465

of mechanism of cation adsorption selectivity zeolites; A guideline for effec-

tive removal of radioactive cesium, J. Phys. Soc. Jpn. 82 (2013) 0230801.

[6] M. Okumura, H. Nakamura, M. Machida, Mechanism of strong affinity of

clay minerals to radioactive cesium: First-principles calculation study for

adsorption of cesium at frayed edge sites in muscovite, J. Phys. Soc. Jpn.470

82 (2013) 033802.

[7] S. Suehara, H. Yamada, Cesium stability in typical mica structure in dry

and wet environments from first-principles, Geochim. Cosmoch. Acta 109

(2013) 62-73.

[8] T. Yamamoto, T. Fujimura, T. Shimada, S. Takagi, Preparation of modified475

mica as an effective adsorbent to remove Cs+ from water, Chem. Lett. 43

(2014) 860-861.

[9] R. Ruus, K. Kooser, E. Nommiste, A. Saar, I. Martison, A. Kikas, Cs

3d Absorption and resonant photoemission study of caesium halogenides,

Phys. Scrip. T115 (2005) 396-398.480

[10] P. Motais, E. Belin, C. Bonnelle, Direct radiative recombination of core-

hole highly excited states in CsCl, Phys. Rev. B 25 (1982) 5492-5498.

[11] R. Ruus, K. Kooser, E. Nommiste, A. Saar, I. Martison, A. Kikas, Poten-

tial barrier effect in Cs 3d resonance photoemisdsion of CsF, J. Electron

Spectrosc. Relat. Phenom. 137-140 (2004) 377-381.485

[12] M. Pesio, M. Benfatto, S. Aminpirooz, J. Haase, Oxygen K-edge NEXAFS

studies of thin Cs oxide films, Surf. Sci. 269/270 (1992) 691-694.

[13] M. Pesio, M. Benfatto, S. Aminpirooz, J. Haase, Multiple-scattering anal-

ysis of NEXFS spectra of molecular oxygem anions in differently grown

cesium oxides, Phys. Rev. B 50 (1994) 6596-6602.490

27



[14] J. Purans, A. Kuzmin, E. Burattini, Double-electron excitation in L-edges

X-ray-absorption spectra of W, Ir, and Cs oxide compounds, Jpn. J. Appl.

Phys. 32 (1993) 64-66.

[15] E. J. Doskocil, R. J. Davis, Spectroscopic characterization and catalytic

activity of zeolite X containing occluded alkali species, J. Catal. 188 (1999)495

353-364.

[16] R. Ruus, A. Kikas, A. Maiste, E. Nommiste, A. Saar, M. Elango, J. F. van

Acker, M. Qvarford, J. N. Nadersen, R. Nyholn, I. Martinson, M4,5N4,5N4,5

Auger decay spectra of the resonantly excited 3d9 4f configuration of xenon-

like ions in solids, Phys. Rev. B 49 (1994) 14836-14844.500

[17] A. Kivimäki, U. Hergenhahn, B. Kempgens, R. Hentges, M. N. Pincastelli,
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