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Abstract
Core-level and valence-band X-ray photoelectron spectroscopy was employed to study the dose-dependent radiation effects 
in the short-range order and the electronic structure of natural U, Th-bearing zircon near-surface layers. Single crystals 
from different localities (Ratanakiri, Cambodia; Mud Tank, Australia; Highlands, Sri Lanka) exhibiting wide variations in 
the accumulated radiation dose D≈(0 ÷ 9.2)·1018 α-decays/g was investigated. The dose values obtained by electron probe 
microanalysis and Raman micro-spectroscopy were used to correlate the samples with the two percolation transitions  (p1,  p2) 
in the amorphous-crystalline structure of damaged zircon. The dose-dependent variations in  Eb (530.9–531.3, 101.7–102.4, 
182.8- 183.3 eV) and FWHM (1.32–2.57, 1.47–1.77, 1.16 -1.55 eV) of the O1s, Si2p, and  Zr3d5/2 core levels, respectively, 
were attributed to changes in the ensemble of non-equivalent short-range order structures. An increase in the dose resulted 
in the complication of the oxygen sublattice, with the following nearest environments of O atoms: (1) O (Si, [8]Zr, [8]Zr), 
 Eb = 530.8–531.2 eV, the amount of > ~3.5 apfu (at D < p1); (2) O (Si, Si) and/or O (Si, Si, [8]Zr),  Eb = 532.6 eV, the amount 
of ~ 0.5 ÷ 0.8 apfu (at  p1 < D < p2); (3) O (Si, [7]Zr, [7]Zr),  Eb = 531.6 eV, determined when the O (Si, [8]Zr, [8]Zr) amount is 
of ~ 1.7 apfu (at D > p2). For the first time, under an increase in the radiation dose, the oppositely directed changes in the 
effective charges of Si and Zr cations were detected in damaged zircon. This phenomenon was assigned to an increase in 
the content of the short-range order fragments characteristic of pure oxides  SiO2 (namely, Si-O-Si) and  ZrO2 (namely, [7]Zr) 
as well as to the influence of the anions O (Si, Si, [8]Zr), and the assignment was independently confirmed by the valence 
band analysis. The sequence of transformations in the Si-O and Zr-O sublattices was shown to be not concurrent: a partial 
polymerization of  SiO4 tetrahedra occurs mainly at low and medium doses (D < p2) both in the crystalline and amorphous 
fractions, while the 7-coordinated atoms [7]Zr are mainly observed at higher doses (D > p2) in the amorphous fraction.

Keywords Zircon · Radiation damage · Short-range order structure · XPES

Introduction

Zircon is a widespread accessory mineral that acts as a con-
centrator of lanthanides and actinides (Hoskin and Schalteg-
ger 2003). In addition to its use in geochronometry and 
geothermobarometry due to its high chemical and physical 

resistance, zircon was also previously proposed as a material 
for the immobilisation of plutonium (Ewing et al. 1995). In 
the process of α-decay of U and Th impurities, natural zircon 
is subject to amorphisation under exposure to α-particles and 
recoil nuclei; here, the accumulated radiation dose  Dα (the 
number of alpha events per gram of substance) depends on 
the concentration of radioactive impurities and the age of the 
sample (Murakami et al. 1991; Ewing et al. 2003). The pres-
ence of natural samples with variations of  Dα from values 
close to zero to values sufficient for complete amorphisation 
makes zircon one of the most important model materials for 
studying radiation effects on a geological time scale.

At the level of long-range order, general regularities 
of structural degradation in zircon have been fairly well 
studied on the example of natural U- and Th-containing-, 
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238Pu-doped synthetic and ion-irradiated crystals [see, 
for example, the review and bibliography in (Ewing et al. 
2003)]. In natural zircon, atomic displacements are caused 
by heavy recoil nuclei with an energy of ~ 70 keV, form-
ing cascades of atomic displacements (~ 5000 atoms/recoil 
nucleus) and alpha particles with an energy of ~ 5 meV, 
which cause ionisation of atoms and the formation of point 
defects (~ 100 defects/α-particle) (Chakoumakos et al. 1987; 
Ewing et al. 1995; Salje et al. 1999; Ewing 2007; Farnan 
et al. 2007). On the basis of X-ray diffraction and transmis-
sion electron microscopy data [e.g., (Murakami et al. 1991; 
Weber et al. 1994; Rios et al. 2000)], it has been shown that 
radiation-induced degradation of zircon from crystalline to 
amorphous state can be described by two percolation transi-
tions (Salje et al. 1999; Geisler et al. 2003; Trachenko et al. 
2003; 2004). According to these studies, the structure of 
radiation-damaged zircon can be represented by two phases: 
crystalline (fraction  fc) and amorphous  (fa). In the region 
below the first transition  (p1), the crystalline phase prevails 
 (fa <  ~ 30%), while in the region above the second transition 
 (p2) the amorphous phase prevails  (fa >  ~ 70%); at the range 
from  p1 to  p2, the amorphous and crystalline phases coexist 
and mutually penetrate. For zircon samples obtained from 
Sri Lanka, the accumulated dose values of the first and sec-
ond transitions are ~ (2–3)·1018 and ~ (4–5)·1018 α-decays/g, 
respectively (Salje et al. 1999; Ríos et al. 2000; Ewing et al. 
2003). The dependence of the specific volume of the crystal-
line phase on the concentration of point defects and on the 
degree of expansion of the amorphous phase leads to ten-
sion–compression stresses of alternating signs in coexisting 
crystalline and amorphous regions (Salje et al. 1999; Ríos 
et al. 2000).

At the level of short-range order (SRO), the structure 
of crystalline and amorphous fractions remains contro-
versial (see, for example, the review and bibliography in 
(Ewing et  al. 2003; Nasdala et  al. 2003)). The EXAFS 
method at T = 4.3 K has been used to show the shorten-
ing of the nearest interatomic distances < Zr-Zr > (from 
3.64 Å to 3.34 Å), < Zr-O > (by 0.06 Å) and the decrease in 
coordination number of Zr from 8 to the average value of 
(6.8–7.2) ± 0.5) in metamict zircon compared to crystalline 
zircon; the data point out to the presence of baddeleyite-like 
edge-shared  ZrO7 polyhedra (Farges and Calas 1991; Farges 
1994). A structural model suggested for aperiodic zircon 
annealed between 20 and 600° (Farges 1994) consists of 
angstrom-scale domains similar in SRO structure to simple 
oxides and zircon remnants, and three non-equivalent types 
of oxygen atoms are present in the structure. However, no 
evidence to Zr- and Si-rich domains of different coordination 
number was found in synthetic Pu-doped (Begg et al. 2000) 
and natural metamict (Barinsky, Kulikova 1977) zircon by 
the XAS method, and the amorphous state was suggested to 
retain the distorted, nearest-neighbor zircon SRO structure. 

The MAS-NMR 29Si method was applied to determine the 
chemical shift of silicon in metamict zircon; the data were 
interpreted as the presence of Si-O-Si bridging oxygen 
atoms in  SiO4 tetrahedra (Farnan 1999) (in contrast to regu-
lar three-coordinated O atoms (Si, [8]Zr, [8]Zr) in crystalline 
zircon). The broadening and small shift of the 29Si peak at 
low-dose samples was associated with the disordering and 
the polymerisation of tetrahedra in crystalline regions; the 
appearance of a new wide peak of a higher chemical shift 
and its shift with increasing dose was related to increased 
polymerisation (Farnan and Salje 2001). The observations 
was interpreted in terms of the percolation model (Salje 
et al. 1999); a conclusion is drawn about the evolution of 
the structure of both crystalline and amorphous phases with 
increasing radiation dose (Trachenko et al. 2001).

The dose-dependent broadening and red shift of vibra-
tional modes found by the Raman spectroscopy are inter-
preted as SRO degradation and expansion of the unit cell 
of the crystalline fraction in zircon (Nasdala et al. 1995, 
1996, 2001; Wopenka et  al. 1996; Pidgeon et  al. 1998; 
Zhang et al. 2000b; Balan et al. 2001a; Geisler et al. 2001). 
Also the confinement effect may coarse band broadening due 
to phonon lifetime decrease in nano-crystallites [periodic 
domains of approximately < 5 nm in size at a dose of > 1·1018 
α-decays/g (Váczi and Nasdala 2017)] of highly damaged 
zircon (Geisler et al. 2001; Váczi and Nasdala  2017). In 
accordance with (Nasdala et al. 2001; Palenik et al. 2003), 
the width (FWHM) of the asymmetric stretching vibra-
tion mode  B1g of  SiO4 tetrahedra at ~ 1008 cm−1 is widely 
used as an empirical parameter of radiation dose. Partial 
preservation of short-range order in the amorphous frac-
tion of damaged zircon was demonstrated by IR spectros-
copy; the appearance of additional signals in the regions of 
500–800 cm−1 and 1000–1300 cm−1 is attributed to Si–O–Si 
bonds arising during the polymerisation of silicon–oxygen 
tetrahedra in the amorphous and/or crystalline phase (Zhang 
et al. 2000a; Zhang and Salje 2001).

