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Abstract: Radiation damage in minerals is caused by
the α-decay of incorporated radionuclides, such as U
and Th and their decay products. The effect of thermal
annealing (400–1000 K) on radiation-damaged pyrochlores has been investigated by Raman scattering, X-ray
powder diffraction (XRD), and combined differential
scanning calorimetry/thermogravimetry (DSC/TG). The
analysis of three natural radiation-damaged pyrochlore
samples from Miass/Russia [6.4 wt% Th, 23.1 · 1018 α-decay
events per gram (dpg)], Panda Hill/Tanzania (1.6 wt%
Th, 1.6 · 1018 dpg), and Blue River/Canada (10.5 wt% U,
115.4 · 1018 dpg), are compared with a crystalline reference pyrochlore from Schelingen (Germany). The type of
structural recovery depends on the initial degree of radiation damage (Panda Hill 28 %, Blue River 85 % and Miass
100 % according to XRD), as the recrystallization temperature increases with increasing degree of amorphization. Raman spectra indicate reordering on the local scale
during annealing-induced recrystallization. As Raman
modes around 800 cm−1 are sensitive to radiation damage
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64115.), the degree of local order was deduced from the
ratio of the integrated intensities of the sum of the Raman
bands between 605 and 680 cm−1 divided by the sum of
the integrated intensities of the bands between 810 and
860 cm−1. The most radiation damaged pyrochlore (Miass)
shows an abrupt recovery of both, its short- (Raman) and
long-range order (X-ray) between 800 and 850 K, while
the weakly damaged pyrochlore (Panda Hill) begins to
recover at considerably lower temperatures (near 500 K),
extending over a temperature range of ca. 300 K, up to
800 K (Raman). The pyrochlore from Blue River shows
in its initial state an amorphous X-ray diffraction pattern
superimposed by weak Bragg-maxima that indicates the
existence of ordered regions in a damaged matrix. In contrast to the other studied pyrochlores, Raman spectra of
the Blue River sample show the appearance of local modes
above 560 K between 700 and 800 cm−1 resulting from its
high content of U and Ta impurities. DSC measurements
confirmed the observed structural recovery upon annealing. While the annealing-induced ordering of Panda Hill
begins at a lower temperature (ca. 500 K) the recovery
of the highly-damaged pyrochlore from Miass occurs
at 800 K. The Blue-River pyrochlore shows a multi-step
recovery which is similarly seen by XRD. Thermogravi
metry showed a continuous mass loss on heating for all
radiation-damaged pyrochlores (Panda Hill ca. 1 %, Blue
River ca. 1.5 %, Miass ca. 2.9 %).
Keywords: actinide impurities; metamict; pyrochlore;
radiation damage; Raman spectroscopy.

Introduction
Metamict minerals that is those that have sustained a
degree of radiation-induced structural disorder from the
decay of incorporated radionuclides are often annealed in
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order to establish their original crystalline structure [1–4].
However, recent studies of radiation damage induced by
ion beam damage (e.g. [5–7]) show that materials and minerals may respond by different disordering mechanisms,
including decomposition into new phases, cation and
anion disordering to derivate crystalline structures and
the formation of amorphous domains in the recoil-atom
cascade. Thus, the thermal recovery of the crystalline state
in pyrochlore will depend on the degree of atomic-scale
ordering and the microstructure of the damaged domains
within the crystalline matrix. In this study, we investigate
the recovery of radiation damage in pyrochlores that have
different levels of radiation damage.
̅ ) with the ideal formula
The pyrochlore structure (Fd3m
VIII
A2VIB2IVX6IVY is an anion-deficient derivative of the fluorite structure (AX2) type with ordered cation sites [8–11].
Pyrochlore consists of corner-sharing BX6 octahedra and
A2Y chains with eight-fold-coordinated A cations [11–14]
(see Figure 1). The 48f position is occupied by the X-anion,
while the Y-site anion is located at the 8b position and anion
vacancies with respect to the fluorite structure are at the 8a

Fig. 1: (a) Pyrochlore structure with A-site cations (small dark gray),
B-site cations (centers of octahedra), X-site oxygen anions (large
gray), Y-site anions (black) and vacancies compared to fluorite structure (‘missing’ anion in white). The arrow marks channels of A-site
cations along [110]. (b) A structural fragment along [111] visualizing a
ring of corner-sharing BX6 octahedra.

