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Abstract The metamict state and recrystallization of
fergusonite in metamict natural samples were studied by
thermal methods (TGA-DTA), X-ray powder diffrac-
tion (XRD), Raman spectroscopy (RS), transmission
electron microscopy (TEM), selected area electron dif-
fraction (SAED), and electron microprobe (EPMA).
Two metamict mineral samples of fergusonite were
investigated in order to identify the original premetamict
crystal structure and to identify recrystallization mech-
anisms. The TEM data and RS provided evidence on the
partial preservation of the original structure in the
investigated minerals, which are X-ray amorphous. It
was shown that fergusonite could recrystallize from a
metamict mineral with original fergusonite structure or
from metamictized pyrochlore, which was altered before
or after metamictization. Two recrystallization mecha-
nisms were recognized: (a) epitaxial growth occurring at
the boundary between preserved premetamict structure
fragments and completely metamictized areas, and (b)
nucleation-crystal growth mechanism occurring in
completely amorphous areas of the minerals, and
resulting in recrystallization of the original mineral as
well as in the crystallization of a new mineral with a
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modified chemical composition as compared to the ini-
tial matrix.
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Introduction

Fergusonite is a mineral frequently found in the
metamict state, and chemically described with a general
chemical formula ABO4; (A = REE, Ca, U and Th;
B = Nb, Ta and Ti). Fergusonite-like phases encom-
pass a large number of synthetic compounds which are
of interest due to their dielectric properties.

Two structures have been reported for fergusonite
mineral samples. Komkov (1959) determined the schee-
lite-type structure for the tetragonal fergusonite from
Urals with the space group /4;/a, later named o-fergus-
onite (Gorshevskaya et al. 1961) or T phase for synthetic
YNbO, analogues (Yashima et al. 1997). On heating at
1,000°C, the mineral transforms to a monoclinic phase
with the 12 space group and distorted scheelite structure,
named f-fergusonite (Gorshevskaya et al. 1961) or M
phase in synthetic fergusonite (Markiv et al. 2002).
Komkov (1959) suggested tetrahedral coordination for
B-cations in both «- and f-fergusonite, while Weitzel
and Schrocke (1980) refined the structure of synthetic
p-fergusonite (YNbQy,), and proposed the space group
C2/c with 4+ 2 coordination for B-cations. Blasse (1973)
investigated vibrational spectra of both YNbO, and
YTaO4 having f-fergusonite structure, and observed
fewer bands than expected by symmetry considerations.
This was explained by a slight distortion of -fergusonite
structure from sheelite structure that has higher sym-
metry. Additionally, another monoclinic fergusonite
phase named M’ phase was determined for synthetic
YTaO, (Wolten and Chase 1967) with the P2/a space
group. This phase is obtained for the crystals grown
below the M-T transformation temperature (Wolten
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1967). For fergusonite-related compounds like YbTaO,,
which are synthesized by heating co-precipitated
hydroxides (Markiv et al. 2002), the primary amorphous
state was observed up to 800°C where the material
crystallizes with fluorite structure. At 1,000°C, it trans-
forms to M’-fergusonite phase, and at 1,300°C the M’-
phase predominates. As stated by the authors, the
fluorite structure can be expected for this type of syn-
thesis if the lanthanides with smaller ionic radii (lanth-
anides from Nd to Lu) are considered for an LnTaO,
compound. M’-fergusonite phase transforms to M’-fer-
gusonite by melt quenching.

Metamictization is a term synonymously used for
amorphization, especially in minerals, a process that is
related to heavy-particle irradiations (Ewing 1994). The
resulting metamict state is an almost inherent property
of complex REE-Nb-Ta oxides, due to the frequent
substitution of U and Th for large REE cations in the
crystal structure. In the a-decay series of U and Th, a-
particles and o-recoil nuclei are ejected in opposite
directions from decaying nuclei. On their trajectory, they
transfer energy to the atoms in the crystal structure. The
energy transfer occurs as two major processes: (a) ioni-
zation and electronic excitation, which predominantly
occur in interaction of a-particles with electrons, and (b)
elastic collisions of both a-particles and a-recoil nuclei
with the atomic nuclei (Ewing 1987; Ewing et al. 2004).
The a-particles with energy of 4.5-5.8 MeV can cause
self-heating, electron-hole pairs responsible for bond
rupture, charge defects, enhanced self-ion and defect
diffusion, localized electronic excitations, and in some
cases, defects from radiolysis (Weber et al. 1998). Along
with ionization, o-particles can cause several hundred
atomic displacements through elastic atomic collisions,
which form Frenkel defects over a range of 16-22 um.
Significantly greater amount of displacements is pro-
duced by less energetic o-recoil nuclei (70-100 keV),
whereby up to 2,000 displacements are highly localized
in a displacement cascade (30-40 nm) (Weber et al.
1998; Gogen and Wagner 2000). Final amorphization of
heavily irradiated materials can be achieved by several
mechanisms: (a) point defect accumulation (homoge-
neous amorphization) (Gong et al. 1996), (b) interface-
controlled amorphization (Motta 1997), (c) cascade
overlap amorphization (Gibbons 1972), and (d) in-cas-
cade amorphization (heterogeneous amorphization)
(Weber 1993).

Radiation damage in oxide minerals and their
synthetic analogues has been mainly investigated in
pyrochlore, zirconolite, perovskite, and brannerite.
Lumpkin and Ewing (1988) observed the features and
stages of crystalline-metamict transition in natural
pyrochlore samples with different degrees of metamicti-
zation, ranging from completely crystalline to com-
pletely amorphous. Upon ion irradiation, the pyrochlore
structure transforms to a disordered fluorite structure
prior to amorphization (Wang et al. 1999), which after
further irradiation results in amorphous nano-domains
(Wang et al. 2000). Later investigation of Lian et al.