To develop the general understanding of the zircon meta-
mictization process, it is important to establish the depend-
ence of the ensemble of the SRO structures in amorphous 
and crystalline parts of zircon on the accumulated radiation 
dose, as well as to reveal the dose-dependent variations in 
the spectrum of electronic states generated by this ensem-
ble of the SRO. Note that the data on electronic structure 
of damaged zircon are also necessary for interpreting the 
electronic spectra of optical absorption and luminescence, 
which are still partly controversial (Krasnobayev et al. 1988; 
Nasdala et al. 2003; Kempe et al. 2010, 2016; Votyakov 
et al. 2011).

Such information can be obtained by X-ray photoelectron 
spectroscopy (XPS), based on recording the energy spec-
trum of electrons knocked out from the surface layers of 
solid samples by X-ray radiation. The values of the binding 
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energy  Eb of the electrons of the core levels and the valence 
band determined in this case depend on the short-range order 
structure, effective charge and characteristics of the chemical 
bonds in near-surface layers of solids (Siegbahn et al. 1974; 
Nefedov and Vovna 1987). A feature of the method is the 
thinness of the analysed layer, which is determined by the 
electron exit depth [< 10 nm (Siegbahn et al. 1974)]. How-
ever, by choosing the measurement conditions, photoelec-
trons from different depths can be detected (see, for example, 
reviews (Hochella 1988; Fadley, 2010)). It has been shown 
that, with X-ray excitation of AlKα and a large photoelectron 
collection angle, ~ 90% of the measured intensity is provided 
by layers lying deeper than the surface monolayer (Nesbitt 
et al. 2014). When analysing appropriately prepared mineral 
surfaces (fresh cleavage), the information obtained can be 
correlated with their bulk properties (Zakaznova-Herzog 
et al. 2005, 2006). Another problem inherent to the XPS 
consists in the differential surface charge, which complicates 
the analysis of the shape of the spectral lines. In most cases 
the problem can be solved using spectrometers having an 
effective charge neutralisation system (Nesbitt et al. 2014).

In this work, the atomic and electronic SRO structure of 
Si, Zr polyhedra and the oxygen sublattice are studied using 
the XPS in a series of natural zircon samples with varia-
tions in the accumulated radiation dose from zero to close 
to a complete amorphisation dose. To quantify the radiation 
dose and the degree of damage in the samples, we use the 
data from electron probe microanalysis and Raman spec-
troscopy. Dose dependences of the binding energy of core 
levels of Si, Zr, and O and the width of the corresponding 
spectral lines, as well as the spectra of the valence band, are 
analysed taking into account the contributions of both the 
crystalline and amorphous fractions. On the base of the fit-
ting of O1s superposition spectra by individual components 
related to variously coordinated oxygen atoms, the estimates 
of  SiO4—polymerisation degree are obtained. We show that 
the electronic structure of Zr-O and Si-O sublattices can be 
used to determine the sequence of their transformation in the 
metamictization process of zircon.

Samples

Single crystals of zircon from placer deposits of the High-
lands of Sri Lanka (samples Z1-Z6), similar in properties to 
samples previously studied by X-ray diffraction, transmis-
sion electron microscopy, Raman and infrared spectroscopy, 
etc. (Murakami et al. 1991; Nasdala et al. 2004; Ginster et al. 
2019), were studied. For comparison, we measured single 
crystals of highly crystalline zircon (called reference sam-
ples here) obtained in Ratanakiri, Cambodia from secondary 
deposits of alkaline basalt rocks after annealing at 1000 °C 
for 3 h (Zeug et al. 2018) (sample R1) and slightly damaged 

Mud Tank zircon from carbonatites in Australia (Black, Gul-
son 1978) (sample MT).

Methods

Electron probe microanalysis (EPMA) of chemical com-
position was performed according to the described method 
(Zamyatin et al. 2017). The errors in determining the matrix 
cations Zr and Si from a series of analyses (2σ) were 0.38 
and 0.32 wt.%, respectively. After determining the content 
of the main and impurity elements at 15–29 points of each 
sample in two perpendicular directions passing through the 
centre of the crystal, the obtained data were averaged. The 
scatter of the elemental content values over the crystal sur-
face was characterised by the value 2σ.

Raman spectra were measured on a Horiba LabRam 
HR800 Evolution spectrometer with 632.8  nm He-Ne 
laser excitation. Recording was carried out using a Czerny-
Turner monochromator having a diffraction grating of 1800 
grooves/mm by means of a multi-channel electrically-cooled 
silicon CCD detector with an operating range threshold 
frequency of ~ 900 nm. An Olympus BX-FM microscope 
was used with a 100X/NA = 0.9 lens and a controlled con-
focal aperture 100 μm; spatial resolution ~ 1 μm (lateral) 
and ~ 3 μm (depth); spectral resolution was ~ 1 cm−1. When 
determining the true width of the Raman lines, a correction 
for spectral resolution was introduced according to (Váczi 
and Nasdala 2017). Spectra were recorded at 10–12 points 
for each crystal; after determining position ν and the width 
FWHM of the Raman mode  B1g at ~ 1008 cm−1 by approxi-
mating individual maxima in the spectra of Voigt contour, 
the obtained values were averaged. The scatter in the values 
of ν and FWHM over the crystal surface was characterised 
by 2σ.

XPS spectra were recorded on a high-resolution PHI XPS 
5000 VersaProbe spectrometer (ULVAC-Physical Electron-
ics, USA). The spectrometer has a classic X-ray optical 
scheme with a quartz monochromator; the operating range 
of the binding energy analyser is 0–1500 eV. The electro-
static focusing and magnetic shielding of the main camera 
supports high energy resolution (ΔE ≤ 0.5 eV for AlKα exci-
tation), spatial selectivity (minimum diameter of X-ray AlKα 
probe d ~ 10 μm) and elemental sensitivity (up to a signal-to-
noise ratio 10,000/3) for a wide range of objects. The spec-
trometer is fitted with a two-channel system for neutralising 
the electrostatic charge that arises during the registration of 
XPS spectra of dielectric samples. The neutralisation is car-
ried out using both an electron source with a thermal cathode 
(~ 1 eV) and low-energy ions (≤ 200 eV). The spectrometer 
has an oil-free two-stage vacuum pumping system based on 
turbomolecular and magnetic discharge pumps providing a 
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working vacuum of ~ 10−7 Pa in the absence of contamina-
tion of samples with prevacuum oil vapours.

The measurements were carried out according to the 
previously developed methodology (Shchapova et  al. 
2020). The electron take-off angle of 90º corresponded to 
the maximum bulk sensitivity. The x-ray spot diameter was 
100 μm. The X-ray radiation power on the sample did not 
exceed 25 W. In the survey spectra mode, the energy window 
width was 187.85 eV, while in the high-resolution mode 
in the region of the O1s, Si2p, Zr3d and C1s lines it was 
23.5 eV. The measurements were carried out in vacuum with 
a residual pressure of argon ions ~ 1 × 10−6 Pa. The spec-
trometer energy scale was calibrated using the  Au4f7/2 and 
 Cu2p3/2 lines, while the effect of the width of the energy 
window on the FWHM was calibrated by the  Ag3d5/2 line. 
The initial processing of the spectra was carried out using 
the ULVAC-PHI MultiPak 9.8 software. Accounting for the 
sample charge was carried out according to the C1s level 
binding energy of 284.8 eV (Moulder et al. 1992). To reduce 
the contribution of the modified surface layers, the meas-
urements were performed on a fresh crystal cleavage, after 
which the sample was immediately placed in the vacuum 
chamber of the spectrometer. The crystallographic orienta-
tion of the sample surface was not taken into account.

Results

Chemical composition, structural and chemical 
heterogeneity and degree of radiation damage 
according to EPMA and Raman microspectroscopy

The chemical compositions of the samples according to 
EPMA data are given in Table 1 along with the Raman 
spectra parameters. In Z1-Z6 samples, the content of basic 
Si, Zr, and O elements varies slightly over the crystal sur-
face. The average content of impurity elements was: Hf—up 
to 1.876; U—up to 0.3591, Th—up to 0.1019 wt.%; other 
impurities—not more than 0.161 wt.%. The composition 
of the main elements taking Hf into account corresponds 
to stoichiometric amounts within 0.02 at.%. The content 
of radioactive elements increases in the series from Z1 to 
Z6. Relative variations in the uranium content are 6–17% in 
all samples except Z1, in which increased scatter (45%) is 
associated with a low content of U and, as a result, with a 
large relative error of measurements. The degree of chemi-
cal homogeneity of samples Z1-Z6 can be considered as 
satisfactory for the purposes of further analysis of XPS. In 
the reference samples R1 and MT, only the main elements 
and Hf are recorded by microprobe analysis; the content of 
other impurities is below the limit of determination (< 0.01 
wt.%). According to LA-ICP-MS, the content of U and Th 
averages are 120 and 95 ppm, respectively, in sample R1 

(Zeug et al. 2018), where the authors noted slight variations 
in the concentration of these elements. In the MT sample, 
the contents of U and Th are 6.2–56.5 and 2.0–40.1 ppm, 
respectively (our unpublished results); the obtained data 
are consistent with the U content of 6.1–36.5 ppm given in 
(Black and Gulson 1978). Unlike sample R1, the high scat-
tering in the content of radioactive elements in sample MT 
indicates its chemical heterogeneity.

