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Abstract

Florencite is a hydrous light rare-earth elements (LREE) aluminium phosphate

[REEAl3(PO4)2(OH)6], that amongst the REE-rich minerals is quite common.

The main end-members are Ce-, La- and Nd-rich terms that were found in sev-

eral genetic environments. Despite the large occurrence worldwide, to the

authors' knowledge, florencite has attracted very few studies, particularly con-

cerning the characterization of its Raman spectrum. We present a detailed

study of the Raman spectrum of florencite, combining experimental measure-

ments and theoretical calculations. Experimental Raman spectra (in the 100–
1300 cm�1 spectral range) are measured on four florencite samples character-

ized by different chemical composition, that is, different REE abundance. The

results highlight a remarkable coincidence between different Raman spectra

measured on each sample, despite the significantly different chemical compo-

sitions in terms of their REE content. The same similarities were also observed

in the computed spectra at the ab initio level; moreover, the calculations

allowed the attributions of the different Raman signals to specific vibrational

modes.
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1 | INTRODUCTION

Rare-earth elements (REE)-rich minerals are accessory
components of most rocks of the continental and oceanic
crust and amongst them, phosphates are common. Flor-
encite (Figure 1) is a hydrous light REE aluminium phos-
phate [REEAl3(PO4)2(OH)6], belonging to the trigonal
system, having the R3m space group. It occurs in rocks

that experienced very different geological processes from
the ones taking place near the surface (e.g., hydrothermal
alteration, diagenesis) to the one at the slab-mantle inter-
face (e.g., high pressure [HP]/ultra-high pressure [UHP]
metamorphism).2–6 Florencite was in fact reported in
hydrothermal deposits, lateritic crusts, weathered rocks,
in sediments as a diagenetic mineral7–16 as well as in
metamorphic rocks.17–22
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So far, florencite has received much less attention
than other phosphates such as monazite and
apatite.23–26 Its chemical identification is widely
known,21,27–33 but accurate spectroscopic characteriza-
tions are still lacking. There are in fact remarkably few
studies that have addressed its crystal-chemistry (includ-
ing trace elements) and its relations with detailed spec-
troscopic features.

In this work, we provide experimental Raman spectra
in the 100–1300 cm�1 range of four florencite samples
from different genetic environments, characterized by

different chemical composition, that is, different REE
abundance. The Raman bands shown by the four samples
are roughly coincident with each other (indeed, on aver-
age, differences in wavenumbers are less than 7 cm�1)
although each florencite presents a notably different
chemical composition. The same similarities were
observed in the spectra computed at the ab initio level for
different REE compositions, consistently with the experi-
mental Raman spectra measured in the present work and
with those by Frost et al.34 and Zhukova et al.35 that stud-
ied florencite-(La) and florencite-(Ce), respectively.

FIGURE 1 Crystal structure of florencite-(Ce) [CeAl3(PO4)2(OH)6], approximately view along (100). Tetrahedral (PO4) and octahedral

(AlO6) units are in red and grey, respectively; Ce atom is in yellow. Oxygen atoms (not explicitly shown) are at the vertices of the polyhedra.

Hydrogen atoms are not shown for clarity: they are bonded to the oxygen anions coordinating Al cations, laying in planes parallel to (001),

located in between the layers of the (PO4) units. The image was produced by using the Vesta 3 Software.1
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This point is important considering the occurrence of
florencite within a wide range of geological environments
and the differences in terms of chemical compositions
(Ce, La and Nd end-members and their solid solutions).

