
14 SPECTROSCOPYEUROPE

ARTICLE

www.spectroscopyeurope.com

 VOL. 27 NO. 1 (2015)

Application of Raman 
and photoluminescence 
spectroscopy for identification 
of uranium minerals in the 
environment
Eric Faulques,a Florian Massuyeau,a Nataliya Kalashnykb and Dale L. Perryc

aInstitut des Matériaux Jean Rouxel, Université de Nantes, CNRS, UMR 6502, 2 rue de la Houssinière, BP 32229, 
F-4432 Nantes, France. E-mail: eric.faulques@cnrs-imn.fr 
bInstitut des Sciences Moléculaires d’Orsay (ISMO), UMR 8214, CNRS and Université Paris-Sud, F-91405 Orsay Cedex, 
France 
cMail Stop 70A1150, Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720, USA

Introduction
Of all the elements in the Periodic 
Table, perhaps none is more complex 
than uranium.1–3 Because of its four 
oxidation states (+3, 4, 5 and 6) and 
the large sizes of its ions, uranium 
forms compounds and complexes that 
exhibit large coordination numbers, the 
number of atoms attached to the central 
uranium ion. Structurally documented 
uranium compounds offer many oppor-
tunities for study, since they exhibit 
exact bond angles, distances and crys-
tal lattice details, allowing for theoretical 
studies involving electron density, elec-
tronic transitions and other calculations; 
some uranium compounds shown as 
minerals can be seen in Figure 1. These 
details also provide substantive bond-
ing data for the development of more 
advanced studies of applied spectros-
copy for analytical applications. The new 
detection approaches include the deter-
mination of ultra-trace levels of uranium 
by newly developed techniques, several 
using lasers.

Uranium-based minerals afford espe-
cially excellent materials for a rigorous 
look at uranium and its chemistry and 
transport in the environment. Uranium 
minerals exhibit themselves as solid-state 

Figure 1. Representative uranium minerals and their structures. (Top panel) yellowish-
green saleeite Mg(UO2)2(PO4)2•10H2O and (bottom panel) green metatorbernite 
Cu(UO2)2(PO4)2•8H2O. Legend: U (blue), O (red), P (violet), Cu (orange), Mg (green) and H 
(white). The saleeite photograph is reproduced by permission of Jolyon Ralph, C.J. Stefano and 
www.mindat.org.
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phases that possess crystal structures 
combining uranium with other elements 
such as lead, calcium, vanadium, tita-
nium, copper, rare earth elements and 
aluminium, along with chemical func-
tional groups such as phosphates, 
carbonates and silicates. They offer an 
array of analytically interfering elements 
and ions for the development of analyti-
cal techniques for looking at uranium 
under real environmental circum-
stances (rocks, soils, sands etc.), includ-
ing the possibility of combined, multiple 
uranium mineral phases. An additional 
factor to realise is that these uranium 
solid phases—along with accompanying 
anions—control the amounts of uranium 
that undergo dissolution and undergo 
groundwater transport.

Raman scattering spectra
Raman scattering has extensively been 
used to study uranium compounds, 
both as laboratory molecular entities4–6 

and as minerals.7, 8 Uranium compounds 
and minerals studied by Raman spec-
troscopy range from simple oxides to 
more complex species such as miner-
als that are discussed here. Many of 
the more complex uranium minerals 
contain the polyatomic core cation, the 
dioxouranium(VI), or uranyl ion. Other 
atoms (oxygen, sulfur, nitrogen etc.) and 
polyatomic anions (carbonates, phos-
phates etc.) are attached, or coordinated, 
to the central cation in complex struc-
tures found in minerals. Uranium miner-
als exhibit a large range of polyhedron 
geometries, bond-oxidation state param-
eters and polymerisation of polyhe-
dra9 as part of their structures. All of the 
atoms in the molecule comprising the 
mineral structural lattice have, at some 
level, an impact on the Raman scattering 
spectra of the minerals.