position [13]. X-site oxygen atoms have a variable x parameter from 0.375 (undistorted A-site cubes) to 0.4375 (undistorted B-site octahedra, shown in Figure 1). Materials with
pyrochlore structure display a large variety of properties
that have important technical applications, e.g. catalytic
abilities, luminescence, piezoelectricity, ferro- and ferrimagnetism, and giant magnetoresistance [15].
Natural pyrochlore often occurs with a large variety
of incorporated cations. Mainly Na, Ca, U, Th, Y, and REEs
occupy the A-site, but also minor elements like Fe2+, Mn,
Sn2+, Sb, Bi, Sr, Ba, Pb, K, and Cs have been found [16].
The B-site can be occupied by Nb, Ta, Ti, Fe3+, Zr, and Sn4+
[16]. O can occupy the X- as well as the Y-site, whereas OH
and F only occupy the latter [16]. The pyrochlore supergroup is divided, based on the B-site cations, into three
subgroups, namely pyrochlore with Nb5+, betafite with
Ti4+, and microlite with Ta5+ as the major B-site cation [11,
17]. Natural pyrochlores can incorporate up to 30 wt%
UO2 and 9 wt% ThO2 [18]. Compositions with pyrochlore
structure, hosting actinides, e.g. U, Th, Cm, and Pu, have
been successfully synthesized [19–25]. Chakoumakos
and Ewing [26] have proposed that actinides with higher
valence states like Np6+ and Pu6+ can be incorporated into
an ideal or defect pyrochlore structure at the B-site.
Resulting mainly from the α-decay events of the
incorporated actinides, the periodically ordered atomic
structure can become disordered, often leading to amorphization (metamictization). This structural damage
process has been described in great detail (i.e. [13, 27–30].
The α-decay of the unstable nucleus generates two different types of particles, an α-particle, a 42 He 2+ core with
an energy of ~4.5–5.8 MeV (for actinides), and a heavy
recoil nucleus with an energy of ~70–100 keV. The smaller
α-particle displaces only several hundreds of atoms,
mostly close to the end of its trajectory at ~15–22 μm,
inducing Frenkel defects in the structure by elastic collisions. The other particle is a heavier recoil nucleus displacing, in spite of its lower kinetic energy (~86 keV for
235
U recoil from decay of 239Pu), several thousands of atoms
in its path of ~30–40 nm through the crystal structure. In
zircon ~5000 atoms are displaced per decay event [31, 32].
The difference leading to displaced atoms is attributed to
the fact that the α-particle deposits most of its energy by
ionization processes; whereas, the recoil nucleus loses its
energy by elastic collisions. Therefore, the recoil nucleus
introduces atomic recoil- or collision-cascades into the
ordered structure. The overlap of these disordered aperiodic regions finally saturates and the long-range order is
lost. In pyrochlore, radiation-induced structural changes
can be described by the direct impact model [15, 33].
Accordingly, recoil-related discrete regions consisting of
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several thousand displaced atoms generate percolation
paths by their overlap and create a composite structure
of coexisting aperiodic and crystalline regions that are
enriched in defects. From the thermodynamical point of
view, the radiation-damaged structural state is metastable and can (at least to a certain extent) be recovered by
thermal annealing due to activated epitaxial recrystallization or nucleation and crystal growth, depending on the
original damage structure. Therefore, the degree of order
of metamict natural mineral structures depends on the
thermal history with respect to geological processes that
can affect, e.g. crystallization and chemical composition.
Using TEM and X-ray diffraction techniques, Lumpkin
and Ewing [16] were able to follow the dose related structural damage process in natural pyrochlore. At the earliest stage, isolated α-recoil tracks show little effect. With
increasing dose these tracks overlap, producing aperiodic regions (1–5 nm) and a “mottled” diffraction contrast could be observed. This leads to the coexistence of
aperiodic and crystalline nanoregions, resulting in a predominant amorphous matrix with embedded crystalline
“islands” with further structural damage. Finally, when
the lattice fringe periodicity is completely lost and diffraction pattern show diffuse scattering bands, the fully metamict state has been attained. Critical amorphization doses
are reported in the order of 1018–1020 α-decay events per
gram [16]. Ion irradiation studies on synthetic rare earth
titanates have been carried out by Lian et al. [34], who
also described several steps of increased disorder prior
to amorphization detected by high-resolution transmission electron microscopy (HRTEM). The pyrochlores also
showed an increase of their ionic conductivity.
Synthetic and to a smaller extent natural pyrochlores with a broad range of different cation substitutes have
been thoroughly investigated [16, 34–41]. Gregg et al.
[42] observed additional Raman modes between 700 and
800 cm−1 related to U-impurities in the pyrochlore structure.
The annealing-induced recrystallization behavior of
moderately to fully metamict, altered natural pyrochlores
has been followed among others by differential thermal and
thermogravimetric analysis (DTA/TG), revealing strong exothermic reactions and a noticeable weight loss [37, 38, 43].
Because of their long-term stability with respect to
radiation-induced damage, pyrochlore-type compounds
have been considered as potential hosts for a variety of
radionuclides [13, 15, 30]. Therefore, important properties like the critical amorphization dose [18, 36, 44–46]
and the leaching behavior [18, 47–53] have been studied
in detail. To obtain better understanding of the behavior
of pyrochlore under extreme conditions, combined swift
heavy-ion irradiation and high-pressure studies have
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been performed (see [54]). Extensive work has been done
on the formation enthalpies of synthetic titanates (e.g. [55,
56]). Nevertheless, knowledge about the thermodynamic
stability and physical properties of disordered pyrochlore
is still limited [37, 38, 57].
The local structure of synthetic pyrochlore-type materials have been extensively studied by Raman spectroscopy and the observed Raman signals could be assigned
to certain phonon modes on the basis of model calculations [6, 7, 10, 45, 48, 49, 52, 58–71].
The motivation of this paper is to address the question
of how the initial degree of radiation induced structural
damage affects the thermally-induced recrystallization
of pyrochlore on different length scales. Therefore, four
natural fluorcalciopyrochlores with overall comparable
chemistry, but different degrees of structural damage
(highly crystalline to fully-metamict) were investigated.
In order to better understand the influence of U- and
Ta-impurities, one sample with high U/Ta-amount was
selected. Local and longer-range probes, such as Raman
spectroscopy and powder X-ray diffraction (XRD), respectively, have been used to follow the structural reorganization, while the overall recrystallization behavior has been
determined by simultaneous differential scanning calorimetry and thermogravimetric analysis (DSC-TG). The
results obtained in this study, reveal a direct dependence
between the recrystallization on the short- and long-range
and the initial degree of structural damage as well as the
occurrence of local modes due to U and Ta contamination.