2 | FLORENCITE FEATURES
(STATE OF THE ART

2.1 | End-members and crystal
structures data

The holotype is the florencite-(Ce) end-member, identi-
fied for the first time as a detrital mineral in sediments
from the Diamantina region (Brazil),36,37 as a new Ce-
and Al-rich phosphate. After the first discovery, florencite
was identified worldwide, with notable differences in
REE content, especially concerning the La, Ce, Nd and
Sm abundances. Florencite is part of the alunite-group
and, in particular, the subgroup of florencites, which is
constituted by sulphates, arsenates and phosphates show-
ing a trigonal structure.38–40 Four main end-members are
present in the florencite series, defined on the basis of the
REE's content: florencite-(La), florencite-(Ce), florencite-
(Nd) and florencite-(Sm).38,41 Concerning crystallo-
graphic data, florencite is trigonal (Space Group R3mÞ
with cell parameters a= 6.972(2), c= 16.261(6) in the
hexagonal setting, for a REE occupancy of 0.54 (Ce), 0.27
(La), 0.11 (Nd)38 and three formula units (Z) in the R-
centred cell. With reference to the hexagonal setting of
the unit cell, the REE cation sits in the 3a Wyckoff posi-
tion38; Al and P are in the 9d and 6c (z= 0.312) positions,
respectively; three independent oxygen atoms do exist,
O1, O2 and Ow (O1 constitutes one of the vertices of the
PO4 tetrahedra; O2s are at the remaining three vertices of
the PO4 units, shared with the AlO6 octahedra; Ows are
the oxygen atoms bonded to H, sitting at four of the verti-
ces of the AlO6 octahedra). O1, O2 and Ow, respectively,
sit at the 6c (z= 0.405), 18 h (x= 0.213, z= 0.055) and
18 h (x= 0.124, z= 0.134) positions; H also sits at the 18 h
Wyckoff position (x= 0.193, z= 0.122).

2.2 | Spectroscopic data

The spectroscopic data on florencite available in litera-
ture are not complete: the Raman spectrum is not well
defined, the Raman signals attributed to each vibrational
mode are not in agreement in the different works34,35

and computational studies are missing.
Frost et al.34 measured the Raman spectrum of

florencite-(La) in the 100–4000 cm�1 range, defining differ-
ent vibrational modes by comparing Raman data with

infrared measurements. In particular, they assigned sym-
metric (987 and 1021 cm�1) and antisymmetric (1064, 1112
and 1221 cm�1) stretching modes of the PO4 and HPO4,
respectively, that they labelled as ν2, and bending modes
of the same two units, labelled as ν4, at respectively
614 cm�1 (with shoulder bands at 680 and 647 cm�1) and
404, 464, 524 and 526 cm�1. In addition, the stretching
modes of OH were also proposed (3649 cm�1).

Zhukova et al.35 identified some Raman bands of the
florencite-(Ce) and assigned the main vibrational modes
of PO4 (639, 1113, 1609 cm�1) and the OH-related bands
(2750–3075 cm�1). These assignments and the different
attributions are discussed and compared with the new
data here presented (see below).

3 | METHODS

3.1 | Computational details

The crystals structures of florencite-(Ce) and -(La) were
refined, and vibrational wavenumbers were computed,
from first principles, by using the CRYSTAL17 pro-
gramme42 at the hybrid Hartree-Fock/Density Functional
(HF/DFT) level of the theory. CRYSTAL17 employs local-
ized basis sets; in the present case, Ce and La were
described by sets having the format ECP28MWB-
(11s11p7d8f)/[4s4p2d3f], that is, an effective potential
(pseudopotential) including relativistic effects43,44 for the
core electrons, and a valence part having four sp, two d
and three f shells.45 For Al, P, O and H, sets with struc-
tures 85-11G(1d), 85-21G(1d), 8-411(2d) and 511(1d) were
respectively chosen. Spin polarized calculations were
adopted for florencite-(Ce) (SPINLOCK keyword,
nα�nβ electrons¼ 1),42 whereas a closed shell configura-
tion was chosen for florencite-(La). Concerning the DFT
exchange-correlation functionals, the WC1LYP combina-
tion was chosen42 consisting of the Wu and Cohen
exchange functional,46 mixed with 16% of the exact non-
local HF exchange, and the Lee, Yang and Parr correla-
tion functional.47 An XL grid was chosen for the
numerical integration of the DFTs42 corresponding to
46,225 and 46,525 points in the unit cells of florencite-
(Ce) and -(La), respectively. The high accuracy of such a
grid can be measured by the computed number of elec-
trons in the cell, evaluated by the numerical integration
of the electron density over the grid, which resulted in
217.00004 out of 217 electrons for florencite-(Ce), and
216.00003 out of 216 electrons for florencite-(La). Within
the CRYSTAL code, the accuracy in evaluating the Cou-
lomb and HF exchange series is controlled by the key-
word TOLINTEG, for which we set the four T1, T2, T3
and T4 parameters to 8 and T5 to 20.42 The
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diagonalization of the Hamiltonian matrix was per-
formed at 32 independent k vectors in the reciprocal
space (Monkhorst net)48 by setting to 6 the shrinking fac-
tor IS.42