While in theory, the uranyl ion (UO2
2+) 

is linear with symmetry D∞h, in fact, 
it is shown in the analysed mineral 
compounds studied here to exhibit 
a slightly bent (usually a few degrees 
less than 180°) C2v symmetry, assum-
ing equal bond lengths, the same as the 
V-shaped water molecule. The repre-
sentation of vibrations for the isolated 
bent uranyl ion in these minerals is 
Gvib

 = 2A1
 + B1; therefore, all modes are 

active in the infrared (IR) and Raman 
spectra. The A1 modes represent 
the U–O symmetric stretching and 
the O–U–O bending vibrations with 
frequencies n1 and n2, respectively, and 
the B1 mode the antisymmetric U–O 
stretching vibration with frequency n3.

The ideally isolated PO43– ion has a 
tetrahedral structure with point group 
symmetry Td. The vibrations of this ion 
are represented by Gvib

 = A1
 + E + 2T2, and 

all these modes are Raman active, while 
only the T2 modes are IR active in the 
free state. The symmetric and antisym-
metric P–O stretching modes A1 and T2 
occur at frequencies n1 and n3, respec-
tively. The bending and deformation 
modes E and T2 occur at frequencies n2 
and n4, respectively.

Note that the above assignments for 
the two isolated ions do not take into 
account the lattice environment in the 
minerals, the U–O and P–O bond length 
differences and the ion-site symmetry 
specific to each crystal. The latter can 
cause activation of vibrations in the infra-
red (IR) and splitting of doubly or triply 
degenerate modes. Nevertheless, this 
simplification helps in the recognition of 
the uranyl minerals.

Figure 2 shows typical Raman spec-
tra recorded with the Kr+ laser excita-
tion line at 647.1 nm for several uranyl 
phosphate minerals between 600 cm–1 
and 1200 cm–1 in which the Raman 
bands can be used as markers to iden-
tify the mineral phases. Two distinc-
tive sets of intense lines appear in the 
spectra, one around 800 cm–1 (A) 
and another one (C) grouped around 
~1000 cm–1,  1020–1050  cm–1  and 
1100 cm–1 (weak). Another very weak 
intensity region labelled B occurs around 
900 cm–1. These three band sets repre-
sent composite Raman frequencies of 
the pseudo-linear UO2

2+ central cations 
and the phosphate (PO4

3–) anions in the 
mineral structures. They can be assigned 
to the symmetric (n1) U–O stretching 
(A-system of lines, between 813 cm–1 
and 838 cm–1) and to both symmet-
ric and antisymmetric stretching vibra-
tions (n1 and n3, respectively) of the 
P–O bonds (C-system of lines between 
980 cm–1 and 1100 cm–1). The antisym-
metric U–O stretching n3 of the uranyl 
ion should appear at higher wavenum-
ber than the symmetric one. In Raman 
scattering, the n3 (U–O mode) has a 
weak intensity and is only observed for 
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Figure 2. (Left panel) micro-Raman spectra of several uranium phosphate minerals. (Right 
panel) atomic motions associated with the vibrations of the uranyl and phosphate ions. The U 
atom is six-coordinate in the structures. Here, we have represented motions of non-equatorial 
(eq) O atoms (Ot), but it is expected that the Raman system A can be assigned to both U–Oeq 
and U–Ot vibrations. The minerals noted in the figure are metatorbernite [(Cu(UO2PO4)2•8H2O], 
uranocircite [Ba(UO2)2(PO4)2•10-12H2O], saleeite [Mg[UO2PO4]2•10H2O], ulrichite [CaCu(UO2)
(PO4)2•4H2O] and phosphuranylite [KCa(H3O)3(UO2)7(PO4)4O4•8H2O]. Spectra were acquired 
under a microscope with 100× objective magnification. The spot analysed is ≤2 µm, and the laser 
power on it is ≤0.5 mW.
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uranocircite and metatorbernite at about 
900 cm–1 (B-system of lines). The line at 
1100 cm–1 is also very weak, and it can 
be assigned to the antisymmetric P–O 
stretching mode n3. The relative posi-
tions in the A and C systems (character-
istic of n1 for UO2

2+ and n1, n3 for PO4
3–) 

vary considerably with the coordination 
sphere details of the uranyl cation. The 
multiple line intensities and their ratios 
to one another also change as a func-
tion of the different bonding structures 
and geometries exhibited in the crystal 
lattices.