Experimental methods
Electron microprobe analysis
The chemical composition of the pyrochlore was determined by electron microprobe analysis (CAMECA Camebax microbeam SX SEM
system), averaging over 9–65 analysis points with an acceleration
voltage of 15 keV and a probe current of 20 nA. The beam diameter
was set at 1 μm and ZAF correction was used for intensity-mass correlation. Standards used were LiF (F-Kα), albite (Na-Kα), andradite
(Ca-Kα, Fe-Kα), MnTiO3 (Ti-Kα), SrTiO3 (Sr-Lα), ZrSiO4 (Zr-Lα), Nb2O5
(Nb-Lα), ree3 (La-Lα), ree2 (Ce-Lβ), ree4 (Nd-Lβ), Ta2O5 (Ta-Lα), Th
glass (Th-Mα) and UO2 (U-Mβ).

X-ray powder diffraction
Powder XRD patterns were recorded using a Philips XPert powder
diffractometer with Bragg Bretano geometry and Cu-Kα radiation.
Multistep annealing of the ground pyrochlores was carried out in a
Thermo-Scientific Laboratory Chamber Furnace K114. The temperature
was controlled by an AHLBORN THERM 2420 temperature-measuring
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device equipped with a NiCr–Ni thermocouple, which ensured a thermal stability of ±2 K. The samples were annealed for 1 h in air in the
temperature range of 500–1000 K. Diffraction measurements were
performed after a relaxation time of 30 min.

Spectroscopy
Raman spectra were recorded from the crystallographic plane (111),
respectively. The measurements were performed on polished planeparallel specimens using a Horiba Jobin-Yvon T64000 triple monochromator system operating in the subtractive regime and equipped
with a liquid N2-cooled charge-coupled device (CCD) detector and an
Olympus BX41 microscope. Spectra were collected in backscattering
geometry without analyzer of the scattered light, using the 514.5 nm
line of an Ar+-ion laser and a long-working distance objective with
magnification 50 × . The Raman spectroscopic system was always calibrated to the position of the Si peak at 520.5 cm−1 with a precision of
±0.35 cm−1. The measured spectra were reduced by the Bose-Einstein
occupation factor {Ireduced = Imeasured/[n(ω, T) + 1], n(ω, T) = 1/(eℏω/kT – 1)}
and fitted by Lorentzian functions using the software package Origin
8.5, to determine the peak positions, full widths at half maximum
(FWHM), and integrated intensities. Before annealing and after the
last annealing step the samples were checked for photoluminescence
with the 488 nm-laser line and for homogeneity at different spots on
the polished (111) surfaces. For vibrational mode assignment the parallel polarized measurements were compared to the cross-polarized
incident and outgoing beam. As the structurally damaged samples
showed varying 810 cm−1 intensities before annealing, areas with a
low 605–810 cm−1 intensity ratio were chosen for analysis. The samples were annealed in a Linkam stage TS1200EV-10/5 with annealing
times of 1 h and a heating/cooling ramp of 15 min per temperature
step. Raman measurements were performed at room temperature,
respectively.
In order to verify whether in general the compositional disorder
in pyrochlore violates the phonon selection rules, additional infrared
spectra from the crystalline Schelingen reference sample were collected with a Bruker Equinox Fourier Transform Infrared spectrometer. The conventional pellet technique was used for FTIR. The matrix
material was KBr (1 mg powdered sample and 200 mg KBr powder).

Thermal analysis
Simultaneous DSC-TG analyses were performed with a Netsch STA
449 C instrument. The samples were annealed in a Pt pan in air from
room temperature up to 1000 K with a heating rate of 10 K/min. A
weak weight loss due to volatile species, as has been observed in
other radiation-damaged minerals (e.g. [27]) could not be excluded.

Results and discussion
Sample description
The samples (Figure 2) were obtained from the Centrum
für Naturkunde – Mineralogical Museum Hamburg,

Fig. 2: Pyrochlores from (a) Schelingen, Germany, (b) Panda Hill,
Tanzania, (c) Blue River, Canada, and (d) Miass, Russia.

