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As an effort to increase the knowledge about the abundance, distribution and geochemical behavior 
of the rare earth elements (REEs), a simple and effective Raman spectroscopic method for detection of REEs 
in minerals is proposed. The proposed method based on Raman spectroscopy provides a lower detection 
limit for REEs compared to the modern analytical techniques. It could be practiced even in laboratories 
equipped only with FT-Raman instrumentation. This simple, inexpensive, rapid and straightforward Raman 
method for REEs detection in minerals is a convenient experiment for undergraduate and postgraduate 
laboratory courses.
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ЕДНОСТАВЕН И ЕФИКАСЕН МЕТОД ЗА ОПРЕДЕЛУВАЊЕ ТРАГИ НА ЕЛЕМЕНТИ ОД 
РЕТКИТЕ ЗЕМЈИ ВО МИНЕРАЛИ СО ПОМОШ НА РАМАНСКА СПЕКТРОСКОПИЈА

За да се збогатат знаењата за изобилството, распределбата и геохемиското однесување на 
елементите од ретките земји, предложен е едноставен и ефикасен метод за детекција на овие елементи 
во минерали со помош на раманска спектроскопија. Спореден со модерните аналитички техники, 
предложениот метод заснован на раманската спектроскопија овозможува пониска долна граница 
на детекција на елементите од ретките земји. Тој може да се применува дури и во лаборатории 
опремени само со FT-рамански инструмент. Овој едноставен, евтин, брз и еднозначен рамански 
метод за детекција на овие елементи во минерали е погоден експеримент за лабораториски вежби.  

Клучни зборови: образование; раманска спектроскопија; минерали; елементи од ретки земји
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1. INTRODUCTION

Due to their similar geochemical proper-
ties and origin in the same deposits, the fifteen 
lanthanides of the periodic table, accompanied 
by scandium and yttrium, are classified as the 
rare earth elements (REEs) or rare earth metals 
(REMs) [1]. Although these elements play im-
portant roles in inorganic and general chemistry 
[2, 3], no substantial progress has been noted in 
the teaching of their chemistry in the educational 
curriculum demonstrated by the small number of 
papers [3–13], most of them published in the first 
half of the 20th century.

The rare earth elements (REEs) are an im-
portant group of elements poorly represented in 
chemical education (especially in laboratory ex-
periments), mostly because of their low abundanc-
es and the radioactive properties of those minerals 
where REEs are present as major constituents. 
Therefore, instead to practical laboratory work 
with such samples, the recommended and com-
mon approach is to use minerals incorporating 
traces of REEs. In this way, the important features 
of the abundance and geochemistry of the REEs 
could be easily demonstrated if simple laboratory 
experiments are designed. Although the REEs are 
considered as unsuitable elements for incorpora-
tion into common mineral structures due to their 
relatively bulky charge and large ionic radii [14], 
they can occasionally be found in minerals consti-
tuted of M3+ ions having similar ionic radii (all the 
REEs exist as M3+ although Eu and Ce can also 
be present as Eu2+ in reductive media and Ce4+ in 
marine oxidative surroundings). Minerals which 
can incorporate REEs as traces are the widespread 
garnets (almandine, spessartine, grossular, uvaro-
vite, pyrope and andradite) and other nesosilicates 
(titanite, zircon) [15]. The main structural feature 
of nesosilicate minerals is that no oxygen anions 
are shared between the adjacent SiO4 tetrahedra. 
Therefore, the net negative charge of the isolated 
tetrahedra is neutralized by bonding with trivalent 
(Al3+, Cr3+, Fe3+) and divalent (Ca2+, Mn2+, Mg2+, 
Fe2+) cations. These M3+ cations are candidates for 
exchange with REEs.

 The introduction of Fourier-transform 
(FT) Raman instrumentation which utilizes lasers 
in the near-infrared region (mostly at 1064 nm) 
has brought new impetus to this technique. Its 
major advantages over dispersive Raman instru-
ments comprise: i) the almost complete absence 
of fluorescence at this wavelength (however, the 
Raman signal due to the 1/λ4 relation is weak); 
ii) the interferometer converts the Raman signal 
into an interferogram, allowing the detector to 
collect the entire Raman spectrum simultane-
ously; iii) good x-axis (Raman shift) accuracy as 
a result of the internal interferometer calibration 
supplied by the built-in helium-neon laser [16]. 
Here, for educational purposes, we report that in 
the presence of traces of REEs in garnets [17] the 
first and most important benefit of FT-Raman set-
up can not be applied, or can even be turned into 
a limitation for Raman spectroscopy analyses of 
the garnets. This limitation is reflected in the ap-
pearance of unexpected spectral features due to 
the REEs laser-induced fluorescence bands. So 
far, such unexpected bands in FT-Raman spec-
trum were also reported in non-silicates (cement 
minerals [18], calcium minerals [19–21], dental 
materials [22] and bioceramics [23]), broaden-
ing the number of mineral types that students can 
work on to understand the geochemical behavior 
of the REEs and the crystal chemistry of minerals 
that exhibit laser-induced fluorescence bands ob-
served by Raman spectroscopy instrumentation.