In the Raman spectra of samples Z1-Z6, the average 
values of Raman shift ν of the  B1g asymmetric stretching 
vibrations mode of  SiO4 tetrahedra shift from 1005.3 in Z1 
to 995.3 cm−1 in Z5, while average FWHM values increase 
from 5.0 to 29.6 cm−1 (see Table 1); in sample Z6, the spec-
trum is broadened and mode  B1g is not distinguished. The 
relative scatter of the widths is 4% in sample Z1 and 10–13% 
in samples Z2-Z5; this allows us to consider their structural 
homogeneity as satisfactory for XPS analysis. In the ref-
erence sample R1, the average values of ν = 1008.0 cm−1 
and FWHM = 1.85 cm−1 are close to those in pure synthetic 
 ZrSiO4 crystals (Zeug et al. 2018). In sample MT, the aver-
age values of the parameters ν and FWHM are intermedi-
ate between R1 and Z1; the variation of the FWHM value 
within 15% is slightly higher than in samples Z1-Z6 and R1. 
That means the less homogeneous structure of MT, and is 
consistent with an increased heterogeneity in the radioactive 
impurity content.

The degree of radiation damage of the samples was quan-
tified in two ways: (1) based on the calculation of the accu-
mulated (time-integrated) dose of  Dα in accordance with 
(Murakami et al. 1991; Ewing et al. 2003) taking the U and 
Th content and age of the samples [555 ± 11 Ma for Z1-Z6 
(Nasdala et al. 2004); < 1 Ma for R1 (Zeug et al. 2018); 
732 ± 5 million years for MT (Black and Gulson 1978)]; 
(2) based on calculating the equivalent dose  Dα

ed in accord-
ance with (Palenik et al. 2003; Váczi and Nasdala 2017) 
taking the FWHM width of the Raman mode at ~ 1008 cm−1. 
Estimates obtained via the first method allow a comparison 
of our data with the results of earlier structural studies of 
Sri Lanka zircons presented in the literature, which used 
the same dose estimation method. The second method com-
prises an assessment of equivalent dose, i.e., the dose that 
samples with a given spectral line width would have had if 
there had been no thermal effects leading to the crystal struc-
ture recovering (Palenik et al. 2003). This method allows 
us to characterise the real degree of damage retained in the 
thermal history, and thus to compare data for zircon of dif-
ferent geneses.

The degree of radiation damage (see Table 1) varies 
from low in the Z1 sample  (Dα = 0.62·1018 α-decays/g, 
 Dα

ed = 0.20·1018 α-decays/g) to near total amorphization in 
Z5  (Dα = 5.58·1018 α-decays/g,  Dα

ed = 3.3·1018 α-decays/g) 
and Z6  (Dα = 9.22·1018 α-decays/g,  Dα

ed not determined 
due to degradation of the Raman spectrum). To assess the 
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actual degree of damage of the Z6 sample, we used a rough 
estimate using the “effective dose”  Dα

eff = 0.55·Dα (Nasdala 
et al. 2004), which approximately coincides with  Dα

ed; for 
Z6,  Dα

eff = 5.1·1018 α-decays/g was obtained. The value of 
the accumulated dose  Dα = 4·1014 α-decays/g in sample R1 
is significantly lower than ~ 5·1016 α-decays/g, which leads to 
spectrally detectable changes in the structure of zircon (Zeug 
et al. 2018). Since the width of the Raman mode  B1g in sam-
ple R1 coincides with that in pure synthetic  ZrSiO4 crystals, 
 Dα

ed = 0 can be obtained. For the MT sample, the degree 
of damage has intermediate values  Dα = (0.02 ÷ 0.22)·1018 
α-decays/g between R1 and Z1; a significant variation in the 
values of  Dα is associated with distribution of radioactive 
elements. Assessment of the degree of damage by 10 points 
of analysis by Raman spectroscopy of the MT sample gave 
a lower value of  Dα

ed ~ 0.1·1018 α-decays/g.

Thus, Z1-Z6, R1 and MT samples cover virtually the 
entire range of the radiation damage degree in natural 
zircon. Within the framework of the percolation model 
(Salje et  al. 1999; Rios et  al. 2000), samples Z1, Z2, 
Z3 correspond to the first stage of damage (approxi-
mately,  fa < 30%), Z4 to the second stage (approximately, 
30% < fa < 70%), while Z5 and Z6 correspond to the third 
stage (approximately,  fa > 70%). The samples R1 and MT 
can be considered as perfect crystalline zircon and a crys-
talline zircon having a low level of damage, respectively. 
The degree of chemical and structural homogeneity of the 
samples R1, Z1-Z6 is satisfactory for XPS analysis. In 
MT sample, the homogeneity is lower than in the others.

Table 1  Chemical composition according to electron probe microanalysis, position and FWHM of Raman mode  B1g near1008  cm−1 and the cal-
culated values of accumulated radiation dose  Dα and equivalent dose  Dα

ed in samples R1, MT, and Z1-Z6

a Average values of the content of elements (at 15, 15, 19, 18, 29, 29 points in samples Z1, Z2, Z3, Z4, Z5, Z6, respectively); 2σ is the double 
standard deviation of the results from the average values obtained on each crystal (includes both analytical uncertainty and sample heterogeneity)
b Total content of impurity elements P, Ti, Fe, Y, Zr, Er, Tm, Yb, Pb; the content of Mg, Al, S, Ca, Mn, Fe, Y, Zr, Tb, Ho, Lu elements is below 
the detection limits (~ 0.01 wt.%) in all samples
c Average values for 10–12 points of each crystal; σ is the standard deviation of the results from the average values
d Average values of  Dα (at 15, 15, 19, 18, 29, 29 points in samples Z1, Z2, Z3, Z4, Z5, Z6, respectively) calculated in accordance with 
(Murakami et al. 1991); σ is the standard deviation of the results from the average values
e Average values of  Dα

ed (10–12 points of each crystal) calculated from the width of the �3
(

SiO4

)

 Raman mode  B1g in accordance with (Palenik 
et al. 2003; Váczi and Nasdala 2016):
�3

(

SiO4

)

FWHM = A1−A2exp(−BFWHM
D

ed

�
),

Where  A1 and  A2 are scaling factors  (A1 = 34.96 cm−1,  A1–A2 = 1.8 cm−1),  BFWHM = 5.32  10−19 α-decay/g
f  (Zeug et al. 2018)

Sample R1 MT Z1 Z2 Z3 Z4 Z5 Z6

Chemical composition a (2σ), wt.%
Si 15.41 (0.16) 15.49 (0.26) 15.07 (0.38) 15.18 (0.39) 15.05 (0.33) 14.74 (0.38) 14.91 (1.04)
Zr 48.85 (0.84) 48.97 (0.33) 47.91 (0.47) 48.32 (0.34) 47.85 (0.27) 47.74 (0.41) 47.93 (0.60)
Hf 1.00 (0.02) 0.786 (0.017) 1.876 (0.042) 1.171 (0.021) 1.359 (0.071) 1.551 (0.026) 1.565 (0.032)
O 35.05 34.98 34.36 34.53 34.27 33.96 34.19
U      0.0119 (0.0068)f n/d 0.0221 

(0.0086)
0.0570 

(0.0173)
0.0665 

(0.0106)
0.1010 

(0.0136)
0.2047 

(0.0116)
0.3591 

(0.0279)
Th  0.00942-0.00949f n/d 0.0144 

(0.0032)
0.0332 

(0.0061)
0.0354 

(0.0063)
0.1019 

(0.0057)
0.0988 

(0.0085)
0.0832 

(0.0113)
Sum of other minor  elementsb n/d 0.023 0.077 0.132 0.143 0.312 0.161
Total 100.34 100.29 99.39 99.45 98.88 98.61 99.20
Positionc and  FWHMc of  B1g Raman mode (2σ)
 Position, 

 cm−1
1008.0 (0.06) 1007.7 (0.30) 1005.3 (0.26) 1004.7 (0.34) 1001.0 (0.86) 998.3 (0.94) 995.3 (0.42) -

 FWHM, 
 cm−1

1.85 (0.36) 2.8 (0.36) 5.0 (0.18) 7.1 (0.92) 11.9 (1.3) 17.6 (1.8) 29.6 (3.8) -

Accumulated radiation  dosed  Dα (2σ) and equivalent  dosee  Dα
ed(2σ)

 Dα,  1018, 
α-decay/g

 0.0004f 0.02 ÷ 0.22 0.62 (0.26) 1.59 (0.42) 1.84 (0.28) 3.09 (0.32) 5.58 (0.30) 9.22 (0.72)

 Dα
ed,  1018, 

α-decay/g
 ~0 0.06

(0.02)
0.19 (0.011) 0.33

(0.06)
0.68
(0.11)

1.22
(0.20)

3.42
(~ 1.0)

5.1
(> ~ 1.0)
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Core level and valence band X‑ray photoelectron 
spectroscopy

Survey spectra

The survey spectra of Z1-Z6 samples are typical of zircon; 
the spectrum of sample Z1 is shown in Fig. 1. The electron 
binding energies are as follows: 525–535 eV (O1s), 425–445 
(Zr 3s), 325–355 (Zr  3p3/2,  3p1/2), 275–290 (C1s), 176–190 
(Zr  3d5/2, 3d 3/2), 145–160 (Si2s), 95–110 (unresolved Si 

 2p3/2,  2p1/2), < 60 eV (valence band Zr 4s, 4p, 4d; Si3s, 3p; 
O2s, 2p). These are close to those for crystalline zircon R1 
(Shchapova et al. 2020); however, when recording in high 
resolution, they show differences (see below).