(referred as Schelingen and Miass), the Pacific Museum
of the Earth of the University British Columbia (referred
as Panda Hill) and the collection of Thomas Chudy from
the University of British Columbia (referred as Blue River).
All samples were octahedral in form, but the most
radiation-damaged samples showed a glassy luster
(Figure 2). The Schelingen pyrochlore originates from the
Kaiserstuhl carbonatite complex in southwest Germany.
With an age of 16 ± 2 Ma [72] it was the youngest sample
in this study. Schelingen pyrochlore appeared as brown
idiomorphic octahedrons of millimeter size. Panda Hill
pyrochlore samples were from the Mbeya mountain range
in southwest Tanzania. The corresponding carbonatite
complex has been dated to an age of 116 ± 6 Ma [73]. The
Panda Hill pyrochlores were brown in color with an idiomorphic octahedral form of 1–3 cm diameter. The initially already partially recrystallized Blue River pyrochlore
sample originated from the Upper Fir carbonatite complex
in the Monashee Mountains, Canada, whose deposit age
is 328 ± 30 Ma (U-Pb dating of zircon) according to the
carbonatite data base [74]. The black Blue River sample
showed glassy reflection on preserved octahedral surfaces. In addition, black Miass pyrochlores from the Ilmen
Mountains in the southern Urals, Russia, showed a glassy
luster of their idiomorphic octahedral shape. Ages were
reported as 432 ± 12 Ma [75]. Schelingen pyrochlore was
selected as a crystalline reference, the Panda Hill sample
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as a weakly radiation-damaged, the Blue River pyrochlore
as a heavily damaged, containing some ordered crystalline areas, and Miass pyrochlore as a fully-amorphous
sample.
The pyrochlore samples had Nb contents ranging from
32.5 to 42.8 wt% at the B-cation site with some content of
Ti (0.6–6.0 wt%) or Ta (0.1–14.9 wt%). Ca (7.4–13.1 wt%)
and Na (1.6–4.3 wt%) are assigned as A-cations. At the 8a
Wyckoff positions there are O and F. All probed pyrochlores have a rather high F content of 2–4 wt%. Incorporated
OH−/H2O is considered as the main contribution to fractions missing to 100 %.
The results of the electron microprobe analyses are
listed in Table 1. The atoms per formula unit were calculated with respect to two B site cations and with the
assumption that each element has only one oxidation
state. We also assumed that the B site is occupied by two
cations and that charge is balanced by molecular OH−, the
approximated formulas of the analyzed pyrochlores are:
Schelingen:
(Na0.3Ca1.4Fe0.1REE0.2)(Ti0.1Zr0.1Nb1.9)O6 (O0.8(OH)0.1F0.4),
Panda Hill:
(Na0.6Ca1.2□0.2)(Ti0.2Nb1.7)O6 (O0.1F0.8□0.1),
Blue River:
(Na0.6Ca0.8U0.2□0.4) (Ti0.2Nb1.5Ta0.3)O6(O0.2F0.5□0.3),
Miass:
(Na0.7Ca1.0REE0.2Th0.1)(Ti0.5Nb1.5)O6(O0.1F0.9).
For detailed composition see Table 1.
The only sample containing larger amount of U and
Ta is from Blue River, while the other pyrochlore samples
rather contain Th- and Ti-impurities. From the actinide
content measured by EMP (Table 1) and geologic age the
total radiation dose can be calculated using α-decays of
the 232Th-, 235U- and 238U-decay series as given by Holland
and Gottfried [76]
Dα = 8
+7
+6

cU N A 0.9928
M 238 106

cU N A 0.0072
M 235 106

cTh N A

M 232 10

6

(e

(e

λ238t

− 1)

(e

λ235t

− 1)

λ232 t

(1)

− 1)


with U and Th concentrations cU and cTh in ppm, A
 vogadro’s
number NA, molecular weights of parent isotopes M238,
M235 and M232, decay constants λ238, λ235 and λ232 [77] and the
reported geologic age t in years (Table 2). Actinide contents range from qualitative detection limit to 10.6 wt%,
resulting in doses of < 0.1–115.4 · 1018 decay events per
gram by considering the reported crystallization ages of
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Tab. 1: Chemical composition of pyrochlore samples in wt% oxides.
Schelingen
(n = 25)
TiO2
ZrO2
Nb2O5
Ta2O5
Na2O
MgO
CaO
FeO
SrO
La2O3
Ce2O3
Nd2O3
ThO2
UO2
F−
Sum
–O of F
Total

Panda Hill
σ

1.1
2.0
60.1
< det.lim.
2.3
0.5
18.6
1.3
0.2
0.9
5.8
0.8
< det.lim.
< det.lim.
1.8
95.9
–0.8
95.1

0.2
0.4
1.3
0.2
0.1
0.4
0.1
0.1
0.1
0.5
0.1

0.2
1.5

Blue River
(n = 64)
TiO2
ZrO2
Nb2O5
Ta2O5
Na2O
MgO
CaO
MnO
Fe2O3
SrO
Y2O3
La2O3
CeO2
Pr2O3
Nd2O3
ThO2
UO2
F
Sum
–O of F
Total

5.1
1.0
61.5
0.7
5.3
< det.lim.
17.5
0.2
0.5
< det.lim.
0.9
0.2
1.8
< det.lim.
3.9
98.9
–1.6
97.3