Starting from the experimental geometry of
florencite-(Ce),38 the unit cell parameters and fractional
coordinates of both florencite-(Ce) and -(La) were opti-
mized in the R3m space group, by analytical gradient
methods, as implemented in CRYSTAL17.42,49 Geometry
optimization was considered converged when each com-
ponent of the gradient (TOLDEG parameter in CRYS-
TAL17) was smaller than 0.00003 Hartree/Bohr and
displacements (TOLDEX) were smaller than 0.00012
Bohr with respect to the previous step.

The wavenumbers of all normal modes were calcu-
lated at the Γ point within the limit of the harmonic
approximation, by diagonalizing a mass-weighted Hes-
sian matrix, whose elements are the second derivatives of
the full potential of the crystal with respect to the mass-
weighted atomic displacements.50 In the following, such
results are referred to as static limit wavenumbers, and
correspond to a static pressure (Pst; that is, the negative of
the first derivative of the potential of the crystal with
respect to the unit cell volume)51 of 0 GPa.

In order to estimate the vibrational wavenumbers
at a temperature of 298 K, by keeping into account the
zero-point effects on the geometry (the unit cell vol-
ume, in particular), in the case of florencite-(Ce),
geometries were refined at 10 different values of the
static pressure, ranging from �4 to 7 GPa and, in each
case, vibrational wavenumbers were computed. The
results (wavenumber shifts as functions of the unit
cell volume) were elaborated within the limit of the
quasi-harmonic approximation (QHA)51,52 by using
the QM-thermodynamic programme,53 to estimate the
zero-point pressure (Pzp = 0.90 GPa) and the thermal
pressure at the temperature of 298 K (Pth = 0.40 GPa),
as well as the corrected unit cell volume, being the lat-
ter the volume at the equilibrium at a zero total pres-
sure (Ptotal = Pst + Pzp + Pth = 0), which corresponds
to a negative static pressure of �1:30 GPa. The vibra-
tional wavenumbers were then recomputed at the esti-
mated corrected volume, in order to be directly compared
with the experimental data collected at room
temperature.

Due to the very close similarity of both the structures
and vibrational wavenumbers of florencite-(Ce) and
-(La), the same zero-point and thermal pressure values
estimated for florencite-(Ce) were assumed for the La
end-member too, so that the volume of the latter was
reoptimized at a static pressure of �1.30 GPa and, corre-
spondingly, vibrational wavenumbers were recomputed
at that volume.

The intensity Iigg0 of the Stokes line correspondent to
the i-th normal mode is related to the gg0 component of
the polarizability tensor α through the relation

Iigg0 /C
∂αgg0
∂Qi

� �2

being Qi the coordinate of the i-th normal mode, and C a
factor depending upon the wavenumber of the mode, the
laser wavelength and the temperature. In the present
case, intensities were computed through the formalisms
implemented in CRYSTAL17.42,54–56

3.2 | Experimental details

Raman spectra of florencite samples were collected using
a HORIBA instrument, coupled with a Jobin Yvon
HR800 spectrometer and a CCD detector equipped with
an Olympus BX41 confocal microscope at controlled tem-
perature of 20(1)�C. A 532 nm line of a solid state (YAG)
laser was focused onto specimens with a
100 � microscope objective (NA = 0.9) and Raman
shifted light was statically dispersed with 1800 groove/
mm holographic gratings. The spectrometer was cali-
brated to the Raman peak of silicon at 520.6 cm�1. All
Raman spectra were acquired for 30 s, four repetitions
and measured at room conditions, with a laser spot of 1–
2 μm.

Samples were analysed with a JEOL IT300LV Scan-
ning Electron Microscope, equipped with an energy dis-
persive spectrometry (EDS) Energy 200 system and SDD
X-Act3 detector (Oxford Inca Energy). Operating condi-
tions for coated thin section samples (VS17 and BR12)
were: 15 kV accelerating voltage, 5 nA probe current,
1 μs EDS process time, 105 cnts/s and 30 s counting time.
F1 and F2 samples were not coated and analysed in low-
vacuum (P = 10 Pa) for reducing the skirt effect,57 0.5 Na
probe current, 5 μs EDS process time, 120 s counting time
and area of analyses of averagely 100 μm2. SEM-EDS
quantitative and semi-quantitative data were acquired
and processed using the Microanalysis Aztec Suite (v.3.3).