(2003) confirmed order—disorder transition in ion-irra-
diated pyrochlore suggesting primary disordering in
anion array followed by cation disordering. Begg et al.
(2001) found that Gd,(Ti,.Zr,)O; pyrochlores with io-
nic radii ratio of A- and B-site cations r,/r,>1.52 be-
come increasingly unstable with respect to amorphous
state under irradiation which transforms the same py-
rochlores with r,/r, < 1.52 to a radiation resistant de-
fect-fluorite structure. Brannerite and brannerite-type
ceramics seem to be less resistant to heavy-ion irradia-
tion, what is generally explained by their lower struc-
tural connectivity in comparison with that of pyrochlore
(Lumpkin et al. 2001; Yudintsev et al. 2001). Zirconolite
and perovskite show the highest resistance to radiation
damage among oxides (Sinclair and Ringwood 1981;
Yudintsev et al. 2001). Additionally, radiation resistance
in natural minerals seems to be higher than in their
synthesized ceramic analogues amorphized in ion-beam
facilities, what can be related to the thermal history of
minerals and corresponding restoration of crystal
structure, as shown in zirconolite (Ewing and Wang
1992). For oxide ceramics, which are considered radia-
tion-resistant, like spinel, it was found that amorphiza-
tion can be induced even at low temperatures if stable
and nucleated defects exist in the crystal structure
(Bordes et al. 1995). Trachenko et al. (2004) suggested
that a complex material can be amorphized if ‘it is able
to form a covalent network”.

Radiation resistance of silicate and phosphate min-
erals with monazite and zircon structures has been also
investigated. Generally, it was found that minerals with
monazite structure recrystallize more readily, and are
less susceptible to radiation damage in comparison with
their silicate counterparts (Meldrum et al. 1997, 1998,
1999, 2000; Nasdala et al. 2001; Seydoux-Guillaume
et al. 2002). Stability of orthophosphates seems to be
related to the strength of P-O bonds in tetrahedral
coordination, which is stronger in comparison with Si—O
bond in the same coordination, for instance in zircon
(Meldrum et al. 1996). This is also true for xenotime,
which, although having the same structure as zircon,
displays a radiation resistance equivalent to that of
monazite (Karioris et al. 1982). Recrystallization of
naturally metamict zircon is highly dependent on the
degree of metamictization (Capitani et al. 2000): heavily
metamictized samples start to recrystallize at higher
temperatures leaving “‘pockets” of SiO, glass beside
zircon crystallites. That is not the case with partly me-
tamictized zircon samples, which show complete
recrystallization. Rios et al. (2000) used the intensity of
X-rays scattered from amorphous regions to determine
the content of amorphous material in natural zircon,
which was subsequently related to the received radiation
dose. Annealing experiments of metamict zircon samples
showed an enhanced rate of recrystallization if it is
performed in hydrothermal conditions (Geisler et al.
2003a). It is suggested that water has “catalytic”” prop-
erties In structural recovery of metamict zircon,
whereby it difuses into amorphous regions and enhances



solid-state recrystallization (Geisler et al. 2003c).
Recrystallization in hydrothermal conditions was also
shown to be efficient for heavily metamictized samples of
allanite and gadolinite (Janeczek and Eby 1993). How-
ever, zircon shows anomalous increase of diffusion-
based alteration rate in hydrothermal conditions, which
is related to two critical concentrations of amorphous
domains: (1) amorphous domains are interconnected
into clusters in the crystal structure, and (2) strongly
overlapping a-recoil events form nano-sized regions of
depleted matter, which serve as fast diffusion pathways
(Geisler et al. 2003b). Under high pressures (3—7 GPa)
radiation-damaged zircon samples show temporary in-
crease of diffraction maxima attributed to reorientation
of crystalline domains. However, the starting profile is
recovered after pressure relaxation, indicating no sig-
nificant defect healing within the studied pressure range
(Rios and Boffa-Ballaran 2003).

The complexity of the crystal structure, where the
structure is more complex if it has more cation sites,
could play a significant role in metamictization of
complex silicate structures. Wang et al. (1991) investi-
gated the amorphization of neptunite, titanite, gadolin-
ite, zircon and olivine, showing that the critical
amorphization dose is lower if the structure is more
complex.

Detailed studies of ion beam induced amorphization
in oxides, silicates and phosphates have been performed
in order to assess critical amorphization dosages, and to
study the amophization/recrystallization mechanisms.
This is useful in the preparation of radiation resistant
ceramics used for immobilization of actinides in nuclear
waste disposal.

The aim of the present study is to investigate the
features of fergusonite recrystallization from heavily
metamictized mineral samples. In particular, the fol-
lowing problems are going to be considered: (a) the
possible preservation of the fragments of the original
structure in the metamict mineral, and its identification,
(b) recrystallization mechanisms, (c) structure changes
during recrystallization, and (d) efficiency of the original
phase recrystallization regarding possible alteration
during and after metamictization.

Experimental
Samples and recrystallization procedure

Two mineral samples predetermined as fergusonite were
investigated in this work. The samples originate from
granitic pegmatites of Bakkane-Steane in Norway
(sample FER-BS) and Ytterby in Sweden (sample FER-
YT). The sample FER-BS was obtained from the col-
lection of Mineralogical-geological Museum of Univer-
sity in Oslo, while the sample FER-YT was from
Natural History Museum in Zagreb (sample No. 2021).

Preliminary X-ray diffraction (XRD) analysis indi-
cated that both minerals are heavily metamictized.

147

Therefore, they were gradually recrystallized in air at
400, 500, 650, 800 and 1,000°C for 24 h in each case.
Additionally, the minerals were heated at 1,300°C for
6 h. The same portion of the investigated samples was
used for each annealing step.

Sample characterization

Unheated and heated sample portions were investigated
by X-ray powder diffraction (XRD), thermal methods
(TGA-DTA), Raman spectroscopy (RS), transmission
electron microscopy (TEM), and selected area electron
diffraction (SAED). The unheated samples were chemi-
cally characterized by electron probe microanalysis
(EPMA).