σ
0.3
0.4
1.2
0.3
0.7
1.7
0.1
1.0
0.1
0.1
0.4
0.5
1.6

Miass
σ

2.9
< det.lim.
46.5
18.3
4.5
< det.lim.
10.4
–
0.2
0.6
–
< det.lim.
< det.lim.
–
< det.lim.
< det.lim.
11.9
2.3
98.0
–1.0
97.0

(n = 44)

0.1
0.8
0.4
1.2
0.3
0.1
0.4

0.4
0.3
1.1

(n = 9)

σ

10.0
< det.lim.
50.6
2.0
5.8
< det.lim.
14.5
0.3
0.2
–
0.3
1.2
3.4
0.3
1.0
7.2
< det.lim.
4.2
102.0
–1.8
100.2

0.3
0.5
0.4
0.2
0.3
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.6
0.1
0.6

Total oxide equivalent corrected for overestimated oxygen (mO/mF)/2.
‘ < det.lim.’, below quantitative detection limit; ‘–’, not observed.

the carbonatite host rocks. After radiation damage, geological conditions may have altered the partially amorphous to an amorphous state of the samples. More recent
deformation ages of host rocks were the greenschist-facies
metamorphism of the Rocky Mountains and the Urals [75],
where temperatures needed for structural healing could
have been reached and the crystal structure might have
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Tab. 2: Ages and doses of pyrochlore samples.
Sample

Th (wt%)

U (wt%)

Geologic
age (Ma)

Dose
(1018 α-decay g−1)

Schelingen
Panda Hill
Blue River
Miass

< det.lim.
1.6 ± 0.1
< det.lim.
6.4 ±0.1

< det.lim.
< det.lim.
10.5±0.1
< det.lim.

16 ± 2a
116 ± 6b
328 ± 30c
432 ± 12d

< 0.1
1.6 ± 0.1
115.4 ± 1.0
23.1 ± 0.6

Lippolt [72], bBell and Blenkinsop [73], cBerger et al. [74], dKrasnobaev
et al. [75].

a

been (partially) reset. Doses shown in Table 2 are the
maximum life-time doses. Microprobe analyses results
averaged over 9–65 points and showed only minor chemical deviation, except the Panda Hill sample with narrow
chemical zoning towards the sample rim.

Long-range order: effect of radiation damage
and subsequent thermal annealing
The X-ray powder diffraction patterns of the three investigated virgin, radiation damaged pyrochlores show
three broad amorphous background features centered
at 28.9°, 50.0° and 58.4° 2θ (Panda Hill), 30.3°, 51.5° and
61.4° 2θ (Blue River), and 30.3°, 50.9° and 59.4° 2θ (Miass)
(Figure 3). As these features decrease in intensity with
increasing annealing temperature, resulting from structural reorganization, the evolution of the amorphous fraction (Xamorph) could be determined by
Xamorph =

I amorph

I amorph + IBragg

(2)


where Iamorph and IBragg are the integrated intensities of the
amorphous background and the Bragg signals, respectively (errors are in the order of 5 %) (Figure 4a). The
natural crystalline sample from Schelingen served as
reference with 9 % disorder probably due to impurities,
remaining constant on annealing (Figure 4a). The resulting amorphous fractions of the untreated samples are
28 % (Panda Hill), 85 % (Blue River) and 100 % (Miass).
Annealing at T = 1000 K reduced the amorphous fractions
to 14 % (Panda Hill), 8 % (Blue River) and 23 % (Miass)
with an experimental error of ±2 %.
The diffraction signals of all three radiation damaged
samples sharpen and the amorphous background
decreases significantly during the step-wise thermal
annealing, indicating recrystallization on the mesoscopic
length scale. Evolution of the full width at half maximum
(FWHM) of the prominent (440) diffraction signal is shown

as a function of temperature in Figure 4b. In weakly
damaged Panda Hill pyrochlore it gradually decreases
from 0.2° to 0.1° 2θ accompanied by a decreasing amorphous fraction from ~24 % to 10 % between 500 and 700 K.
The FWHM of the strongly radiation-damaged Blue
River sample is stepwise reduced from 0.3° to 0.1° 2θ
between ~650 and 1000 K. The amorphous fraction starts
to decrease from ~80 % to < 10 % between ~500 and 800 K,
but shows a strong reduction at 650 K.
Metamict Miass pyrochlore remains fully-amorphous
on the XRD length scale until 790 K. Up to this temperature the diffraction patterns only show a broad Gaussianshaped amorphous background centered near 30.3° 2θ.
The FWHM of this background feature decreases, following a linear trend, during step-wise annealing from room
temperature up to 790 K. The recrystallization occurs relatively abrupt between ca. 790 and 850 K, indicated by a
sharpening of the diffraction signals and a decrease of the
amorphous background. Only a small and constant amorphous fraction (~25 %) remains visible at temperatures
above ca. 850 K.
In addition to the broad background signal, the
weakly damaged Panda Hill and strongly damaged Blue
River pyrochlores show narrow Bragg diffraction signals,
which may indicate the presence of small crystalline clusters in the virgin samples. The intensities of these Bragg
signals increase on heating between 500 and 700 K and
remain constant above 730 K. In the Miass pyrochlore a
NaNbO3 phase starts to occur around 820 K. With further
annealing up to 1000 K this fraction increases, but remains
minor compared to the pyrochlore phase. The Panda Hill
and Blue River samples do not show evidences for secondary phases up to annealing temperatures of 1000 K,
except a single unidentified diffraction signal at 26.7° in
the Panda Hill sample. In all three samples a small amorphous fraction remains visible up to 1000 K. The obtained
results show a positive correlation between the degree of
structural damage on the long-range scale and the recrystallization behavior, according to the annealing induced
sharpening of the diffraction signals.