The Raman lines of metatorbernite 
are completely confirmed by previous 
Raman studies on natural and synthetic 
metatorbernite undertaken with laser 
excitation lines at 633 nm and 532 nm, 
respectively.10,11 In the latter reference, 
the authors reported Raman peaks at 
806 cm–1 (shoulder), 827 cm–1, 831 cm–1 
(shoulder), 905 cm–1 (weak), 986 cm–1 

(shoulder), 997 cm–1 and 1014 cm–1 

(weak), whereas we locate correspond-
ing A-B-C peaks at 826 cm–1, 838 cm–1 

(shoulder), 904 cm–1 (weak), 990 cm–1, 
995 cm–1 and 1006 cm–1. In Figure 2, 
the Raman spectrum of phosphuranylite 
(lines at 813 cm–1, 827 cm–1, 840 cm–1, 
997 cm–1, 1008 cm–1, 1050 cm–1 and 
1120 cm–1) is almost the same as that of 
the Ruggles Mines sample described by 
Frost et al.12 using the 633 nm excitation 

laser line which shows Raman peaks at 
812 cm–1, 832 cm–1 (shoulder), 844 cm–1, 
1005 cm–1, 1032 cm–1, 1050 cm–1 and 
1125 cm–1. However, it is slightly differ-
ent from that described by Driscoll et 
al.13 for the 785 nm excitation line. The 
RRUFF™ database14 gives Raman spec-
tra of two 780 nm excited samples of 
meta-uranocircite, which has the same 
approximate chemical composition as 
uranocircite. The RRUFF spectrum of 
Sample I matches very well the Raman 
lines we find at 805 cm–1 (shoulder), 
823 cm–1, 854 cm–1, 988–1000 cm–1 
and 1111 cm–1 for this mineral (appear-
ing at 807 cm–1, 824 cm–1, 973 cm–1, 
997 cm–1 and 1113 cm–1 in that refer-
ence). The Raman spectrum of Sample 
II shows a richer number of lines (among 
them, the lines of interest for this study 
occur at 818 cm–1, 823 cm–1, 857 cm–1, 
995 cm–1 and 1111 cm–1), but the resem-
blance to our spectrum is unequivocal. 
Finally, the Raman spectra of ulrichite 
and saleeite have also been compiled 
in the RRUFF™ database for laser excita-
tions 532 nm and 780 nm, and the line 
agreement with the spectra presented 
here is very good. The 780 nm excited 
spectrum of ulrichite presents lines at 
808 cm–1, 979 cm–1, 1025 cm–1 and 
1104 cm–1 compared to lines located 
at 812–815 cm–1 (broader), 980 cm–1, 
1025 cm–1 and 1104 cm–1 (weaker) in 

our study and with completely simi-
lar, relative intensities. For saleeite the 
A–C sets of lines are nearly identical, 
positioned at 838 cm–1, 992 cm–1 and 
998 cm–1 in Figure 2, and at 836 cm–1, 
913 cm–1 and 990 cm–1 in the RRUFF 
spectrum. These data also perfectly 
agree with another spectrum published 
for an excitation at 633 nm.10 In general, 
the Raman scattering observed in the 
same uranyl phosphate mineralogical 
samples reported by different authors 
coincide very well in frequency and in 
relative intensity. On that account, it is 
remarkable that almost the same Raman 
signals can be found for each of these 
mineral species from different locations 
using different instrumentation and laser 
excitation lines.

As a result, our case study of micro-
Raman spectroscopy applied to these 
five uranyl minerals demonstrates the 
reliability of micro-Raman spectros-
copy which is able to identify complex, 
unique uranyl mineral phases with 
very similar chemical formulae (in the 
case of the present discussion, uranyl 
phosphate hydrates) but different crys-
tallographic structures and lattices. 
Due to the very intense signal of the 
A-system in the spectra for all samples 
investigated, this technique is there-
fore suitable for precise tracking of 
uranyl moieties in contaminated soil, 
solid-state materials or even biologi-
cal samples. Although this unambigu-
ous Raman signature in the solid state 
does not require any further analytical 
techniques such as X-ray diffraction, in 
the next section, we present another 
spectroscopic probe which might be 
efficiently used for recognising uranyl 
phosphate and other anion-containing 
uranyl minerals.