The XRD data were obtained on Philips PW 3040/60
X’Pert PRO powder diffractometer using CuKo radia-
tion (A=1.54055 A) at 45 kV and 40 mA. The incident
beam was passed through an X-ray mirror with a
divergence slit of 0.5°. The diffracted beam was directed
to the detector through a parallel plate collimator with
an equatorial acceptance angle of 0.18°. The powdered
mineral samples were mounted on a single silicon crystal
disc cut in a way to avoid lattice planes, and thus causing
no silicon diffraction and low background. The disc with
a sample was inserted into the sample spinner pro-
grammed to a revolution time of one second. Step size
was set to 0.02° with measuring time of two seconds per
step.

Thermal analyses were performed in a nitrogen
atmosphere. The thermal data were used for the deter-
mination of water content, but also to characterize
processes occurring during recrystallization. TGA and
DTA curves were recorded in the range from room
temperature up to 1,300°C and a heating rate of 5°C
min™' on a TA Instruments SDT Model 2960.

Raman spectra were recorded using computerized
DILOR Z24 triple monochromator with a Coherent
INNOVA 400 argon ion laser, operating at 514.5 nm
line for excitation. An Anaspec’s doublepass prism
premonochromator was used to reduce parasite laser
plasma lines. Laser power of 100 mW was applied. To
reduce the heating of the sample during recording Ra-
man spectra, the shape of the incident laser beam was
altered in line focus. Raman spectra were recorded from
70 to 1,000 cm™. To check for the luminescence, the
samples heated at 1300°C were additionally recorded by
488 nm line of the same system but also by Fourier
transform Raman system (FTRS) Perkin Elmer GX
Spectrum with Nd:YAG laser operating at 1,064 nm
and power ranging from 100 to 130 mW.

TEM, SAED and high-resolution TEM (HRTEM)
were performed on Philips CM200 LaBgs and FEG
microscopes, both operated at 200 kV. SAED apertures
of 40 and 200 nm and camera length of 950 mm were
used. For TEM measurements the ground fergusonite
samples were suspended in chloroform, treated in an
ultrasonic bath, applied to the carbon-coated copper
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grid, and dried in air. Determination of the interplanar
spacings d from the SAED patterns and phase identifi-
cation of the polycrystalline domains in the samples
were performed using software Process Diffraction
(Labar 2000). HRTEM images were analyzed by Digital
Micrograph software (Gatan 1999).

Chemical analyses of the samples were performed
with Cameca SX100 electron microprobe. The electron
beam was 1 um in diameter, excited by 20 kV with a
beam current of 20 nA. For quantification the following
standards were used: Nb-metal, Ta,Os, rutile, Fe-metal,
wollastonite, UO,, Y3Als0;, and a set of four REE
alumosilicate glasses (Drake and Weill 1972). PAP cor-
rection (Pouchou and Pichoir 1991) was applied to
measured data.

Results
Chemical composition

Chemical composition and structural formulae calcu-
lated on the basis of four oxygens are presented in Ta-
ble 1. In case of fergusonite from Bakkane-Steane
(FER-BS), the presented weight percentages of the oxi-
des are mean values of five EMPA point analyses with
standard deviation values shown in parantheses. The
composition of fergusonite from Ytterby (FER-YT) is
given as ranges of oxide content for seven EMPA point
analyses due to a significant elemental variation, al-
though the total and chemical formula are calculated
from mean oxide values. FER-BS is evidently ferguso-
nite-(Y), while the chemical data for fergusonite from
Ytterby (FER-YT) were not so easy to interpret due to a
significant compositional variation observed among
EPMA point analyses. FER-YT predominantly contains
Ta instead of Nb, meanwhile A-cation content shows
elemental variation especially in Ca, Fe and Y.

Thermal data

Thermal data for both samples indicated the start of
recrystallization at temperatures higher than 400°C
(Figs. 1, 2). DTA and TGA curves show that dehydra-
tion precedes recrystallization. This is in a correspon-
dence with the recrystallization of the mineral in the case
of metamictization accompanied with hydration.
Therefore, the variability of the DTA curve could be
ascribed to a competition between these two processes
opposite in enthalpy character. The water content is
significantly different between the two samples, as in-
ferred from the weight loss. Although FER-BS showed
significantly lower loss of weight in comparison with
FER-YT, it was losing mass over the whole temperature
range.

The TGA curve for FER-BS shows two major steps
of weight loss (1.25 and 0.71%), which are always

Table 1 Microprobe analyses and structural formulae calculated
on four oxygen basis for FER-BS and FER-YT

Fergusonite-(Y)
Bakkane-Steane (FER-BS)

Fergusonite-(Y)
Ytterby (FER-YT)

Chemical composition in wt% (o)

CaO 1.91 (0.47) 5.58-11.04
FeO 0.11 (0.09) 0.58-2.19
U0, 4.9 (0.46) 1.07-2.58
La203 <0.05

Ce,0; 0.61 (0.06) 0.05-0.12
Nd,O; 1.35 (0.08) <0.05
Sm,0; 1.64 (0.13) 0.07-0.18
Eu,03 <0.05 <0.05
Gd,03 1.42 (0.04) 0.21-0.37
Tb,03 0.43 (0.25) 0.05-0.16
Dy,03 2.31 (0.02) 0.62-1.19
Er,04 0.37 (0.12) 0.42-1.44
Tm,03 0.30 (0.11) 0.91-1.45
Yb,03 0.27 (0.08) 1.67-5.28
Y,0; 32.1 (0.63) 8.38-22.30
TiO, 1.20 (0.13) 0.61-1.12
Nb,Os 44.1 (1.01) 4.52-10.32
Tay0s 6.5 (0.32) 43.00-57-24
H,O 1.96 8.12
Total 101.58 98.00
Structural formula (four oxygen basis)