Short-range order: effect of radiation
damage and subsequent thermal annealing
First-order infrared absorption and Raman scattering
spectra of pure pyrochlore can be described by the corresponding optically active irreducible representations at
the center of the Brillouin zone [78]. According to group
theory, pyrochlore has six Raman and seven infrared
active, 12 inactive optical and one acoustic mode [78].
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Fig. 3: Diffractograms of samples (a) Schelingen (a: 295 K, b: 500 K, c: 700 K, d: 750 K, e: 770 K, f: 780 K), (b) Panda Hill (a: 295 K, b: 500 K,
c: 700 K, d: 710 K, e: 720 K, f: 800 K, g: 900 K, h: 1000 K), (c) Blue River (a: 295 K, b: 500 K, c: 550 K, d: 600 K, e: 650 K, f: 700 K, g: 710 K,
h: 720 K, i: 730 K, j: 800 K, k: 900 K, l: 1000 K) and (d) Miass (a: 295 K, b: 780 K, c: 790 K, d: 800 K, e: 810 K, f: 820 K, g: 830 K, h: 900 K,
i: 1000 K); annealing for 1 h in air. ‘*’ indicates impurities.

The Γ-point phonon modes associated with the occupied
Wyckoff positions in pyrochlore are given in Table 3.
The experimentally observed Raman signals are
strongly broadened and show considerable overlap. In
addition, the metamict Miass pyrochlore shows photoluminescence in the whole measured spectral range.
Observed modes are centered at 65, 105, 140, 180, 275 (T2g),
365 (Eg), 430, 495 (Ag), 540 (T2g), 605 (T2g), 680, 810 and
860 cm−1. The Raman band intensities between 450 and
1000 cm−1 show in cross-polarized arrangements considerably lower intensities than with parallel-polarization,
indicating symmetrical stretching A-modes.
Various studies assigned the fundamental vibrational modes in the range between 140 and 650 cm−1 to
different chemical compositions as shown for comparison
in Figure 5 (after [5–7, 10, 42, 45, 48, 49, 52, 54, 57–67, 71,
79–86]). The observed broad mode above 700 cm−1 was
assigned either to the T2g vibration [64], to a forbidden
mode or a combination of excitations [10, 58]. Frost et al.

[87] attributed the complexity of the excitation pattern in
the region 600–700 cm−1 to Ti–O stretching vibrations combined with peaks due to Nb–O and Y–O stretching bands.
Structural recrystallization on the local length scale
can be followed from the evolution of the intensity relation of the sum of the bands in the range 605–680 cm−1 and
810–860 cm−1 at different annealing steps. This ratio corresponds inversely to the FWHM of the diffraction signals.
The Schelingen pyrochlore with the highest degree
of crystallinity among the studied pyrochlore samples
shows five main Raman bands at 180, 275, 540, 605 and
810 cm−1 (Figures 6–8). The signals are strongly broadened
due to structural vacancies and chemical heterogeneity.
The latter was observed by microprobe analysis, confirming the presence of several different cations occupying the
two structural cation positions.
Weakly damaged Panda Hill pyrochlore shows a
band-pattern in the virgin sample which approaches

the pattern of the Schelingen sample on annealing.
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Fig. 5: Experimentally observed peak positions of the Raman bands
of pyrochlores and their mode assignments [58]1; [64]2; [61]3; [66]4;
[62]5; [57]6; [67]7; [63]8; [60]9; [52]10; [59]11; [71]12; [79]13; [10]14; [80]15;
[81]16; [82]17; [7]18; [45]19; [6]20; [65]21; [48, 49]22; [54, 83]23; [84]24;
[5]25; [42]26; [85]27; [86]28.

Fig. 4: (a) Amorphous fraction deduced from the XRD amorphous
background and the total integrated intensities according to Iamorph/
(Iamorph + IBragg) and (b) FWHM of individual (440) powder XRD signals
for pyrochlores from Schelingen ( , < 0.1 · 1018 dpa), Panda Hill
(▲, 1.6 · 1018 dpa), Blue River (□, 115.4 · 1018 dpa) and Miass (●,
23.2 · 1018 dpa), respectively. The Miass pyrochlore shows no (440)
signal exceeding the background noise below 800 K. Lines are
guides for eye.