Core level spectra

The core level Si2p, Zr3d and O1s spectra of R1, MT and 
Z1-Z6 samples are shown in Fig. 2; the binding energies of 
O1s, Si2p, and  Zr3d5/2 are shown in Table 2. 

The Si2p spectra (see Fig. 2a) represent an unresolved 
(splitting ~ 0.6 eV) spin–orbit doublet  Si2p3/2 and  Si2p1/2 
(Moulder et  al. 1992), forming a slightly asymmetrical 
peak. To determine the position  (Eb) and width (FWHM) 
of the total Si2p peak, the spectra were approximated by 
one Voigt contour (Fig. 3a). Given the spectral resolution 
of the instrument (~ 0.5 eV), the one contour approximation 
seems reasonable; it was used before (Iacona et al. 1999; 
Balan et al. 2001b; Chanturia et al. 2017). The Si2p binding 
energy in R1 is  Eb = 101.67 eV; this is close to the previously 
obtained values for crystalline zircon  Eb = 101.8 eV [powder 
sample (Guittet et al. 2001)], 101.3 eV [green zircon from 
Mogok, Burma (Balan et al. 2001b)], 101.5 eV [sample from 
the Mir kimberlite pipe (Shchapova et al. 2010)], 102.1 eV 
[synthetic silicates  (ZrO2)x(SiO2)1-x at x = 0.52 (Lucovsky 
2006)]. The FWHM of Si2p peak in sample R1 is 1.47 eV.

In the series R1, MT, Z1-Z5, the simultaneous growth 
of  Eb (from 101.67 to 102.42 eV) and FWHM (from 1.47 
to 1.77 eV) Si2p is observed; in Z6, a slight decrease in the 
values of  Eb and FWHM was obtained (see Table 2).

Fig. 1  Typical survey XPS spectrum of zircon from a series of sam-
ples from the central Highlands of Sri Lanka (sample Z1)

Fig. 2  Spectra of Si2p (a), Zr3d (b), O1s (c) of zircon samples R1 (1), MT (2) and Z1-Z6 (3–8, respectively). Dased lines represent the range of 
variations in the positions of the maxima. Spectra are spaced on an intensity scale for clarity
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Spectra Zr3d of samples Z1-Z6 are represented by two 
lines from the well-resolved components of the spin–orbit 
splitting  Zr3d5/2 and  Zr3d3/2 (see Fig. 2b). The binding ener-
gies are determined by approximating the Zr3d spectrum by 
two Voigt contour (Fig. 3b). The value of  Eb = 182.84 eV 
of the component  Zr3d5/2 in zircon R1 is close to the pre-
viously obtained 182.95 eV [powder sample (Guittet et al. 
2001)], 182.7  eV [zircon from the Mir kimberlite pipe 
(Shchapova et  al. 2010)], 182.6  eV [green zircon from 
Mogok, Burma (Balan et al. 2001b)], 182.65 eV [synthetic 
silicates (ZrO)x(SiO)1-x at x = 0.52 (Lucovsky 2006)]. In the 
samples MT and Z1, the value of  Eb increases to 183.07 eV 
and 183.27 eV. In the series of samples Z1-Z6, the value of 
 Eb successively decreases from 183.27 in Z1 to 182.87 eV 
in Z6. The FWHM grows from 1.25 eV to 1.55 eV (see 
Table 2). The shape of the broadened lines of Z5 and Z6 

samples is distorted, and their non-elementary nature can be 
suggested; but unambiguous deconvolution of the spectrum 
is difficult.

Thus, the trend in the binding energy  Zr3d5/2 (increase in 
 Eb with an increase in the degree of damage) coincides with 
that for Si2p in only three samples R1-MT-Z1; in the sam-
ples of the Z1-Z6 series, the trend has the opposite direction. 
Due to the distorted shape of the  Zr3d5/2 spectra of samples 
Z5 and Z6, it is possible that they are not elementary. In 
sample Z6, a slight narrowing of the Zr3d line was observed, 
similar to that for the Si2p line.

Spectra O1s of R1, MT, and Z1-Z6 samples are repre-
sented by an asymmetric line having a “wing” in the high-
energy part. The fitting of the entire profile of the samples 
to a first approximation by one general Voigt contour gives 
values of 530.86 ÷ 531.3 eV (see Table 2), but does not 

Table 2  Binding energy  Eb and the linewidth FWHM of the O1s, Si2p,  Zr3d5/2 spectra in samples R1, MT, and Z1-Z6

a The value of  Eb (O1s) corresponds to the spectral maximum obtained to a first approximation by fitting the O1s spectrum by one general Voigt 
contour. The values of FWHM  (O11s) and FWHM  (O21s) are obtained by fitting the O1s spectrum by two Voigt contours with fixed maximum 
values 531.2–532.6 eV for samples Z1-Z5, 530.8–532.0 eV for samples R1, MT; the spectrum of the Z6 sample is approximated by decompos-
ing into three Voigt components. Uncertainties (2σ) of the values of  Eb and FWHM characterise the signal-to-noise ratio and the quality of the 
spectra fitting

Sample O1s a Si2p
(3/2 and 1/2)

Zr3d5/2

Eb, eV FWHM  (O11s), eV FWHM  (O21s), eV Eb, eV FWHM, eV Eb, eV FWHM, eV

R1 530.9 1.27 (0.01) 1.83 (0.16) 101.67 (0.01) 1.47 (0.02) 182.84 (0.008) 1.16 (0.02)
MT 531.1 1.50 (0.01) 1.78 (0.10) 101.95 (0.01) 1.59 (0.02) 183.07 (0.004) 1.26 (0.01)
Z1 531.2 1.52 (0.02) 1.02 (0.16) 102.05 (0.01) 1.54 (0.02) 183.27 (0.004) 1.25 (0.01)
Z2 531.1 1.51 (0.02) 1.54 (0.10) 102.15 (0.01) 1.64 (0.02) 183.19 (0.006) 1.31 (0.02)
Z3 531.2 1.64 (0.02) 1.66 (0.10) 102.25 (0.01) 1.68 (0.02) 183.18 (0.004) 1.41 (0.01)
Z4 531.2 1.71 (0.02) 1.48 (0.14) 102.20 (0.01) 1.73 (0.02) 183.10 (0.006) 1.41 (0.02)
Z5 531.3 1.92 (0.02) 1.81 (0.10) 102.42 (0.01) 1.77 (0.02) 183.06 (0.004) 1.55 (0.01)
Z6 531.3 2.09 (0.24) 2.57 (0.32)  (Eb = 531.6)

4.40 (0.9)  (Eb = 532.8)
102.35 (0.02) 1.75 (0.04) 182.87 (0.006) 1.41 (0.01)

Fig. 3  Determination of the  Eb and FWHM parameters of Si2p (a) and Zr3d (b) spectra of zircon (filled circles) based on the approximation by 
the Voigt contour (solid and dashed lines) after subtracting Shirley background (sample R1)
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reproduce the shape of the lines accurately. The estimated 
energies are close to the previously obtained values of 
530.95 eV [sample from the Mir kimberlite pipe (Shchapova 
et al. 2010)], 530.6 eV [green zircon from Mogok, Burma 
(Balan et al. 2001b)], 531.3 eV (powder sample, (Guittet 
et al. 2001)), 531.4 eV [synthetic silicates (ZrO)x(SiO)1-x 
at x = 0.52 (Lucovsky 2006)]. As with other core levels, the 
discrepancies of  Eb(O1s) in the literature can be partially 
explained by small differences in the reference C1s bind-
ing energy (Greczynski and Hultman 2018), as well as by 
charge or structural effects. The FWHM = 1.32 eV of the 
entire O1s contour in the R1 sample is close to the lowest 
values of FWHM ~ 1.3 eV measured in crystalline silicates 
at T = 300 K by spectrometers with the spectral resolu-
tion ~ 0.35 eV and the high efficiency of charge neutrali-
zation system; this value is characteristic of silicates with 
single structural type of oxygen atom, such as quartz and 
olivine (Nesbitt et al. 2014; Zakaznova-Herzog et al. 2005, 
2006; Bancroft et al. 2009). This makes it possible to relate 
further the variations in shape and width of the spectra 
of damaged zircon samples to the transformation of their 
structure.