Ca 0.091 0.481

Fe 0.004 0.071

U 0.049 0.024

La <0.001

Ce 0.010 0.001

Nd 0.021 0.001

Sm 0.025 0.002

Eu <0.001 <0.001

Gd 0.021 0.005

Tb 0.006 0.002

Dy 0.033 0.017

Er 0.005 0.016
Tm 0.004 0.023

Yb 0.004 0.056

Y 0.756 0.483

A cations 1.029 1.183

Ti 0.040 0.037

Nb 0.882 0.172

Ta 0.078 0.794

B cations 1.000 1.003

followed by stepwise recrystallization, and at least five
exothermic maxima could be observed up to 800°C on
DTA curve (200.00, 522.14, 582.14, 687.27 and
767.27°C). The weight loss of 1.25% is apparently re-
lated to the loss of adsorbed and absorbed (metamict)
water in the mineral, which is accomplished at
approximately 800°C. As shown later by XRD mea-
surements (Fig. 3), this temperature range is charac-
terized by the recrystallization of o-fegusonite.
Accordingly, the five exothermic maxima should be
attributed to this recrystallization, and indicate tem-
perature points in which recrystallization dominates
over dehydration. The remaining two exothermal
maxima occurring at temperatures above 800°C
(1,080°C and the incomplete one at the end of the
heating range) can be related to the phase transition
from tetragonal a- to monoclinic f-fergusonite and a
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Fig. 1 TGA and DTA
diagrams for FER-BS
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corresponding increase in crystallinity of S-fergusonite,
as inferred from XRD patterns (Fig. 3).

For FER-YT the dehydration ends in the range 600—
800°C, enabling faster recrystallization at higher tem-
peratures, resulting in three exothermic maxima above
700°C (756.04, 975, 1159.52°C); (Fig. 2). The maximum
at 756.04°C may be assigned to the faster recrystalli-
zation of pyrochlore phase after the majority of
metamict water is expelled. The exothermic maximum
at 975°C should be related to the crystallization of /-
fergusonite, what corresponds to the diffraction pattern
at 1,000°C (Fig. 4). The last exothermic maximum
(1,159.52°C) is most likely a consequence of further
increase in crystallinity and grain coarsening of both
pyrochlore phase and f-fergusonite. Significant decrease
in mass may be attributed both to the loss of molecular
water but also of OH™ group which is structurally
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bounded in the pyrochlore structure present in this
sample (as shown later).

The TGA-DTA data for both samples indicate an
enhanced rate of recrystallization after each step of
dehydration. The thermogravimetric curves show more
or less continuous loss of water or OH™ group with
temperature increase. This is represented by a negative
slope of DTA curve up to approximately 700-800°C,
indicating a dominant influence of an endothermic
process, apparently dehydration. A series of exothermic
maxima superposed over this endothermic ‘‘back-
ground” should be related to the temperature points of
more intensive recrystallization favored by achieved
temperature and content of expelled water. The loss of
mass even at high temperatures, for instance 0.71% in
the case of FER-BS (Fig. 1), suggests that metamict
water could be trapped in the mineral interior, indicating
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Fig. 3 XRD patterns for unheated and heated FER-BS (filled
boxes a-fergusonite, inverted triangle f-fergusonite)

its significant penetration into the porous metamict
structure. On the other hand, the weight loss at such
high temperatures may indicate the escape of other
volatiles, whereby oxygen could be a reasonable candi-
date due to the thermal expansion of the crystal lattice
or thermal reduction of certain elements at high tem-
perature.

X-ray powder diffraction

X-ray powder diffraction patterns indicated different
recrystallization paths for the investigated samples.
FER-BS was completely X-ray amorphous (Fig. 3).
Heating treatment induced recrystallization starting at
400°C. At the beginning the mineral recrystallized
tetragonally with the space group 14;/a (o-fergusonite)
as suggested in previous investigations (Berman 1955;
Komkov 1959). XRD patterns (Fig. 3) showed that the
degree of crystallinity increased as the heating temper-
ature was increased. The recrystallization continued up
to 1,000°C, when the transition to the monoclinic (space
group 12) p-fergusonite phase began. However, the
presence of the most intense diffraction lines of the a-
fergusonite indicated incomplete phase transition. The
prolonged heating up to 1,300°C completely eliminated
a-fergusonite and the phase transition to fS-fergusonite
was completed. This phase transition was in accordance
with previous observations for the natural fergusonite
samples (Komkov 1959; Gorshevskaya et al. 1961).
The diffraction data for FER-YT indicated the min-
eral not to be completely metamict (Fig. 4). A few dif-
fraction lines of very low intensity were observed for the
unheated sample. The lines coincided with those of py-
rochlore structure (space group Fd3m). The recrystalli-
zation of pyrochlore structure was continuously
monitored with temperature increase starting at 400°C.
The pyrochlore phase was stable up to 1,300°C. How-
ever, another phase resembling f-fergusonite started to
crystallize at 1,000°C. By heating the sample to 1,300°C

1300°C

Relative intensity

°20

Fig. 4 XRD patterns for unheated and heated FER-YT (filled
boxes pyrochlore, inverted triangle p-fergusonite

the presence of f-fergusonite was clearly observed. The
identification of p-fergusonite was hindered by the
overlap of its major diffraction maxima (3.12 and
2.95 A) with those of pyrochlore. Therefore, a careful
characterization of low intensity lines was made in order
to warrant a reliable mineral identification.

The observed differences in recrystallization for the
two samples may be related to the previously shown
thermal data: FER-YT is more reactive due to the
higher amount of H,O/OH", while FER-BS is more
“polymerized” and hence less reactive. As shown by
Geisler et al. (2003a), water can enhance solid-state
recrystallization after diffusing into amorphous domains
of metamict zircon.

The recrystallization of metamict minerals also
changes unit cell parameters of recrystallizing phases.
For both investigated samples phases recrystallizing first
i.e. a-fergusonite in FER-BS and pyrochlore phase in
FER-YT, show an increase of unit cell volume up to
1,000°C (Table 2). When compared to TGA-DTA data
(Figs. 1, 2), this can be related to the prolonged and
stepwise dehydration occurring during recrystallization.
The stepwise dehydration can cause a discontinuity in
the recrystallization process, since the water can tem-
porarily distort the crystal lattice due to the random
paths of its escape from the metamict mineral. The
recrystallization of zircon showed that water can assist
faster structure recovery (Geisler et al. 2003a) but could
also be a barrier to recrystallization (Geisler et al.
2003¢c). Above 1,000°C, the unit cell parameters and
consequently the volume of unit cell for fS-fergusonite
decrease, indicating progressive increase in crystallinity
as the temperature rises.