4 | SAMPLES
CHARACTERIZATION

4.1 | Geological features of the studied
samples

Four florencite samples with different compositions were
used for this work: florencite-(La) and florencite-(Ce)

GHIGNONE ET AL. 397
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end-members, and florencite included in garnet hosts from
two different localities.

Florencite-(La) and (Ce) samples were kindly pro-
vided by the Associazione Micromineralogica Italiana
(AMI) and respectively named as F1 and F2, in what fol-
lows. The two other florencite samples (VS17 and BR12)
included in garnet occur in metamorphic rocks collected
on the Western Alps.

Florencite-(La) sample (F1, Figure 2A) is from the
Igarapé Bahia mine, an iron Oxide–Cu–Au ore deposit in
the Serra dos Caraj�as mineral district in Brazil.58,59

Florencite-(La) from this region occurs as weathering
product of a metavolcano-sedimentary sequence, associ-
ated to goethite, hematite, gibbsite, kaolinite and other
REE-rich phosphates (i.e., crandallite and rhabdo-
phane).58 Florencite-(La) crystals are bluish to green with
an anhedral habit due to dendritic growth on an existing
substrate (Figure 2A).

Florencite-(Ce) sample (F2, Figure 2B) is from
Papachacra pegmatites, a topaz mine in the Belén Dept.,
Catamarca, Argentina.60–62 Florencite-(Ce) is from this
area crystallized in the pegmatites of El Portezuelo pluton
as an accessory mineral from hydrothermal solution.
Quartz, microcline, albite and micas characterize the
paragenetic sequence, with schorl-foitite, bertrandite,
chamosite and topaz.61 Florencite-(Ce) crystals
(Figure 2B) are red-brownish, isolated, mm-sized, with
well-developed facets (idiomorphic habit) and grown on
a mica and microcline substrate.

Metamorphic florencites (Figure 2C,D) were recog-
nized as inclusions in garnet host in rocks from the West-
ern Alps (Italy). In particular, these rocks belong to the
metasedimentary cover of the meta-ophiolites
(i.e., Piedmont Zone)63 that reached UHP metamorphic
conditions (i.e., the Susa Valley,64 Figure 2C; the Monviso
Massif,17 Figure 2D; samples VS17 and BR12,

FIGURE 2 (A) Florencite-(La), Igrapé Bahia Mina, Serra dos Carajas (Brazil, sample F1); (B) florencite-(Ce), Papachacra Granite, Belén

Dept. Catamarca (Argentina, sample F2). Florencite inclusion in garnets, Internal Piedmont Zone meta-ophiolite, Western Alps (Italy) in

(C) Susa Valley (sample VS17) and (D) Monviso Massif (sample BR12). Mineral symbols after Warr.41

398 GHIGNONE ET AL.
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respectively). Here, Ce-dominant florencite is entirely
surrounded by garnet host, exhibiting well-developed
facets with idiomorphic to hypidiomorphic habit or sub-
rounded shape and locally its edges coincide with radial
cracks in garnet (Figure 2C). In the same microstructural
position with florencite, garnet includes quartz, coesite,
rutile, zircon, lawsonite, kyanite, jadeite, chloritoid: all
phases defining the UHP mineral assemblage of such
meta-pelitic rocks.17

4.2 | Chemical characterization

Samples have been analysed via SEM-EDS to obtain a
quantitative and semi-quantitative chemical composition
(Table 1). Samples F1 and F2 are part of a collection, and
it was not possible to produce polished samples for the
EDS, so we measured directly the samples with
the microprobe, obtaining semi-quantitative results. Sam-
ples VS17 and BR12, contrarily, are stored in polished thin
sections, so it was possible to obtain quantitative measure-
ments. All the amount reported below are expressed in
oxide weight % (wt%). Al2O3 and P2O5 content are roughly
constant amongst the four samples, whereas the REE con-
tent is variable (here, only the most abundant REE are
reported, that is, La, Ce, Sm, Nd and Pr). F1 and F2 sam-
ples are roughly end-members of La and Ce, respectively,
as the amount of such REE is dominant. Samples included

in metamorphic garnets (VS17 and BR12) represent ana-
logues of the sample F2 (Ce-end member), as Ce is domi-
nant over the other REE and Sm is the least abundant
(<1 wt%). The remaining constituents—SiO2, CaO, SO3,
FeO and MnO—show slight variations, and their total
concentration is <1.5 wt%.