An accurate analysis of the line shape of sample R1 using 
the fitting over the low-energy part (Fig. 4a) showed that 
the O1s line can be represented by two maxima: the main 
 Eb(O11s) = 530.8 eV and the additional  Eb(O21s) = 532.1 eV 
(with the relative intensity ~ 8%). The obtained  Eb val-
ues were used to fit the spectrum of the MT sample (see 
Table 2). Low-energy part fitting of the O1s line of Z1 sam-
ple gives slightly higher values of  Eb(O11s) = 531.2 eV and 
 Eb(O21s) = 532.6 eV (Fig. 4b); these were used to fit the 
spectra of Z2-Z6 samples (Fig. 5). The dominant component 

 O11s corresponds to the three-coordinated oxygen  O1(Si, 
[8]Zr, [8]Zr) (Guittet et al. 2001), while the component  O21s is 
not typical for zircon spectrum. A gradual increase in the rel-
ative area of  O21s component is observed from 8% (in Z1) to 
30% (in Z5), as well as an increase in its width (see Table 2). 
For sample Z6, it is not possible to fit the spectrum by two 
contours; therefore, the third contour was introduced, and 
the  Eb = 531.6 eV of an additional component was obtained; 
the total contribution of the second and the third components 
is > 50% (see Fig. 5f).

Thus, the spectra of core levels of Si2p, Zr3d and O1s 
demonstrate regular changes in position, width and shape in 
the series of samples R1, MT1, Z1-Z6. The position of the 
maxima shifts towards high binding energies in the spectrum 
of Si2p and O1s and shows a nonmonotonic behaviour in 
the spectrum of Zr3d. The width of all lines increases (with 
few exceptions). Two non-equivalent states  O11s and  O21s 
are observed, the first of which corresponds to the three-
coordinated oxygen atom in zircon  O1(Si, [8]Zr, [8]Zr). The 
proportion of the second increases in the series of samples 
R1, MT1, Z1-Z6. An additional (third) contribution with 
 Eb = 531.6 eV was observed in Z6 sample.

Valence band (VB) spectra

The valence band spectra (Fig. 6) show O2p- (5–10 eV), 
O2s- (22–25 eV) and Zr4p- (30–33 eV) subbands (Rigna-
nese et al. 2001; Shchapova et al. 2010; Du et al. 2012). In 
addition, a subband is recorded in the region of 17–19 eV, 
which is probably associated with uncontrolled surface 
carbon [see, for example, (Haensel et al. 2012)]. In the 
series of samples R1, MT1, Z1-Z6, a change in the relative 

Fig. 4  Analysis of the O1s line shape of samples R1 (a) and Z1 (b) 
after subtracting Shirley background, showing the non-elementary 
nature of the spectra and the dissimilarity in their high-energy parts. 
Filled circles—experiment, black solid lines—approximation of the 
low-energy part of the spectra by the Voigt profile, unfilled circles—
difference between the experimental and fitted spectra, red solid 

lines—approximation of the difference spectra by the Voigt profile. 
Vertical dashed lines mark values of the binding energy of oxygen 
atoms in silicates in the coordination of Si–OH (Duval et  al. 2002; 
Zakaznova-Herzog et  al. 2008) and Si–O-Si (Guittet et  al. 2001; 
Zakaznova-Herzog et  al. 2005); the possible contribution of FSVB 
effect (Bancroft et al. 2009) is also shown
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intensity of the peaks of the O2p subband is recorded. A 
decrease in the relative intensity of deep binding states 
at ~ 10.7 and ~ 8.9 eV is observed along with the appear-
ance of an additional peak of ~ 13 eV. The form of the O2s 
subband changes slightly, and the position of the Zr4p sub-
band varies across the range 30.8–31.8 eV.

Discussion

FWHM dose dependences

It is known that the width of the XPS spectral line of 

Fig. 5  Evolution of the O1s spectrum of zircon samples Z1-Z6 (a-f, 
respectively) with an increase in the equivalent dose of  Dα

ed (values 
of  Dα

ed are shown in the figures): experimental data (unfilled circles), 
fitting of the spectra by two Voigt contours with fixed maxima posi-

tion of 531.2 eV (blue) and 532.2 eV (green); total spectrum (black 
line). To satisfactorily fit the spectrum of sample Z6, an additional 
Voigt contour (red) with a maximum of 531.6 eV is introduced
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dielectrics is determined by a number of effects: (1) vari-
ations in the chemical shift of elements due to non-equiv-
alent structures of short-range order and different charge 
states of atoms; (2) differential surface charge and instru-
mental broadening; (3) phonon broadening, i.e., a decrease 
in the excited state lifetime with temperature due to inter-
action with phonons; (4) final state vibrational broaden-
ing/splitting (FSVB/FSVS); (5) the possible contribution 
of surface states; (6) variations in the work function of 
electrons with differences in band bending on the surface 
[see, for example, (Bancroft et al. 2009; Nesbitt et al. 
2014)]. Since in crystalline zircon  ZrSiO4 (space group 
I41/amd) all oxygen, silicon and zirconium atoms are crys-
tallographically equivalent (Finch and Hanchar, 2003), the 

effect (1) must be zero in the highly crystalline R1 sample. 
The FWHM values obtained for O1s and Si2p of sample 
R1 are close to their lowest measured values ~ 1.3 eV in 
silicates (quartz, olivine) at T = 300 K by spectrometers 
with the spectral resolution ~ 0.35 eV and the high effi-
ciency of charge neutralization system (Zakaznova-Herzog 
et al. 2005, 2006; Bancroft et al. 2009; Nesbitt et al. 2014). 
Thus, the effect (2) of the differential charge of the surface 
can be considered insignificant with the used measurement 
procedure as compared with the temperature symmetric 
line broadening associated with phonon states population, 
the effect (3). The slight asymmetry of the O1s and Si2p 
spectra for zircon R1 can be caused by the effect (4) of 
FSVB (Bancroft et al. 2009). In addition, the asymmetry 
may be associated with slight surface hydroxylation after 
cleavage with the appearance of surface species Si–OH  [Eb 
(O1s) = 532.2–532.7 eV (Duval et al. 2002; Zakaznova-
Herzog et al. 2008)]. No other effects (5) of surface states 
contribution were detected. The effect (6) of the electron 
work function variations is generally considered to be neg-
ligible [< 0.1 eV (Chambers et al. 2009; Bancroft et al. 
2009)].

With these considerations in mind, we ascribed the 
increase in FWHM of Si2p, Zr3d,  O11s and  O21s spectra at 
the increasing radiation dose (Fig. 7, Table 2) to the effect 
(1), namely the growth in the variety of SRO structures (i.e., 
disordering) followed by the dispersion of the chemical shift 
of the core levels. It can be caused by changes in the SRO of 
the crystalline or amorphous phases, or both phases simul-
taneously. The small contribution of surface OH groups to 
the FWHM broadening is also possible; other effects can be 
ignored in the first approximation.

The dependences of FWHM on the equivalent dose  Dα
ed 

are fitted by the dose function (see Fig. 7):

where P is a structurally sensitive parameter—in this case, 
FWHM. The fitting parameters  A1,  A2 and B means the 
follows:  A1—FWHM value at the highest chemical shift 
dispersion (disordered state); difference  (A1-A2)—FWHM 
value at the initial (ordered) state; B – cross section of the 
disordering process.

The fitting parameters (Table 3) show that disordered 
state corresponds to the FWHM values of 1.77, 1.51 and 
1.95 eV for Si2p, Zr3d and  O11s, respectively. Cross section 
B was obtained maximally for the Si2p line width, some-
what lower for Zr3d and minimally for  O11s. It means that 
the most effective broadening of the electronic state spectra 
occurs: at low doses  (Dα

ed ~ p1) for Si2p; at higher doses 
(up to  p1 < Dα

ed < p2) for Zr3d (see Fig. 7); at virtually the 
entire range of doses (up to  Dα

ed > p2) for  O11s. Therefore, 
most of the possible types of SRO in the silicon-oxygen 

(1)P = A1 − A2 exp (−BD
ed
�
)

Fig. 6  Valence band spectra of zircon samples R1 (1), MT (2) and 
Z1-Z6 (3–8, respectively), and the nature of the main subbands 
according to calculations [Rignanese et  al. 2001; Shchapova et  al. 
2010] (for  ZrSiO4) and [Haensel et  al. 2012] (for C). The black 
dashed lines mark the position of the maxima in the experimental 
spectra of the O2p and C2p subbands; the red dashed lines show the 
range of variations in the position of the maxima of the O2s and Zr4p 
subbands. Spectra are spaced on an intensity scale for clarity. The 
inset shows the O2p subband of samples R1, Z1 and Z6 as an exam-
ple, indicating their differences in the density of O2p states
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sublattice are formed at  fa < 30%, and in the zirconium-oxy-
gen at  fa < 70%, i.e., it is associated with both crystalline and 
increasing amorphous fraction. The change in the SRO of 
oxygen atoms also continues at  fa > 70%, indicating possible 
changes in the structure of the amorphous fraction at high 
doses. Thus, radiation disordering of the Si- and Zr-sublat-
tices does not occur simultaneously; it is probably associated 
with different phases: for Si, both with the crystalline and 
amorphous phase; for Zr, primarily with amorphous phase. 
A decrease in dispersion of Si2p and Zr3d chemical shift 
in the Z6 sample may be attributed to the predominance 
of certain SRO types in the amorphous sample, which is 
consistent with the distortion of the Zr3d line shape in this 
sample and the appearance of an additional type of oxygen 
in the O1s spectrum.