However, there is a difference in unit cell volume for
the final p-fergusonite recrystallizing from the two
samples, where the volume of FER-BS is much closer
to the reference value (V'=292.52 A3, PDF 23-1486,
ICDD 2004) (Table 2). This difference can be explained
by the differences in chemical composition between two
samples, especially if the dominant B-site cations are
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Mineral t (°C)  Space group *  a (A) b (A) ¢ (A) () Volume (A%)
Fergusonite-(Y) Bakkane-Steane (FER-BS) 400 14;/a 5.10(2) 10.92(4) 284(2)
500 H,/a 5.16(2) 11.00(4) 293(2)
650 I4;/a 5.196(4) 10.96(1) 296.8(5)
800 H,/a 5.174(1) 10.965(2) 293.5(1)
1,000 12 5.297(3) 10.956(8)  5.077(4) 94.27(6)  293.9(2)
1,300 12 5.299(2) 10.970(4)  5.062(3) 94.34(5)  293.4(2)
Fergusonite-(Y) Ytterby (FER-YT) 400 Fd3m 10.322(4) 1100(1)
500 Fd3m 10.326(2) 1100.9(6)
650 Fd3m 10.339(3) 1105.2(9)
800 Fd3m 10.342(1) 1106.3(3)
1,000 Fd3m 10.336(6) 1104(2)
2 5.248(5) 10.890(6)  5.067(5) 94.96(8)  288.5(3)
1,300 Fd3m 10.326(2) 1100.9(8)
2 5.277(5) 10.905(7)  5.021(4) 94.64(6)  288.0(2)

4 I4,/a a-fergusonite, 12 f-fergusonite, Fd3m pyrochlore

considered (Table 1). Keller (1962) calculated unit cell
parameters for all the niobates and tantalates with /-
fergusonite structure having REE as A-site cations. The
data presented there generally showed that the a
parameter and angle f had higher values while param-
eters b and ¢ had lower values for tantalates in com-
parison with those of their niobate counterparts.
However, pure YNbO, had all parameters higher, with
exception of angle f, when compdred to pure YTaO,. If
we calculate the unit cell volume using unit cell param-
eters given by Keller (1962), we obtain V=292.45 A* for
pure YNbO, and V=287.2 A3 for pure YTaO,. These
values are quite close for those of niobium-dominant
FER-BS and tantalum-dominant FER-YT respectively
(Table 2).

Raman spectra

Raman spectra for both investigated samples indicated
gradual recrystallization with an increase of heating
temperature (Figs. 5, 6). Similar behavior is observed for
the metamict minerals of the aeschynite and euxenite
group (Tomasic et al. 2004)

Although unheated FER-BS was X-ray amorphous
(Fig. 3), the Raman spectrum showed broad bands at
779, 685, 697, 310, 208 and 108 cm ™! (Fig. 5). This can
be related to the partial preservation of a premetamict
structure in this sample. The observed bands can be
assigned to stretching and bending modes of the
(Nb,Ta)O, tetrahedron (Blasse 1973) in fergusonite with
scheelite structure (a-fergusonite).

At lower heating temperatures (400 and 500°C) the
bands unpredictably broadened, and the intensity de-
creased probably due to the disordering in the preserved
structure fragments during the removal of the water, as
indicated by TGA-DTA curves (Fig. 1). After heating at
650°C the broad bands regained their intensity. Once
heated to 800°C the band splitting occurred as expected
due to the transition to f-fergusonite and concomitant
lowering of the symmetry. The bands were better

resolved after heating at higher temperatures and the
Raman spectrum obtained after heating at 1,300°C
generally corresponds to the synthetic YNbO, with f-
fergusonite structure recorded by Yashima et al. (1997)
(Table 3).

Raman spectra of FER-YT from the unheated sam-
ple, and after heating at 400 and 500°C, did not show
any Raman bands, thus indicating amorphous features
of the material (Fig. 6). FER-YT sample heated at
650°C had a spectrum with broad bands of shapes and
positions similar to the spectrum of FER-BS. After
heating at 800°C Raman bands of both samples were at
the same position, but their relative intensity was dif-
ferent. Moreover, the bands of FER-YT were broader
than FER —BS bands, thus indicating lower crystallinity.

Raman spectra of both samples heated at 1,000 and
1,300 °C showed significant band splitting due to the
decrease of fergusonite symmetry to p-fergusonite or
the occurrence of fS-fergusonite along with pyrochlore
phase, but also this could be affected by the occurrence
of luminescence lines. The samples heated at 1,300 °C
were investigated by two Raman systems with different
excitations (Ar 514.5 nm and 488 nm lines for disper-
sive RS, and Nd:YAG 1,064 nm line for FTRS) to
check for possible luminescence lines in the spectra.
The spectra of both samples recorded by 1,064 nm line
contained fewer bands than the spectra recorded by
514.5 nm (Table 3). By comparing position and inten-
sity of the bands absent in FTRS (at positions near
335, 350, 370, 560 and 700 Cm_l), it was found that the
bands were not resolved by FTRS. Actually, the lower
energy of 1,064 nm line could be too weak to induce all
Raman active bands. On the other hand, the bands
observed in FER-YT samples but not in FER-BS,
could be the result of two phases present in FER-YT
after heating at higher temperature (pyrochlore + (-
fergusonite) (Figs. 5, 6). Possible luminescence is most
easily detected by the comparison of bands position
upon excitation with 488 nm (20,492.4 cm™') and
514.5 nm (19,435.1 cm™ ") lines. When the excitation
line is changed to another wavelength the Raman
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bands shift together with the excitation line, while the
luminescence lines stay on the same absolute wave-
number. Therefore, luminescence lines observed in
spectra obtained by 514.5 nm laser should appear in
488 nm spectra shifted for 1,057 cm™' to higher
wavenumber. Bearing that in mind, some very sharp
and narrow bands were identified as luminescence, and
thus indicated in Table 3. The occurrence of lumines-
cence lines is related to the presence of REE in the
crystal structure if compared to pure YNbO, showing
no luminescence emission for the same excitation
(Yashima et al. 1997). Also, the shape of the lumines-
cence lines is characteristic for 4f orbital transitions
characteristic for rare-earth elements (Nasdala et al.
2004b).