4.3 | Raman measurements

The Raman spectra of florencite analysed in the four stud-
ied samples are shown in Figure 3. In all samples, the
main Raman band is located at 985 cm�1 whereas the sec-
ondary bands are at 204, 277, 307, 411, 461, 541, 582, 615,
633 and 1022 cm�1. Amongst different samples, the posi-
tion of some Raman bands is slightly shifted (<7 cm�1).
Despite this, all analysed samples show remarkable analo-
gies in the position of all the Raman bands, hence indicat-
ing that the chemical composition does not affect the
position of the Raman vibrational bands.

Raman spectra obtained on elastically isolated floren-
cite inclusions that could be possibly affected by residual
pressure (samples VS17 and BR12) indeed do not show
any shift with respect to the spectra from inclusion pre-
senting radial cracks that might indicate pressure release
(Figure 2C). This is a peculiar microstructure, very com-
mon in coesite-bearing garnets, that formed due to the
sharp volume increase due to the transition from coesite

TABLE 1 Representative SEM-EDS analyses (wt%) of the four studied samples.

Florencite–(La) from
Serra dos Carajàs, Igarapé
Mine, Brazil (sample F1)

Florencite-(Ce) from
Papachacra pegmatites,
Belén Dept., Catamarca,
Argentina (sample F2)

Florencite-(Ce) from
Internal Piedmont Zone,
Western Alps, Italy
(sample VS17)

Florencite-(Ce) from
Internal Piedmont Zone,
Western Alps, Italy (BR12)

Semi-quantitative Semi-quantitative Quantitative Quantitative

AlO3 13.1 16.7 29.66 29.97

SiO2 0.5 0.6 0.20 0.05

P2O5 7.1 11.0 25.61 27.22

SO3 0.3 bdl bdl 0.30

CaO bdl 0.3 0.25 0.13

MnO bdl bdl 0.24 0.31

FeO 0.3 bdl 0.94 1.25

La2O3 7.0 2.7 3.83 5.89

Ce2O3 3.4 6.4 15.69 14.02

Pr2O3 1.9 0.9 1.71 1.23

Nd2O3 1.9 1.1 5.44 4.80

Sm2O3 bdl bdl 0.77 0.70

ThO2 bdl 0.7 2.98 1.18

Total 35.6 40.4 87.33 87.06
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to quartz.65 In order to better clarify this aspect and pin-
point the border of florencite stability at UHP conditions
further studies are required.

5 | COMPUTATIONAL RESULTS
AND DISCUSSION

5.1 | Vibrational modes calculation

5.1.1 | Symmetry analysis of florencite-(Ce)

The space group of florencite is R3m. The number (Z) of
CeAl3(PO4)2(OH)6 formula units in the primitive cell is
1. The 26 atoms in the unit cell give rise to 78 vibrational
degrees of freedom, three of which are translational
modes. The symmetry representation (Γ) of the whole set
of modes is

Γ¼ 8A1gþ4A1uþ3A2gþ11A2uþ11Egþ15Eu,

where Eg and Eu modes are double degenerate. The A1g

and Eg modes only are Raman active, so that in a Raman

FIGURE 3 Raman spectra (100–1300 cm�1) of the four florencite samples. Peaks marked with the value (cm�1) are assigned to

florencite, whereas peaks marked with asterisk are referred to the garnet host. Peaks values for garnet: 168, 348, 371, 477, 861 and 914 cm�1.

TABLE 2 Wavenumbers (ν, cm�1) of the Raman active modes

and relative intensities (Int, arbitrary unit) normalized to 1000,

computed for florencite-(Ce) at the static unit cell volume (see

Section 3.1). N is mode number. Numbers in italics refer to modes

associated with a small intensity (therefore they are generally not

observed in experimental spectra); numbers in bold refer to

anharmonic Al-O-H bending or O-H stretching modes and,

therefore, they show a rather poor agreement with the experiment.