Dose dependences of non‑equivalent oxygen atom 
concentration

Dose dependences of the concentration of oxygen atoms 
were calculated as areas  S1 and  S2 of the  O11s and  O21s 
contours with normalisation to 4 atoms per formula unit 
(apfu) (Fig. 8). In Z1-Z4 samples  (Dα

ed < p1 in Z1-Z3 and 
 p1 < Dα

ed < p2 in Z4) the concentration of  O2 is  S2 = 0.3–0.6 
apfu and increases slowly, whereas in samples Z5, Z6 

 (Dα
ed > p2) it is  S2 = 0.9–2.3 apfu and increases rapidly with 

increasing dose.
The binding energy  O11s (530.8 in R1, MT and 531.2 eV 

in Z1-Z6) corresponds to the main type of oxygen atoms in 
zircon O (Si, [8]Zr, [8]Zr) (see Sect. 2.2). The binding energy 
 Eb(O21s) = 532.6 eV for samples Z1-Z6 is close to  Eb of the 
oxygen atoms in coordination of Si–O-Si in quartz [532.6 eV 
(Zakaznova-Herzog et al. 2005), 532.7 eV (Guittet et al. 
2001)] and quartz glass [533.18 eV (Nesbitt et al. 2014)]. 
Therefore, the contribution of  O21s in the Z1-Z6 samples 
is assigned to the oxygen O (Si, Si) of partially polymer-
ised tetrahedra with Si-O-Si bridges. The result obtained 
agrees with the conclusion about partial polymerization of 
 SiO4 tetrahedra in radiation-damaged zircon according to 
MAS-NMR 29Si and IR spectroscopy (Farnan 1999; Far-
nan and Salje 2001; Zhang et al. 2000a; Zhang and Salje 
2001). Also, the appearance of chains of connected  SiOn 
polyhedra in the damaged structure was established by the 
molecular dynamics modelling (Trachenko et al. 2001). The 
formation of Si-O-Si fragments in crystalline zircon during 
structural relaxation (1) near oxygen divacancies and (2) 
near oxygen vacancies stabilised by zirconium vacancies 
was previously established in our semi-empirical structural 
modelling (Votyakov et al. 2011). The nearest environment 
of oxygen atom in these distorted fragments was predicted 

Fig. 7  Dose  (Dα
ed)  dependences of  Eb (black symbols) and FWHM 

(red symbols) values of Si2p (a) and Zr3d (b) spectra of zircon 
samples R1, MT and Z1-Z6. Symbols—experiment; dashed lines—

approximation by dose response function (or linear function for 
 Zr3d5/2). The dotted lines mark  Dα

ed values that approximately cor-
respond to  p1 and  p2 percolation points

Table 3  Fitting parameters 
of dose dependences of the 
spectral characteristics  (Eb and 
FWHM) for Si2p,  Zr3d5/2 and 
 O11s spectra

Spectrum Spectral charac-
teristic

Fitting parameters

A1 (σ), eV A2(σ), eV B,  10−18,
(α-decays/g )−1

Adj.R2

Si2p Eb 102.3 (0.04) 0.60 (0.08) 4.4 (1.3) 0.8948
Si2p FWHM 1.77 (0.03) 0.28 (0.03) 1.9 (0.6) 0.9010
Zr3d5/2 FWHM 1.51 (0.03) 0.32 (0.06) 1.5 (0.7) 0.8088
O11s FWHM 1.95 (0.13) 0.6 (0.13) 0.96 (0.46) 0.8412
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to consist of two silicon atoms and one zirconium atom O 
(Si, Si, [8]Zr). According to the ab initio quantum-chemical 
calculation, the effective charge of this oxygen atom does not 
differ significantly from O (Si, Si) (Votyakov et al. 2011). 
In contrast to samples Z1-Z6, the  Eb = 532.1 eV of a small 
(< 10%) contribution of  O21s in R1 and MT samples cor-
responds well to  Eb value of the surface oxygen atoms in 
coordination of Si-OH  [Eb = 532.2–532.7 eV (Duval et al. 
2002; Zakaznova-Herzog et al. 2008)], as well as it can be 
assigned to FSVB effect (Bancroft et al. 2009). Thus, for 
samples R1 and MT, the concentration of  O2 atoms is taken 
as equal to zero (see Fig. 8).

It can be assumed that the slow increase in concentration 
of O (Si, Si) and/or O (Si, Si, [8]Zr) atoms at  Dα

ed < p1 is 
partly secured by the vacancy defects accumulation in crys-
talline fraction; this possibility was not excluded in (Farnan 
1999; Farnan and Salje 2001). However, the low concentra-
tion of oxygen vacancies ~ (1–7)·1020 cm−3 in Z1-Z4 samples 
[estimated by  Dα

ed taking into account the number of vacan-
cies formed by one alpha particle according to (Votyakov 
et al. 2011)] is hardly sufficient for the concentration of  O2 
atoms observed; therefore, the contribution of the growing 
amorphous fraction should be taken into account as well.

At  Dα
ed > p2, the rapid growth of O (Si, Si) and/or O (Si, 

Si, [8]Zr) is obviously ensured by the dominant amorphous 
fraction. The appearance of an additional (third) type of 
oxygen with  Eb ~ 531.6 eV in Z6 indicates some changes 
in the SRO structure of the amorphous phase at  Dα

ed > p2. 
The binding energy of this type of oxygen is of intermediate 

value between the  Eb of  O11s and  O21s. An increase in the 
 Eb(O1s) from 531.2 eV for O (Si, [8]Zr, [8]Zr) to ~ 531.6 eV 
can be provided by a decrease in the coordination number of 
the neighboring Zr atoms from 8 to ~ 7 because of the chemi-
cal bond [7]Zr-O is suggested to be less ionic than [8]Zr-O. 
Previously, the presence of  ZrO7 polyhedra in metamict 
zircon was observed by EXAFS (Farges and Calas 1991; 
Farges 1994). It can be assumed that  Eb ~ 531.6 eV corre-
sponds to O (Si, [7]Zr, [7]Zr), which is in accordance with 
“bond length—bond strength” model constructed in (Farges 
1994) on the base of EXAFS data. No contribution of oxy-
gen atoms characteristic of monoclinic  ZrO2  (Eb ~ 530.0 eV), 
were found.

Note that the observed  S1/S2 ratio can be provided by 
various sets of silicon-oxygen tetrahedra  Qn (n = 0–4, where 
n is the number of bridging oxygen atoms). An increase in 
the diversity of  Qn should lead to increase in variations in 
the chemical shift of oxygen; this fact apparently brings the 
broadening of the lines  O11s and  O21s with increasing dose.

Thus, a complication of the oxygen sublattice structure 
with increasing dose is observed in Z1-Z6 zircons. The 
following SRO structures of oxygen atoms were distin-
guished: (1) three-coordinated oxygen O (Si, [8]Zr, [8]Zr) 
with  Eb = 531.2 eV which is characteristic of crystalline zir-
con and is the main type of oxygen at D < p1; (2) radiation 
damage-induced atoms O (Si, Si) and/or O (Si, Si, [8]Zr) 
with  Eb = 532.6 eV, the concentration of which increases 
slowly at the range from  Dα

ed ~ p1 to  Dα
ed ~ p2; (3) an addi-

tional type of oxygen with  Eb ~ 531.6 eV, well-determined in 
heavily-damaged zircons at  Dα

ed > p2 and presumably associ-
ated with the oxygen O (Si, [7]Zr, [7]Zr). The broadening of 
the spectral lines of all oxygen atoms with increasing dose 
is suggested to cause both by disordering of the crystalline 
phase and by an increase in the diversity of SRO structures 
in the amorphous fraction.

Dose dependences of Si2p and Zr3d binding energy

The dose dependence of the Si2p binding energy (see 
Fig. 7a) is typical of dose response. According to the fit-
ting (see Table  3), the disordered state corresponds to 
 Eb(Si2p) = 102.3 eV. The cross section of the disordering 
process for  Eb(Si2p) is lower than that for FWHM(Si2p); 
the structural transformations of SRO in Si-O sublattice 
responsible for the Si2p level shift take place mainly at low 
and middle doses (up to ~ 0.33·1018α-decays/g). Conversely, 
the Zr3d binding energy increases only in a narrow low dose 
range (samples R1, MT and Z1), after which it gradually 
decreases in the series of samples Z1-Z6 (see Fig. 7b). That 
is the structural transformations of SRO in Zr-O sublattice 
responsible for the Zr3d level shift take place in a wide range 
of doses (up to ~ 5.1·1018 α-decays/g).