TEM and SAED

The TEM image of the unheated FER-BS sample
(Fig. 7a) shows two different types of domains in the
metamict mineral. The first type (Fig. 7al) is clearly
amorphous due to the metamictization, showing no
structural patterns and only an amorphous halo on the
SAED pattern. The second type of domains (Fig. 7a2)
consists of isolated regions with the preserved preme-
tamict structure. In these crystalline domains lattice
fringes were observed in the HRTEM image (Fig. 7a3).
The distances between fringes correspond to a-ferguso-
nite structure. The SAED patterns (Fig. 7a2) also indi-
cated a-fergusonite. The size of crystallites was around
10 nm and the relative fraction of crystalline areas in
metamict matrix was too low to be observed by X-rays.

On heating FER-BS, the mineral recrystallizes, as
shown by Fig. 7b—d. The combined analysis of HRTEM
and SAED images clearly indicated the presence of two
types of crystalline areas: (1) larger crystalline areas
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Fig. 6 Raman spectra of unheated and heated FER-YT

showing same orientation of lattice fringes through the
whole unique grain (Fig. 7bl, d), which was sometimes
idiomorphic; (2) crystalline areas containing a large
number of small crystallites with random orientation
(Fig. 7b2, c1) and with characteristic rings in diffraction
patterns.

As in the case of FER-BS, the unheated FER-YT
also contains preserved crystalline areas in a generally
amorphous matrix (Fig. 8al—a4). The crystalline do-
mains were identified as relics of a pyrochlore phase
(Fig. 8a3, a4). In FER-YT heated at 1,300°C f-fergus-
onite was identified by HRTEM images (Fig. 8b2).
Coexistence of the pyrochlore and f-fergusonite phase in
this sample was confirmed by SAED data (Fig. 8bl).

Discussion
Preservation of premetamict structure fragments

Although having characteristic XRD patterns of
metamict or almost completely metamictized minerals
i.e. X-ray amorphous pattern, HRTEM and SAED
images demonstrated partial preservation of original
premetamict crystal structure in the investigated fer-
gusonite samples. For FER-BS (Fig. 7a3) crystalline
islands of primary structure are surrounded by amor-
phous mineral matrix. The crystdlline domains show
lattice fringes with d-values ranging between 3.06 and
3.07 A (Fig. 7a3) Correspondlng to the (1 1 2) lattice
plane of wa-fergusonite, which is also identified by the
corresponding SAED pattern (Fig. 7a2). The observed
d-value for (1 12) plane in Fig. 7a3 was higher than
the reported value with d;;,=3.03 A (PDF 88-1726,
ICDD 2004), indicating a distortion of crystal lattlce
even in the domains with preserved structure patterns,
but can also reflect variations in chemical composition.
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Table 3 Raman bands observed for FER-BS and FER-YT heated at 1,300°C

Fergusonite-(Y) Fergusonite-(Y) YNbO4 Y>Ti,0;
Assignment
Bakkane-Steane Ytterby (Yashima (Glerup R
. B (Blasse 1973)
(FER-BS) (FER-YT) etal. 1997)° etal. 2001)
488 nm  514.5nm 1064 nm 488 nm 514.5 nm 1064 nm 488/514.5 nm 1064 nm YNbO, YTaO,
102° 103* 105
124 129 131 120
141
161 external
174° 164° 166 170 o
204 196 207" 207 vibrations
217 218 212 218 218 213 221 225 215
233 245
276 295 296
309
325 326 330 325 324 324 324 333 320
335 330 331 332 336 340 } v
356° 350° 350 345
374° 370° 381 385 375
418 412° 408" Y
430 426 424 425 420
442 444 439 4438 435
462 462 466 465 455 450
480 480
510 521> 510
523° 526 522
559° 559° 560 >V
609
658 658 657 665 657 649 658 650 655
683 673 681 688 682 675 675 670
692° 698 695 705 <
707° 714° 720 715 720
733
747 > v
764
807 810 813 816 816 821 811
831" 831 832
843 7
891 878 893
917 911 924> 924

vy symmetric stretching, v, symmetric bending, v3 asymmetric stretching, v, asymmetric bending

% plasma lines,

® Juminescence lines,

¢ B-fergusonite,

4 pyrochlore structure,

¢ B-fergusonite, tetrahedral B-cation coordination assumed

Distortion of the lattice may be related to the defect
accumulation resulting in swelling and consequent
increase of the d-value for the (1 1 2) lattice plane. The
chemical composition of the reference is simply
expressed as (Yog5Ybg.15)NbO,4 (PDF 88-1726, ICDD
2004), what 1is, together with unit cell parameters,
identical to the data published by Komkov (1959).
Taking into account only this simple composition and
comparing it with the chemical composition of FER-BS

(Table 1), the observed d-value for the (112) plane is
reasonably higher due to the incorporation of Ca and
REE with larger ionic radii (Shannon 1976). The dis-
tortion of lattice due to a strain field and the presence
of amorphous domains in many cases could be evolved
from the broadening and asymmetry of diffraction
maxima in the XRD pattern but also from the mottled
diffraction contrast of electron diffraction images. The
study of pyrochlore showed that broadening of XRD
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314A
L B-FER (121)