A1g Eg

N W Int N W Int

1 281 336 9 208 175

2 396 10 10 274 12

3 543 67 11 311 153

4 619 158 12 414 180

5 981 477 13 463 140

6 1063 47 14 580 66

7 1157 109 15 631 17

8 3206 941 16 963 7

17 1026 241

18 1265 12

19 3072 1000

400 GHIGNONE ET AL.
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spectrum, we could have at most 19 signals (8 from the
A1g modes and 11 from the Eg ones).

Given the Wyckoff positions of the atoms in the R-
centred triple cell (Ce 3a; Al 9d; P 6c; O1 6c; O2 18h; O3
18h; H 18 h), according to the symmetry analysis (from
the Bilbao crystallographic server),66 it can be deduced
that both Ce and Al do not contribute to any motion
amongst the Raman active modes; each symmetry inde-
pendent P contributes to 1 A1g and 1 Eg mode, as well as
O1; each symmetry independent O2, O3 and H contrib-
ute to 2 A1g and 3 Eg modes.

5.1.2 | Calculated wavenumbers and
intensities of the Raman active modes

Table 2 reports the computed wavenumbers for florencite-
(Ce), at the static unit cell volume (Pst = 0; see Section 3.1),
for the Raman active modes only, classified by symmetry.
The computed intensities are normalized to 1000 (arbi-
trary unit) and refer to a simulation of the total Raman
scattering from a powder, with a laser beam operating at a
wavelength of 512 nm, at a temperature of 298 K. In view
of the comparison with the experimental spectra, a couple
of points are worth to be mentioned here: (i) modes hav-
ing a very low computed intensity are hardly observed
experimentally; these are the modes number 2, 10, 16 and
18 (in italics in Table 2); (ii) from an analysis of wave vec-
tors (see below), it appears that modes 6, 7, 8, 18 and
19 (bold in Table 2) involve very significant contributions
from the motion of hydrogen (H-O-Al bending and O-H
stretching modes); because the interatomic potential
related to the O-H bond is considerably anharmonic, the
computed wavenumbers of such modes are generally not
in very good agreement with the experiment, considering
that they are computed at the harmonic level.67 For these
reasons, the comparison with the experimental spectra
(see Table 3 below) will be limited to those modes not fall-
ing in the two cases discussed above.

Besides the Raman spectrum of florencite-(Ce), the
spectrum of the La end-member was also computed.
The difference between the spectra of such two end-
members are however very small: as written above, as Ce
and La occupy the 3a Wyckoff position, they are not
involved in the atomic motion of any normal mode, so the
mass difference (which should otherwise have an impact
on the wavenumbers) is irrelevant. Also, being the elec-
tron densities around those two REE cations are very simi-
lar, no significant differences are produced in the crystal
potential, so that the vibrational wavenumbers are very
similar, too.

Table 3 reports the wavenumbers computed for
florencite-(Ce) and -(La) at unit cell volumes

corresponding to the equilibrium state at a temperature of
298 K (and zero total pressure; see Section 3.1); the mode
numbers (N) correspond to those reported in Table 2. The
column 2Ce + La lists the wavenumbers estimated for a
composition 2Ce + La, obtained as weighted averages of
data from Ce and La. Experimental data (1) and (2) are
obtained from the fit of the spectra of the inclusion
(1, VS17) and the free crystal (2, F1) (see Section 3.2).

A fairly good agreement exists between the computed
wavenumbers and the experimental ones: comparing the
experimental data (2) with the 2Ce + La computed ones,
the average discrepancy is about 3 cm�1, with a maxi-
mum error of 7 cm�1 for the A1g mode number 5. The
agreement extends to the computed intensities too, as
demonstrated by Figure 4, where the computed spectra is
shown together with the experimental one (F2). The
numbers over each signal refer to the mode numbers of
Table 3. The signal at the highest wavenumber shown in
Figure 4 (A1g mode number 7) is one of those modes
involving hydrogen; at T = 298 K, the computed wave-
number is 1151 cm�1, whereas the experimental signal
appears to be at 1109 cm�1 and, therefore, the discrep-
ancy between the two positions amounts to 38 cm�1. As
discussed above and in Prencipe et al.,67 the reason of
such a relatively large discrepancy is to be attributed to
the anharmonicity of Al-O-H modes.