Fig. 8  Dose  (Dα
ed) dependences of the concentration of non-equiv-

alent oxygen atoms  O1 (filled squares) and  O2 (filled circles), deter-
mined by the area of the  O11s and  O21s contours with  Eb = 531.2 and 
532.6 eV for samples Z1-Z6 (accounting an additional contribution at 
531.6 for sample Z6), normalised to 4 atoms O. For samples R1 and 
MT (unfilled simbols), the contribution of  O21s with  Eb = 532.6 eV is 
taken as equal to zero. The dotted lines mark  Dα

ed values that approx-
imately correspond to  p1 and  p2 percolation points



Physics and Chemistry of Minerals (2020) 47:51 

1 3

Page 13 of 18 51

The increase in  Eb(Si2p) and decrease in  Eb(Zr3d) in 
the Z1-Z6 series correspond to an associated increase in 
the effective positive atomic charge  Qeff(Si) and a decrease 
in  Qeff(Zr). A change in the effective charge of atoms to 
the opposite direction is characteristic of complex oxides 
when they are separated into simple oxides, according to the 
known empiric rule (Urusov1987; Barr 1991). Namely, in 
complex oxide, the ionicity of a chemical bond with a higher 
ionicity in the initial simple oxide (in this case Zr-O in  ZrO2) 
as well as the covalency of a chemical bond with a higher 
covalency in the initial oxide (in this case, Si-O in  SiO2) 
both should increase in the complex oxide. An increase in 
 Qeff(Zr) from 2.72e (in  ZrO2) to 2.93e (in  ZrSiO4) and a 
decrease in  Qeff(Si) from 2.57e (in  SiO2) to 2.51e (in  ZrSiO4) 
were found on the basis of our ab initio calculations (Votya-
kov et al. 2011) in accordance with this rule. The implemen-
tation of this rule for  ZrSiO4 and  ZrO2,  SiO2 simple oxides 
was shown experimentally by the XPS (Guittetet al. 2001).

In XPS of the radiation-damaged zircon, the measured 
 Eb values represent a weighted average over the entire set 
of non-equivalent SRO fragments. One can conclude that, 
with an increase in the damage degree, structural fragments 
of pure oxides appear and develop in the ensemble of SRO 
structures, resulting in the observed shift of  Eb(Si2p) and 
 Eb(Zr3d) to the opposite directions. Such fragments can 
comprise partially polymerised tetrahedra  Qn, characteristic 
of silicates, and 7-coordinated atoms [7]Zr, characteristic of 
 ZrO2. This conclusion is consistent with the IR data on the 
partial  SiO4 polymerization (Farnan 1999; Farnan and Salje, 
2001) and EXAFS data on the decrease in Zr coordination 
(Farges and Calas 1991) in metamict zircon.

At high doses  (Dα
ed > p2), the change in the coordina-

tion of Zr from 8 to 7 is consistent with the appearance of 
an additional third type of oxygen O (Si, [7]Zr, [7]Zr) with 
 Eb ~ 531.6 eV.

At moderate doses (up to  p1 < Dα
ed < p2), another reason 

for the decrease in the binding energy of Zr3d can be taken 
unto account. A decrease in the Zr3d binding energy was 
observed previously for solid solutions—(ZrO2)x(SiO2)1-x 
films—with increasing x in the  SiO2 rich area (at x ~ 0.1–0.3) 
due to the forming of a donor—acceptor bond between zir-
conium and the bridging oxygen of polymerised fragments 
Si-O-Si (Lucovsky 2006). According to ab initio calculation 
results presented in this work, the positive shift in Zr core 
level is caused by the effect of donor–acceptor pair bonds. 
Thus, the reason for the decrease of the Zr3d binding energy 
in radiation damaged zircon may be the appearance of Zr 
cations surrounded by one (or more) oxygen atoms of O (Si, 
Si, [8]Zr) instead of O (Si, [8]Zr, [8]Zr).

At low doses  (Dα
ed < p1) the simultaneous increase in the 

effective charge of the Si and Zr cations is obviously con-
nected with the crystalline fraction, because the amorphous 
fraction is small. One can speculate that the average effective 

atomic charges grow due to charge separation between 
anions and cations during the ionisation of the crystalline 
matrix, which consumes up to 90% of the energy of alpha 
particles (Ewing et al. 2003). However, the exact cause of 
this phenomena is not clear.

Considering the presence of tensile-compressive stresses 
in the heterogeneous amorphous-crystalline structure 
of radiation-damaged zircon (Chakoumakos et al. 1987; 
Murakami et al. 1991; Salje et al. 1999; Ríos et al. 2000), the 
dose dependences of a binding energy  Eb can be attributed 
as with changes in the coordination of anions and cations, as 
well as with the lengths of Si-O and Zr-O bonds variations. 
According to Batsanov (2000, 2001), the general tendency 
for changes to occur in the chemical bonding upon com-
pression of the lattice in simple AB compounds consists in 
an increase in covalency due to the increased orbital over-
lapping. The change in bond ionicity depends on the com-
pressibility ratios of cation A and anion B; an increase in 
ionicity can be observed at the initial stage of compression 
for compounds with “hard” cations and “soft” anions. In 
complex oxides, the situation becomes more complicated 
due to the mutual influence of atoms; here, the simulations 
of the electronic structure are advantageous. Ab initio cal-
culations predict the difference δ = 0.041e in the effective 
atomic charge of [8]Zr due to a 5% variation in the unit cell 
significantly lower than δ = 0.209e (Votyakov et al. 2011) 
due to the changes the coordination of [8]Zr to [7]Zr. There-
fore, we suppose that the coordination effect (the number 
and type of the nearest oxygen atoms in the zirconium SRO) 
prevails over the size effect (the length of the Zr-O bond) in 
the dose dependence of  Eb.

Thus, oppositely directed trends of the change in effective 
charges of silicon and zirconium atoms (samples Z1-Z6) 
indicate an appearance of structural fragments of pure oxides 
in the ensemble of SRO structures, as well as a change in 
the nearest environment and the electronic structure of oxy-
gen atoms. Changes in the SRO structures in the Si–O and 
Zr-O sublattices are not concurrent. In the range of low and 
medium doses  (Dα

ed < p2), a partial polymerization of  SiO4 
tetrahedra takes place, which is consistent with an increase 
in the concentration of oxygen atoms O (Si, Si) and/or O (Si, 
Si, [8]Zr). At higher doses  (Dα

ed > p2), the signs of 7-coordi-
nated atoms [7]Zr, characteristic of ZrO2, are detected. The 
latter agrees with the appearance of an additional third type 
of oxygen O (Si, [7]Zr, [7]Zr).

VB spectra at the variation of radiation damage 
degree

VB spectra (Fig. 6) of R1 and MT samples agree well with 
the previously predicted features of the electronic structure 
of zircon (Rignanese et al. 2001; Shchapova et al. 2010): the 
width of the O2s subband is 1.8 eV; the width of the O2p 
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subband is 6.0 eV; the total width of the band of oxygen 
states ΔE = 18.1 eV. The Zr4p states form narrow peak in the 
depth of the valence band with an energy 6.5 eV higher than 
the maximum energy of the O2s subband. The upper part 
of the valence band is formed by O2p with the admixture of 
Si3s, 3p, O2s and Zr4d states.

A gradual decrease in the density of binding O2p states 
at ~ 8–11 eV and its growth at ~ 13 eV (see Fig. 6, inset), as 
well as the expansion of the O2s states into the high-energy 
region, are observed with the increasing of the dose. Earlier, 
similar effect of the O2p- and O2s-subbands broadening in 
the XPS spectra were shown in quartz with a frame structure 
(O2p band ~ 10 eV) as compared to olivine with isolated 
 SiO4 tetrahedra (O2p band ~ 7 eV wide) (Zakaznova-Herzog 
et al. 2005). In the series of radiation-damaged Z1-Z6 zir-
cons, this effect can be considered a sign of partial poly-
merisation of silicon-oxygen tetrahedra. This is consistent 
with the calculated data on the width of the O2s and 2p 
valence bands in perfect zircon structure and in the poly-
merised zircon structure near oxygen divacancies (Votyakov 
et al. 2011). Thus, the VB spectra independently confirm 
the increase in the diversity of the SRO structures of the 
oxygen sublattice with the possible separation of the amor-
phous fraction of the complex oxide  ZrSiO4 into simple  SiO2 
and  ZrO2 at the level of short-range order. We note that the 
kinetic energy of valence electrons (1446–1486 eV) is much 
higher than the kinetic energy of core level electrons, which 
results in the greatest escape depth of former as compared 

with latter. The agreement of the results obtained from deep-
lying layers (VB spectra) with those from a shallow near-
surface region (core level spectra) confirm the validity of the 
XPS data for the studing of bulk (near-surface) atomic and 
electronic structure.

Transformation of silicon‑ and zirconium‑oxygen 
sublattices

The effect of radiation damage on the electronic structure of 
silicon-oxygen and zirconium-oxygen sublattices in  ZrSiO4 
is analysed using the Δ1 and Δ2 parameters, respectively 
(Fig. 9a):

where E
b(O1s) values are taken as a maxima obtained by 

fitting the O1s spectra by one general Voigt contour (see 
Table 2). The advantage of Δ1 and Δ2 is their independ-
ence from any arbitrary factors (in particular, the calibra-
tion of the energy scale). For clarity, the parameters δ1 and 
δ2 (Fig. 9a) characterising the distinction of the electronic 
structure of silicon-oxygen sublattice in  ZrSiO4 and  SiO2 
(δ1) and zirconium-oxygen sublattice in  ZrSiO4 and  ZrO2 
(δ2) are utilized:

Δ1 = Eb(O1s) − Eb(Si2p)

Δ2 = Eb(O1s) − Eb

(

Zr3d5
∕2

)

Fig. 9  Graphic illustration of the parameters Δ1, Δ2 (a), and the dia-
gram δ1 vs. δ2 (filled circles) for samples R1 (1), MT (2), Z1 (3), Z2 
(4), Z3 (5), Z4 (6), Z5(7) and Z6 (8). In Fig. a, the core level energies 
in  ZrSiO4 are given for sample R1, in  SiO2 and  ZrO2—for synthetic 
samples according to [Guittet et al. 2001]. In Fig. b, the dotted rec-
tangles indicate the groups of samples with radiation damage doses 

 Dα
ed: I—0 ÷ 0.19·1018α-decays/g, II—0.33 ÷ 1.22·1018α-decays/g, 

II—3.4 ÷ 5.1·1018 α-decays/g. The supposed sequence of the appear-
ance and the increase in concentration of oxygen SRO structures in 
radiation-damaged zircon is schematically shown (i–iii). The arrows 
represent directions of changes in the electronic structure of the sili-
con- and zirconium-oxygen sublattices with increasing radiation dose
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where Δ1(SiO2) = 429.55, Δ2(ZrO2) = 348.10 eV according 
to (Guittet et al. 2001).