Fig. 7 TEM micrographs of FER-BS: a unheated sample, b sample heated at 1,000°C, ¢ sample heated at 1300°C (small crystallites), d

sample heated at 1,300°C (large crystallites)

lines in the first half of crystalline-to-metamict transition
is mainly influenced by strain, and after that the
broadening is mainly caused by a decrease in crystallite
size (Lumpkin and Ewing 1988). In the case of mon-
azite (Seydoux-Guillaume et al. 2002) the observed
asymmetry of diffraction peaks was explained by co-
existence of undamaged and by radiation distorted
monazite lattices in the sample. In the present work
the assessment of the strain and contribution of
amorphous domains in the X-ray pattern could not

be determined, since no diffraction maxima were
recorded for thermally untreated FER-BS. The SAED
pattern, however, shows diffused diffraction spots in
the characteristic diffraction rings (Fig. 7a2). Diffused
diffraction spots and mottled diffraction contrast can
be attributed to the distortion of the preserved crystal
lattice fragments and contribution of surrounding
aperiodic domains to the diffraction pattern as it
has been already shown in zircon (Murakami et al.
1991).
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2.52A
B-FER (002)

Fig. 8 TEM micrographs of FER-YT: a unheated sample, b sample heated at 1,300°C

The identification of crystalline domains in heavily
metamictized FER-BS provides valuable information
on the original fergusonite structure. The original
structure could be also inferred from the recrystalliza-
tion sequence as heating temperature rises, where
a-fergusonite recrystallizes at lowest heating tempera-
tures. Additionally, the Raman spectrum of unheated
FER-BS shows a partial preservation of the structure
by appearance of broad vibration bands. These bands

at 779, 697, 685, 310, 208 and 108 cm~! indicate the
presence of short-range order in the generally metamict
or X-ray amorphous mineral, and can be attributed to
normal vibration stretching and bending modes in BO4
tetrahedra in the structure of o-fergusonite (Blasse
1973).

X-ray diffraction data of the sample from Ytterby
(FER-YT) show a few weak diffraction lines indicating a
lower degree of metamictization (Fig. 4). The preserved
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structure in the unheated sample was directly observed
and identified by SAED and HRTEM (Fig. 8a3, a4).
The preserved domains have pyrochlore structure. The
unheated mineral contains even larger crystalline grains
which, according to the SAED pattern (Fig. 8a3) have
single crystal properties. Diffuse diffractions spots indi-
cate distortion of the crystal lattice.

The present work shows that the relics of preme-
tamict structure in naturally metamict fergusonite can be
directly revealed employing HRTEM and SAED with-
out annealing experiments. Similar has also been shown
for heavily damaged zircon samples by employing TEM
techniques (Weber et al. 1994; Capitani et al. 2000) and
also XRD (Rios and Boffa-Ballaran 2003).

Recrystallization mechanisms

For FER-BS two recrystallization mechanisms could be
identified. In the first one, as suggested by Wang et al.
(2000), the presence of the preserved structural frag-
ments gives rise to the epitaxial recrystallization on the
boundary between amorphous and crystalline domains.
Such a recrystallization resulted in a formation of larger
crystalline areas (0.1-0.3 pm) with long-range ordering,
sometimes yielding idiomorphic crystals (Fig. 7b).
SAED patterns of these areas (Fig. 7bl) are character-
ized by the occurrence of Kikuchi lines, indicating
inelastic scattering of electrons passing the thick crys-
tallite. A large crystalline area was even more evident at
higher temperatures. The corresponding SAED pattern
along [110] axis of a grain shows long range ordering
(Fig. 7d1).

The second mechanism, nucleation-crystal growth
recrystallization, was identified in the largely amorphous
areas of FER-BS resulting in polycrystalline domains
and characteristic SAED patterns (Fig. 7b2, cl). The
observed recrystallization mechanisms are analogous to
those found in artificially amorphized uranium—niobium
titanates (Lian et al. 2001).

In FER-YT relics of the preserved fergusonite
structure were not observed. Therefore, the fergusonite
structure probably appears only as a result of heating
experiments. This means that there were two possible
recrystallization evolutions: (a) fergusonite was present
prior to metamictization, and was completely metamic-
tized, and recrystallized after annealing experiments, and
(b) pyrochlore was only original phase present in the
mineral, and fergusonite crystallized within the com-
pletely amorphous areas. The former recrystallization
evolution would indicate unpreferable crystallization of
o-fergusonite at lower temperatures in the completely
amorphous domains of the sample, so that only the
recrystallization of f-fergusonite as a high-temperature
phase was possible. The latter recrystallization evolution
would presume original pyrochlore composition that
was substantially altered before or after metamictiza-
tion, but also a possible influence of recrystallization
conditions. The alteration of the original stoichiometry

was enhanced by absorbed water during and after me-
tamictization giving opportunity to the new phases to
crystallize. This alteration of the original pyrochlore
structure is in correspondence with previous studies on
the alteration of pyrochlore group minerals (Lumpkin
and Ewing 1992, 1995, 1996).

While the crystallization of FER-BS showed only
recrystallization of fergusonite-(Y) with a phase tran-
sition between tetragonal and monoclinic structure, the
recrystallization of the FER-YT resulted in the co-
crystallization of a pyrochlore phase and fS-fergusonite
at higher temperatures. The occurrence of f-ferguso-
nite does not coincide with the observed fragments of
the original pyrochlore structure in the metamict
mineral, and can therefore be related to the second
recrystallization mechanism (nucleation-crystal growth)
in the completely metamict domains. These domains
are more susceptible to change of the original stoi-
chiometry through alteration processes. Alteration
could be inferred from the significant variation in
chemical composition indicated by EMPA analyses
(Table 1).