Photoluminescence 
spectra
Photoluminescence (PL) spectroscopy 
can be run in many cases on Raman 
spectrometers with adapted laser excita-
tions. This is a non-destructive method 
to explore the electronic structure of 
molecules and solids. In PL spectros-
copy, monochromatic light is absorbed 
by the sample, a process referred to 
as photo-excitation, in which electrons 

“Laser-induced spectroscopy 
provides powerful tools for 
direct speciation of uranium  
and identification of  
natural uranyl minerals”
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are promoted to excited states by the 
excess energy brought to the system. 
The molecule or material dissipates this 
excess energy in its structure by elec-
tronic and geometric relaxation from the 
photo-excited states through decay by 
radiationless heat exchange and radia-
tive re-combinations, producing emit-
ted light called photoluminescence. The 
PL energy is the energy of the transi-
tion between the lowest excited state 
and the equilibrium state. PL spectros-
copy covers wide, technical domains: 
measures of dopant and carrier concen-
tration in silicon wafers, identification of 
defects in semiconductors, development 
of light emitting diodes and scintillators, 
biological tagging, super-resolved fluo-
rescence microscopy of nano-objects, 
development of long lasting phosphors 
and other similar applications.

Uranium(VI), as found in the uranyl 
ion in the presently discussed miner-
als, possesses extraordinary photo 
luminescence properties with relatively 
long lifetimes ranging from several to 
hundreds of microseconds depending 
on its chemistry.15 In this respect, the 
emission characteristics of the uranyl 
cation are particularly attractive, owing 
to its broad distribution in geologi-
cal and biological environments. Upon 
ultraviolet or blue light excitation, the 
emission of uranyl is imputable to an 
electronic transition from the lowest trip-
let excited state to the singlet ground 
state.16 This typifies strong fluorescence 
occurring in the green–yellow range of 
the visible spectrum, which exhibits, in 
most cases, a typical vibronic structure 
with energy gaps between the peaks 
from about 810 cm–1 to 830 cm–1 ± 
10 cm–1 (~0.1 eV) corresponding to 
the symmetric stretching vibration of 
the uranyl ion in the different crystals. 
The vibronic structure is well devel-
oped at room temperature (RT) in four 
of the five minerals investigated in this 
study (see Figure 3). It is worth notic-
ing that the peak energies of the fine 
structure vary with the mineral species, 
therefore providing a strong fingerprint 
for their identification in their native 
state. The most intense peak occurs 
at 519.5 nm (19249 cm–1), 521.3 nm 
(19183 cm–1), 525.6 nm (19026 cm–1), 

526.9 nm (18979 cm–1) and 535.7 nm 
(18667 cm–1) for saleeite, ulrichite, meta-
torbernite, uranocircite and phosphura-
nylite, respectively. Phosphuranylite 
presents a feature-less broad lumines-
cence band at RT, which is also a signa-
ture of this species among the natural 
uranyl minerals analysed here.

The minerals differ in this spectroscopic 
experiment by their emission inten-
sity and can be sorted by decreasing 
PL-intensity order as: uranocircite, meta-
torbernite, saleite, ulrichite, phosphurany-
lite. Ulrichite is not a very strong emitter 
and in phosphuranylite, the PL is rela-
tively strongly quenched with respect to 
the three other compounds.

Photoluminescence studies of the 
uranyl ion are extremely useful for inves-
tigating the chemical state of bonding 
of the ion in minerals, along with other 
studies of the role of both the uranyl 
ion and other uranium species in the 
environment. These include deactiva-
tion processes of uranium excited states 
in complexes that may occur from the 
uranium mineral dissolution,17 complexes 
of uranium in multiple oxidation states,18 
investigation of uranium luminescence 
in a variety of solid state matrices,19 and 
quenching mechanisms and the role 
of possible intermediate uranium(V) 
species that can evolve from the uranyl 

ion in both solid state and liquid reac-
tions.20

In summary, the two methods 
described here, Raman scattering and 
photoluminescence spectroscopy, are 
supplemental to each other when 
applied to uranium(VI) compounds that 
comprise uranium(VI) minerals. They 
yield mainly the vibrational and elec-
tronic energies, respectively, of the uranyl 
cation present in the minerals. Because 
the crystallographic structures are differ-
ent from one mineral to another, one 
observes variations in the laser-induced 
spectra which are characteristic of the 
studied species. Laser-induced spectros-
copy provides, therefore, powerful tools 
for direct speciation of uranium and 
identification of natural uranyl miner-
als relevant to the environment such as 
phosphate hydrates.
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