In the diagram δ1 vs. δ2 (Fig.  9b) three groups of 
samples are clearly identified: I—δ1 = 0.30 ÷ 0.40, 
δ2 = 0.04 ÷ 0.17; II—δ1 = 0.55 ÷ 0.60, δ2 = 0.00 ÷ 0.19; 
III—δ1 = 0.60 ÷ 0.67, δ2 = (-0.33) ÷ (−  0.19). The 
groups correspond quite well to the percolation regions: 
I –crystalline sample R1, the samples MT and Z1 of low 
damage degree  (Dα

ed < 0.2·1018 α-decays/g, below p1); 
II –Z2-Z4 samples of medium and high damage degree 
(0.3·1018 < Dα

ed < 1.2·1018 α-decays/g, below and a little 
above p1); III – samples of a very high damage degree Z5, 
Z6 (3.3·1018 < Dα

ed < 5.1·1018 α-decays/g, above  p2). Upon 
transition from region I to II, there is a sharp increase in 
δ1 with a small change of δ2, i.e., a significant change in 
the electronic structure of the Si–O sublattice with a small 
change in the electronic structure of the Zr–O sublattice. 
This result is consistent with the partial polymerisation of 
 SiO4 tetrahedra at this stage (see Sect. 3.2, 3.3). In view 
of the small change in the electronic structure of the Zr-O 
sublattice, there is no reason to assume disturbance of its 
SRO at this stage; that means, the O (Si, Si) and O (Si, 
Si, [8]Zr) fragments most likely occur without a change in 
the coordination number of Zr atoms. The main difference 
between the samples from groups II and III consists in a 
sharp decrease in δ1 with a small change of δ2, i.e., in 
a significant change in the electronic structure of Zr-O- 
with a less pronounced change in the Si-O-sublattice. 
Thus, this stage is most likely associated with a decrease 
in the prevailing coordination number of zirconium atoms 
from 8 to 7. A less significant, gradual decrease in δ2 
within the groups II and III should be attributed to a 
gradual increase in concentration of fragments O (Si, Si, 
[7,8]Zr) in these areas.

Thus, the sequence of transformations of the atomic 
and electronic structure of the Si-O and Zr-O sublattices 
is revealed. Evolution of the electronic structure of zircon 
with increasing radiation dose  Dα

ed indicates: (1) partial 
polymerisation of the  SiO4 tetrahedra with the appearance 
of fragments O (Si, Si) and/or O (Si, Si, [8]Zr) without 
changing the coordination number of Zr atoms in the dose 
range from  Dα

ed ~ 0 (R1 sample) to  Dα
ed ~ p1 (and some-

what higher than this value, Z4 sample); (2) a decrease in 
the prevailing coordination number of zirconium atoms 
from 8 to 7 and a gradual increase in the concentration of 
fragments O (Si, Si, [7,8]Zr) with a further dose increasing 
to values  Dα

ed > p2 (Z5, Z6 samples).

�1 = Δ1
(

SiO2

)

− Δ1
(

ZrSiO4

)

�2 = Δ2
(

ZrO2

)

− Δ2
(

ZrSiO4

)

Implications

This study has an important implications in understanding 
the type and the sequence of radiation-induced transforma-
tions of SRO structure and electronic state spectrum in zir-
con and, possibly, in other silicates.

First, an unequal response to radiation of two sublattices 
with different type of chemical bonding has been experimen-
tally demonstrated. The structure of a more covalent sublat-
tice (in this case, Si-O) exhibits less resistance to amorphiza-
tion compared to the structure of a more ionic sublattice (in 
this case, Zr-O). Earlier in the literature, it was shown that 
the increase (decrease) of the short-range covalent compo-
nent in material’s total force field decreases (increases) its 
resistance (Trachenko et al. 2005); according to our studies, 
this turns out to be true for individual sublattices in  ZrSiO4.

Second, the information obtained on the structure and 
on the sequence of radiation-induced transformations of 
SRO may provide hints for the interpretation of some dose-
dependent properties of zircon. In particular, this may con-
cern the nature of intrinsic optical absorption and lumines-
cence centers, for example, the yellow luminescence centers, 
which nature is ambiguous for decades (Krasnobayev et al. 
1988; Nasdala et al. 2003; Kempe et al. 2010, 2016; Votya-
kov et al. 2011). However, we note that only averaged short-
range order parameters have been obtained by XPS, while 
the details of the structure of individual areas (for example, 
the crystallite-amorphous interfaces) remained outside the 
scope of this work.

Third, the high-resolution XPS method with an effective 
surface charge neutralization has a great potential for the 
study of angstrom (at the short-range order level) perturba-
tions of the composition and structure in near-surface lay-
ers of minerals. Such information seems to be useful in the 
analysis of radiation resistance, stability of solid solutions, 
and structural transformations due to external P, T-effects 
on minerals.

Conclusions

Core-level and valence-band X-ray photoelectron spectros-
copy was employed to study the dose-dependent radiation 
effects in the short-range order and the electronic struc-
ture of natural U, Th-bearing zircon near-surface layers. 
A series of single crystals from secondary deposits of 
alkaline basalt rocks (Ratanakiri, Cambodia), carbonatites 
(Mud Tank, Australia) and placer deposits (Highlands, Sri 
Lanka) exhibiting wide variations in the accumulated radi-
ation dose (D≈(0 ÷ 9.2)·1018 α-decays/g) was investigated. 
The dose values obtained using electron probe microanaly-
sis and Raman micro-spectroscopy were used to correlate 
the samples with the two percolation transitions  (p1,  p2) in 
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the amorphous-crystalline structure of radiation-damaged 
zircon. For highly crystalline zircon (D < < p1), the bind-
ing energy and the linewidth values of the core levels O1s, 
Si2p, and  Zr3d5/2 were found  Eb = 530.9, 101.7, 182.8 eV 
and FWHM = 1.32, 1.47, 1.16 eV, respectively, with the 
contribution of Si–OH surface states not exceeding 10%. 
The dose-dependent variations in  Eb (up to 531.3, 102.4, 
183.3 eV) and FWHM (up to 2.57, 1.77, 1.55 eV) were 
attributed to changes in the ensemble of non-equivalent 
short-range order structures. An increase in the dose 
resulted in the complication of the oxygen sublattice, with 
the following nearest environments of O atoms being dis-
tinguished: (1) the 3-coordinated atoms O (Si, [8]Zr, [8]Zr) 
with  Eb = 530.8–531.2 eV in the amount of > ~3.5 apfu at 
D < p1, characteristic of crystalline zircon; (2) the atoms 
O (Si, Si) and/or O (Si, Si, [8]Zr) with  Eb = 532.6 eV in 
the amount of ~ 0.5 ÷ 0.8 apfu at  p1 < D < p2, characteristic 
of partially polymerized  SiO4 tetrahedra; (3) the atoms O 
(Si, [7]Zr, [7]Zr),  Eb = 531.6 eV, well-determined in heavily-
damaged zircons at D > p2 (when the 3-coordinated atoms 
O (Si, [8]Zr, [8]Zr) amount is of ~ 1.7 apfu). For the first 
time, under an increase in the radiation dose, the oppo-
sitely directed changes in the effective charges of Si and 
Zr cations were detected in damaged zircon. This phe-
nomenon was assigned to a dose-dependent increase in the 
content of the short-range order fragments characteristic 
of pure oxides  SiO2 and  ZrO2, as well as to the influence 
of the anions O (Si, Si, [8]Zr). The broadening of the spec-
tral lines of all atoms under an increase in the radiation 
dose was attributed to both the disordering of the crystal-
line phase and the increase in the diversity of short-range 
order structures in the amorphous fraction. In the valence 
band, a growth in the density of deep bonding O2p-states 
at ~ 13  eV and a shift of Zr4p level were established, 
which served as an independent confirmation of the dose-
dependent partial  SiO4-polymerization and an increase in 
the effective charge of Zr. The sequence of transformations 
in the Si–O and Zr-O sublattices was not concurrent: a 
partial polymerization of  SiO4 tetrahedra occurs mainly 
at low and medium doses (D < p2) both in the crystalline 
and amorphous fractions, while the 7-coordinated atoms 
[7]Zr are mainly observed at higher doses (D > p2) in the 
amorphous fraction. This study has an important implica-
tions in understanding the type and sequence of radiation-
induced transformations of SRO structure and electronic 
state spectrum in zircon and, possibly, in other silicates.
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