Tab. 3: Vibrational modes of the pyrochlore structure (Fd3̅m).
Wyckoff position
A(16d)
B(16c)
X(48f)
Y(8b)

Mode (R: Raman-active,
IR: IR-active, ina: inactive)a
A2u(ina) + Eu(ina) + T2u(ina) + 2T1u(IR)
A2u(ina) + Eu(ina) + T2u(ina) + 2T1u(IR)
A1g(R) + A2u(ina) + Eu(ina) + Eg(R)+2T2u(ina)
+ 3T2g(R) + 3T1u(IR) + 2T1g(ina)
T2g(R) + T1u(IR)

One T1u mode is acoustic, most probably that one related to the
lowest-energy cation vibration.

a

The 810 cm−1 signal clearly decreases with annealing temperature but does not disappear completely until 1000 K.
In contrast to all the other studied samples the
radiation-damaged Blue River pyrochlore shows four


additional sharp signals between 700 and 800 cm−1 occurring after annealing at temperatures > 560 K, although
the material appears to be disordered on the long-range
length-scale (Figure 3c). The main differences to the other
studied pyrochlores are a larger Ta and U content. Sharp
modes between 700 and 800 cm−1 were assigned to U–O
[42] and Nb/Ta-O stretching [88]. Local modes can occur
in systems with a large amount of interacting impurities
[89] which do not form proper phases. This is in excellent agreement with the observed Raman signals in the
same wavenumber region in the Blue River sample (Figure
6b). In order to evaluate the general intensity evolution
on annealing these additional sharp signals have been
excluded from the calculated intensity ratio (Figure 7). The
high U/Ta-impurity concentrations (Table 1) are assumed
to dilute the Ca and Nb position, respectively. In this
respect, the Blue River pyrochlore is an excellent example
to study local mode behavior in natural pyrochlore.
While Ta5+ cations have a similar ionic radius to Nb5+,
their masses (180.9 amu and 92.9 amu, respectively [77])
differ considerably. Despite differences in the compositions of the partially amorphous samples all signal positions could be clearly determined at higher annealing
temperatures, also the spectra indicated a generally low
influence of the chemistry on the Raman shift (e.g. substitution of Nb by Ta and of A-site cations by U in the Blue
River sample).
In the metamict Miass sample, the Raman signal at
810 cm−1 is the only one exceeding the photoluminescence. The collected Raman spectra consist of strongly
broadened overlapping bands. The photoluminescence
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Fig. 6: Parallel polarized Raman spectra of weakly damaged (a) Panda Hill, (b) Blue River and (c) Miass pyrochlores at room temperature
(ref: reference sample) and after annealing at given temperatures for 1 h individually; the Raman spectrum of non-amorphous Schelingen
pyrochlore is shown for comparison.

disappears with the inset of recrystallization at temperatures above 800 K. With increasing crystallinity the
605 cm−1 mode (T2g) becomes the strongest signal, while
the mode near 810 cm−1 sharply shrinks.
Vandenborre et al. [58] assumed the 810 cm−1 band
to be a combination band. A further possible explanation for the appearance of the Raman band near 810 cm−1
may be broken selection rules. This would be related to
a lower symmetry in the real structure, compared to the

ideal arrangement, which would be the case for the relevant short range coordination, if additional vacancies
and impurities distort the local symmetry. To verify this
assumption, additionally IR spectroscopic measurements
have been conducted on the crystalline reference sample
from Schelingen. Like the Raman bands, the infrared
bands appear strongly broadened, due to impurities and
defects. There are two peak intensities centered at 553 and
710 cm−1, respectively (Figure 8). Both show right-hand
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to the observed band at 553 cm−1 in the Schelingen sample.
Additional infrared bands within this range are either not
fundamental modes or related to clusters with lighter or
stronger bond substitutional ions.

Thermal analysis of the structural
reorganization process

Fig. 7: Ratio of the sum of integrated intensities of fitted modes 605
and 680 cm−1 divided by the integrated intensity sum of modes 810
and 860 cm−1 for weakly amorphous Panda Hill (▲), intermediate
Blue River (□) excluding the sharp additional modes and metamict
Miass (●) pyrochlores (dashed lines are guide for the eye).

The annealing induced thermal behavior of the three
investigated radiation-damaged pyrochlore samples from
Panda Hill, Blue River and Miass has been additionally
studied by combined DSC-TG analysis (Figure 9). The
obtained results correlate well with the above mentioned
investigations of the annealing related short- and longrange ordering behavior, enable a complete picture of the
underlying recrystallization processes.
The weakly damaged Panda Hill sample shows a
broad, less defined exothermic DSC signal between ~450
and 800 K, with a maximum around 620 K (Figure 9a).
The observed general mass loss during annealing up
to ca. 1000 K is around 0.6 %. The temperature range of

Fig. 8: Comparison of Raman and FTIR spectra of the untreated
Schelingen sample.

shoulders (centered on 620 and 664 cm−1, and 753, 829 and
895 cm−1, respectively).
The comparison of Raman and infrared spectra also
confirms the violation of the selection rules in pyrochlore.
With its centrosymmetric space group simultaneous
Raman- and IR-active modes are symmetry forbidden in
the pyrochlore structure. Figure 8 shows that the crystalline reference sample has infrared maxima centered at 553,
620, 664 and 829 cm−1, corresponding to Raman shifts centered at 540, 605, 680 and 810 cm−1. Six of the seven fundamental infrared-active modes were observed between 70
and 523 cm−1 in chemically comparable niobate pyrochlores [64, 66]. The seventh mode was assigned to an infrared
band between 550 and 850 cm−1, which could correspond