Figure 5 reports the intensities related to each compo-
nent of the polarizability tensor, in the spectral range

TABLE 3 Wavenumbers (in cm�1) of Raman active modes

computed for florencite-(Ce) and -(La); wavenumbers from a

weighted average of the two Ce and La end-members are also

reported as 2Ce + La; the cell volumes (for the Ce and La cases)

employed for the calculation are the ones estimated at a

temperature of 298 K and zero-point effects included (see

Section 3.1). The experimental wavenumbers are from a florencite

inclusion in garnet (VS17) and from a free crystal sample (F2).

Calculated Experimental

N Symm La Ce 2Ce + La (VS17) (F2)

9 Eg 204 205 205 204 202

1 A1g 275 278 277 277 274

11 Eg 307 307 307 307 307

12 Eg 403 407 406 411 405

13 Eg 460 460 460 461 461

3 A1g 533 537 536 541 534

14 Eg 573 575 574 582 580

4 A1g 617 618 617 615 615

15 Eg 622 625 624 633 627

5 A1g 975 977 976 985 983

17 Eg 1018 1019 1019 1022 1017
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considered. Numerical values of such intensities are
reported in Table 4. The relation between the Cartesian
reference frame (XC, YC and ZC axes), in which the inten-
sity tensor (I) is represented, and the R-centred cell (hex-
agonal axes [100], [010] and [001]) is such that
ZC ≡ [001], YC ≡ [010] and XC ≡ [210]. In the case of
measurements on single crystals, the intensities of some
modes may significantly change according to the polari-
zation configuration and/or the crystal orientation. For
instance, the A1g mode number 6, whose wavenumber is
computed at 1063 cm�1 (however, this is an Al-O-H
anharmonic bending mode, so its position might be
wrong by up to 40 cm�1, as in the case of mode 7), gives

a significant contribution to the spectrum only through
the ZZ component of the polarizability tensor. Due to
symmetry selection rules, Eg modes do not appear in the
ZZ spectra (Bilbao crystallographic server)66 and thus, for
instance, the modes 9, 12 and 17, which are relatively
intense in the spectra reported in Figure 4, would be
absent in a ZZ spectrum.

5.2 | Attributions

As reported in Section 3.1, the calculation provides, in
one shot, both the set of eigenvalues and the

FIGURE 4 Computed (black; from

data 2Ce + La in Table 3) and

experimental (red; experimental data

(2) in Table 3 and Figure 3, F2 sample)

spectra of florencite. On each peak, the

annotated number is the mode number

as assigned in Table 2. Peak profiles

(Lorentzian) in the computed spectra

are simulated for a FWHM of 15 cm�1.

Intensities of the computed spectrum

corresponds to the total Raman

scattering from a powder sample, with a

laser beam operating at a wavelength of

512 nm, at a temperature of 298 K.

FIGURE 5 Relative intensities,

from each component of the full Raman

tensor, computed for florencite-(Ce).

Peaks (Lorentzian shape) are associated

to a FWHM of 15 cm�1.
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corresponding set of eigenvectors of the Hessian matrix
of the Hamiltonian (the matrix of the second derivatives
of the Hamiltonian with respect to the nuclear displace-
ment). The set of eigenvalues is related to the vibrational
wavenumbers, and the set of eigenvectors corresponds to
the normal modes. The good agreement of the computed
wavenumbers with the experimental spectra assures the
reliability of the computed eigenvectors, so that the attri-
bution of each signal observed in the Raman spectrum to
a particular normal mode can be done with confidence.
Direct analysis of such eigenvectors by using the tools
provided by the CRYSTAL17 programme,42 coupled with
graphical representations made by the Moldraw pro-
gramme on top of the CRYSTAL17 output,68 allowed the
following attribution (in what follow, the wavenumbers
refer to the experimental spectrum [F2 sample]):

1. the most intense signal at 983 cm�1 (mode number 5)
is the A1g symmetric stretching mode of the PO4 tetra-
hedra; whereas the signal at 1017 cm�1 (mode num-
ber 17) is attributed to Eg asymmetric mode of the
same tetrahedra;