Recrystallization and vibration spectra

Up to now, there have been few applications of Raman
spectroscopy in the investigation of metamict minerals,
whereby the majority of samples studied were related to
metamict zircon and monazite (Nasdala et al. 1995;
Zhang et al. 2000a, 2000b; Seydoux-Guillaume et al.
2002). Generally, Raman spectra show that metamicti-
zation causes broadening of the vibration bands, de-
crease in their intensity, and lowering of the frequency of
stretching modes (Nasdala et al. 1995). In the present
work, Raman spectra for both recrystallized samples
show predictable opposite behavior as the heating tem-
perature rises: intensifying of vibration bands and de-
crease of their width (Figs. 5, 6). The observed
differences in spectral evolution of the investigated
samples are probably a consequence of chemical vari-
ability and structural features, which are even more
pronounced due to the occurrence of two phases in the
sample from Ytterby at the highest annealing tempera-
tures.

Although a mineral is X-ray amorphous, the presence
of relics of former crystal structures, detectable using
RS, HRTEM and SAED, is possible. In the case of
FER-BS, the unheated mineral yields a few broad Ra-
man bands. These bands indicate the preservation of
short-range order along one stacking direction of the
same type of M—O polyhedra in the premetamict fer-
gusonite structure. This can be related to the observa-
tions for heavily metamictized zircon samples, for which
Raman bands are still recorded due to the stability of
SiO,4 tetrahedra (Nasdala et al. 1995). On the other
hand, although XRD data and TEM images of unheated
FER-YT indicated original structure fragments in the
amorphous matrix, it is not expected that no vibration



bands in Raman spectrum would be observed, especially
when compared to FER-BS. Actually, vibration bands
for FER-YT are first observed not below 650-800°C. If
the relation to TGA-DTA data is taken into consider-
ation (Fig. 2), it can be noted that dehydration ends at
800°C. Also, the XRD pattern (Fig. 4) shows that at
800°C the pyrochlore phase has the highest degree of
crystallinity before occurrence of f-fergusonite, and
after 800°C the unit cell volume starts to decrease.
Therefore, poor crystallinity of the pyrochlore phase and
high water content are most likely responsible for the
absence of Raman bands in the unheated FER-YT.

The occurrence of luminescence lines at higher tem-
peratures in both samples provides additional evidence
of crystal structure recovery by annealing. Pure YNbO,
with f-fergusonite structure does not show luminescence
lines for both 488 and 514.5 nm Ar laser excitations
(Yashima et al. 1997). The studies of cubic Y,053 doped
with different REE showed significant luminescence
properties in otherwise non-luminescent pure Y,Os;,
what is attributed to the strong crystal field splitting of
4f orbitals in REE (Laversene et al. 2001). The occur-
rence and increase of luminescence lines, observable in
the temperature range from 1,000 to 1,300°C (Figs. 5, 6
Table 3), obviously clearly imply the formation of
favorable crystal field splitting conditions for REE ca-
tions on A-site in f-fergusonite structure. This behavior
is similar to the one obtained by cathodoluminescence
(Nasdala et al. 2002) and laser-induced photolumines-
cence (Nasdala et al. 2004a) in recrystallization of
metamict zircon. The recrystallization of metamict zir-
con induces the recovery of cathodoluminescence spec-
tra, since the results suggest that cathodoluminescence is
generally suppressed in radiation-damaged structures.
The origin of cathodoluminescence seems to be related
to point defects or REE*" 4f electronic transitions. A
possible explanation for the absence of cathodolumi-
nescence in an unheated metamict mineral, and hence
luminescence in Raman spectra, are strong disturbances
of site symmetries for REE® ", electronic defects in their
vicinity or ionization effects due to self-irradiation. The
change of luminescence properties can also be a useful
tool for tracking the features of metamictization/
recrystallization in Nb-Ta—REE complex oxides like
fergusonite.

Conclusions

The combined study of heavily metamictized fergusonite
samples using chemical characterization, thermal meth-
ods, XRD, RS, HRTEM and SAED, yielded the fol-
lowing conclusions:

(a) The original crystal structure of the metamict min-
eral can be identified in the metamict mineral using
TEM techniques. SAED patterns and HRTEM
images usually give sufficient information to identify
the original premetamict phase.

157

In this way, recrystallization induced by annealing
experiments in order to identify metamict mineral
phases is avoided, thus preventing uncertainties due
to the possible oxidation, phase transition and
occurrence of additional phases.

Two investigated samples assumed to be fergusonite
yielded two different directly observed structures. o-
fergusonite (s.g. 14;/a) was identified as a preme-
tamict structure of the sample named FER-BS,
while the sample FER-YT had the original pyroch-
lore structure (s.g. Fd3m).

(b)

Two recrystallization mechanisms were observed in
the investigated samples:

— Preserved structural fragments give rise to epitax-
ial recrystallization on the boundary between
amorphous and crystalline domains. These relics
are seeds for reconstruction of the original crystal
structure, and crystal growth on them results in
idiomorphic grains recognized during HRTEM
observations.

— Nucleation-crystal growth recrystallization in
completely metamictized domains. Completely
amorphized/metamictized minerals can be easily
altered, and their recrystallization can result in a
completely different crystal structure, compared to
the original one.

(c) FER-BS recrystallizes initially as a-fergusonite, but
in the temperature range between 800 and 1,000°C
undergoes the transformation from o-fergusonite to
p-fergusonite. On the other hand, FER-YT recrys-
tallizes with pyrochlore structure being present
throughout the full investigated temperature range.
p-fergusonite co-crystallizes at higher temperatures.
Alteration before or after metamictization can
change original mineral stoichiometry. Therefore,
the FER-YT sample with premetamict pyrochlore
structure partially recrystallized to f-fergusonite due
to the alteration of original pyrochlore composition.
However, the influence of the different conditions
during mineral formation and annealing experi-
ments should not be neglected.

(d)

Although not a novel technique used in mineralogy,
the present study showed that transmission electron
microscopy is a method of choice for investigations of
metamict minerals. This is especially true for the identi-
fication of premetamict crystal structures in a metamict
mineral. Many problems occurring during common
identification of metamict minerals upon recrystalliza-
tion, like influence of annealing conditions, oxidation,
phase transitions, and occurrence of additional phases,
are largely avoided by the application of TEM techniques
in the investigation of untreated metamict minerals.
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