Fig. 9: Differential scanning calometry curves (solid line, left axis)
and thermogravimetry (dotted line, right axis) of pyrochlores from
Panda Hill (a), Blue River (b) and Miass (c).
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the observed exothermic reaction, accompanied by an
increase in weight loss (Figure 9a), is in very good agreement with the findings of the Raman spectroscopic and
powder XRD measurements. This indicates, that the major
structural reorganization of this relatively slightly disordered sample takes place between ca. 500 and 800 K
(Figures 4, 7, 9a).
The relatively strongly radiation damaged Blue River
sample shows in a comparable temperature range to Panda
Hill (~435 and 800 K) a broad exothermic DSC feature with
at least two prominent maxima. A broader one at ~610 K
and a sharp defined one at ~785 K (Figure 9b). The measured mass decrease shows a noticeable increase at temperatures between 560 and 653 K with a general decrease of
1.5 %. Raman spectroscopy revealed an onset of the recrystallization process around 550 K with a strong increase up
to ~620 K on the local length scale (Figures 4, 7). This is
consistent with DSC results, which show a first broadened exothermic maximum around 610 K (Figure 9b). The
Raman measurements indicate further structural ordering up to ca. 800 K, indicated by the second sharp and
defined DSC maximum around 785 K (Figures 7, 9b). This
ongoing recrystallization is also indicated by the occurrence of the four additional Raman peaks between 730
and 800 cm−1 above 560 K (Figures 7, 9b). This observation is consistent with the behavior of the FWHM of the
main (440) pyrochlore diffraction signal, which indicates
the reestablishment of the long-range order, at least up to
~1000 K (Figure 9b). The main decrease of the amorphous
fraction takes place between ca. 650 and 800 K. Hence,
the intermediate damaged pyrochlore structure shows
first a strong recovery on the local length-scale, followed
by the reestablishment of the long range order at slightly
higher annealing temperatures.
The DSC curve of the metamict Miass sample (completely amorphous on XRD length scale) shows a strong
distinct exothermic peak occurring between 800 and
900 K with a sharp maximum around 840 K (Figure 9c).
The observed general mass loss during annealing is
around 2.9 % with a distinct drop around 490 K. This range
is in good agreement with the results of the Raman spectroscopic and powder XRD measurements which indicate
annealing-induced recrystallization between ~800 and
850 K. The observed change of the shape of the Raman
signal between 820 and 850 K (Figures 4, 9c) coincides
very well with the relatively high enthalpy of the exothermic DSC peak in this temperature region (Figure 9c).
Initially existing crystalline clusters in the radiation
damaged pyrochlores (Figure 3) coincide with the observed
decrease of the recrystallization temperature (Figures 7, 9).
This indicates a reduction of the recrystallization energy
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in case of existing crystalline seeds. HRTEM studies by
Lumpkin et al. [14] revealed in structurally and chemically comparable pyrochlore samples the existence of
crystalline “islands” and decreasing crystalline fractions
with increasing radiation dose. Similar behavior has been
observed e.g. in zircon [90] and titanite [27].

Conclusion
This study revealed a correlation between the initial structural damage state and the recrystallization of metamict
natural pyrochlore. Considerable differences occur during
thermally-induced recrystallization depending on the
degree of damage. The amorphous fraction was reduced
in Panda Hill from 28 % to 14 %, in Blue River from 85 %
to 8 % and in Miass from 100 % to 23 % after annealing at
T = 1000 K.
The observed differences in the recrystallization lead
to a picture of highly recrystallization resistant metamict pyrochlore (Miass) and a significantly less resistant
structure with some initial crystalline clusters (Blue River)
(Figures 3, 4). Recrystallization of the fully metamict
phase takes place in a very narrow temperature window
and at the highest annealing temperature of all probed
samples. Initially existing crystalline clusters in the Blue
River sample result in a stepwise recrystallization process
(Figures 4, 9). The weakly radiation-damaged pyrochlore
recrystallized rather continuous starting at low annealing
temperature. Thermogravimetry showed that the recrystallization is not accompanied by a significant weight loss.
The observed Raman bands of all samples deviate
from theoretically predicted modes and are very broad,
due to chemical impurities and radiation damage. Nevertheless, the degree of local order could be successfully
obtained from the ratio between integrated intensities of
prominent spectral features (e.g. Raman bands around
605–680 cm−1 and 810–860 cm−1 for pyrochlore). According to the longer-ranging X-ray diffraction the thermal
recrystallization happens in the temperature interval
500–700 K for Panda Hill, 650–800 K for Blue River and
800–850 K for Miass while the local Raman probe finds
recrystallization in ranges 500–800 K for Panda Hill, 550–
620 K for Blue River and 820–850 K for Miass, respectively.
High amounts of U and Ta lead to the formation of
local modes in the Blue River pyrochlore. This effect
occurs above 560 K when the material is still disordered
(Figure 3c) and impurity interactions of U/Ta-O stretching modes become prominent (Figure 6b). This has been
observed in natural pyrochlore for the first time.
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