2. mode number 4 at 615 cm�1 is a O-P-O bending mode
of the PO4 tetrahedra as shown in Figure 6, where a
cluster of atoms is drawn from the structure of
florencite;

3. the relatively weak signal at 580 cm�1 (mode 14) is
due to a stretching of the Al-O bonds, associated with
bendings within the PO4 tetrahedra;

4. the signal at 534 cm�1, (mode 3) is a O-Al-O bending
mode;

5. mode number 13 at 461 cm�1 is due to bending within
the PO4 tetrahedra, coupled with bending and tilting
of the AlO6 octahedron;

6. mode number 1 at 274 cm�1 appears to be related to
rigid translations of the PO4 units, coupled with rigid
tilting of the AlO6 octahedron; the peak shoulder at
307 cm�1 (mode number 11) is a coupled tilting of
PO4 and AlO6 units;

7. mode number 9 at 202 cm�1 is also related to rigid
translations of the PO4 tetrahedra together with tilting
of the AlO6 octahedron.

These attributions are somewhat different to those
proposed for florencite-(Ce) and -(La) by previous experi-
mental investigations (Table 5).34,35

5.3 | Comparison with other phosphates

Apatite, xenotime, monazite and rhabdophane are the
more common phosphates that usually occur together

TABLE 4 Relative single crystal directional intensities (Iij, i,

j = x, y, z; arbitrary unit) associated with each mode; wavenumber

ν (cm�1). The mode numbers (N) are those defined in Table 2.

N Symm W Ixx Iyy Izz Ixy Ixz Iyz

9 Eg 205 40 40 0 40 106 106

1 A1g 277 307 308 180 0 0 0

11 Eg 307 102 103 0 102 26 26

12 Eg 406 131 131 0 131 20 20

13 Eg 460 57 57 0 57 61 61

3 A1g 536 71 71 18 0 0 0

14 Eg 574 9 9 0 9 46 46

4 A1g 617 212 212 10 0 0 0

15 Eg 624 1 1 0 1 14 14

5 A1g 976 459 459 215 0 0 0

17 Eg 1019 198 198 0 198 5 5

FIGURE 6 Normal modes corresponding to the wavenumbers

reported in Table 3 (mode numbers are reported in parentheses). P,

Al and O are in red, grey and blue colours, respectively. The yellow

arrows indicate the direction and the relative magnitude of the

atomic motions.
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with florencite. Zhukova et al.35 assigned different
Raman vibrational bands to different phosphates (apatite,
rhabdophane and monazite).

A common technique used for distinguishing Raman
bands of different phosphates is, amongst all, the position
of the PO4 symmetric stretching. In particular, in apatite,
churchite, monazite, xenotime and rhabdophane, PO4

symmetric stretching presents slightly different positions:
960, 977, 987, 998 and 994 cm�1, respectively.35,69,70 The
PO4 symmetric stretching defined here is at 983 cm�1, in
a very similar position than the one of monazite. How-
ever, monazite spectrum present other bands that do not
correspond to the ones of florencite, thus allowing an
accurate identification.

6 | CONCLUSIONS

A new Raman spectrum (100–1300 cm�1) of florencite
has been defined via comparison between experimental
measurements and computational studies. The measure-
ments were done on samples with different REE content
and coming from different genetic environments. Raman
spectra of the florencite are remarkably similar to each
other, suggesting that the chemical REE composition
does not influence the position of the Raman bands.

Raman bands and vibrational modes were calculated
for florencite-(Ce) and -(La) end-members, and compared
with our experimental data. Their remarkable similarities
highlight a direct correspondence, permitting a system-
atic attribution of each Raman band to a proper
vibrational mode.

Florencite included in garnet presents evident radial
cracks that may suggest the former presence of a residual
pressure stored in the inclusion before being cracked, due
to volume increase. This assumption should be validated
through further studies concentrated on the stability field
of florencite in (U)HP metamorphic environment.

Florencite is a REE carrier and, in the future, it could
receive a consideration as an important accessory min-
eral as other phosphates, namely, apatite and monazite,

for petrological and geochronological studies in rocks
that form via very different geological processes taking
place from near the surface to crust–mantle interface.
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