2. EXPERIMENTAL 

Raman spectroscopy

Raman spectra were recorded using both 
FT-Raman and dispersive Raman instruments. The 
FT-Raman spectra were collected using a Bruker 
FT-Raman model 106/S, connected to an FT-IR 
interferometer (Equinox 55), with the 1064-nm 
line of a Nd:YAG laser line. Also, three dispersive 
instruments operating with different excitation 
lines were used. The first was a Renishaw micro-
Raman 1000 spectrometer equipped with a Peltier-
cooled charge-coupled device (CCD) camera and 
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a Leica light microscope with 50× magnification, 
where the Raman spectroscopy measurements was 
provided using the 514.5 nm excitation line of an 
air-cooled argon ion laser (Melles Griot). Raman 
spectroscopy was also obtained using the 532 nm 
YAG laser line from a micro-Raman spectrometer 
(Horiba JobinYvon LabRam Infinity) with a focal 
length of 100×. The computerized Dilor Z24 
triple-dispersive monochromator with a Coherent 
Innova 400 argon ion laser operating at 488 nm 
was the third choice.

k0-Instrumental neutron activation analysis 
(k0-INAA)

Neutron activation analysis (NAA) is a 
nuclear analytical method that utilises the specific 
properties of nuclear reactions with neutrons, 
thereby enabling simultaneous determination of 
numerous elements in analytical samples from the 
characteristic gamma rays emitted by the induced 
radioactive nuclides.

Due to its sensitivity, versatility and high 
reliability, neutron activation analysis is the most 
prominent of all the activation techniques. It 
enables multielemental analysis of macroscopic 
samples (up to 10–12 g of the element in a gram 
of sample) and the determination of a relatively 
large number of elements (approximately 70% of 
the elements in the periodic table have suitable 
characteristics for NAA).

The k0-method of NAA requires a nuclear 
reactor as source of neutrons for production of (n,γ) 
reactions with the target nucleus, a multi-channel 
analyser (MCA) with corresponding electronic 
components and an absolutely calibrated high 
purity germanium detector (HPGe). 

In this work, an aliquot of powdered 
mineral of about 100 mg was sealed into a 
pure polyethylene ampoule (SPRONK system, 
Lexmond, The Netherlands). Samples and 
standards (Al-0.1%Au IRMM-530 disc of 6 
mm in diameter and 0.2 mm high) were stacked 
together and fixed in a polyethylene ampoule in 
sandwich form and irradiated for 12 hours in the 
carousel facility (CF) of the 250 kW TRIGA Mark 
II reactor of the Jožef Stefan Institute at a thermal 

neutron flux of 1.1×1012 cm–2 s–1. The activities of 
the irradiated powdered minerals were measured 
after 5, 10 and 20 days cooling time on an 
absolutely calibrated HPGe detector with 45% 
relative efficiency. The detector was connected 
to an EG&G ORTEC Spectrum Master high-rate 
multichannel analyzer. 

The HyperLab program [24] was used for 
peak area evaluation, whereas for determination 
of f (thermal to epithermal flux ratio) and a (a 
parameter which represents the epithermal flux 
deviation from the ideal 1/E distribution), the 
“Cd-ratio“ method for multi monitor was applied 
[25]. The values f = 28.6 and a = –0.001 were 
used to calculate the element concentrations. 
The elemental concentrations and effective solid 
angle calculations were carried out on a software 
package called Kayzero for Windows [26].

3. RESULTS AND DISCUSSION

Modern techniques for REE detection and 
determination in minerals require sophisticated 
analytical equipment, whereas the proposed 
method is based solely on the measurement 
using Raman spectroscopy instrumentation. This 
experimental technique is now within the reach of 
most undergraduate institutions. In addition, its 
similarity and complementarity with conventional 
infrared spectroscopy (both are commonly termed 
vibrational spectroscopy) facilitates spectral 
interpretation, indicating that Raman spectroscopy 
as a very efficient tool for educational purposes 
[27–30]. 

The proposed method was tested on 
almandine  and spessartine 

 minerals collected from the 
Macedonian localities of Staro Bonče and Lojane, 
respectively. The crystals were separated from 
the ore under an optical microscope and then 
powdered. The spectra were recorded by Raman 
instruments using near-infrared laser excitation 
(1064 nm) and visible excitation lines (488, 514.5 
and 532 nm). 
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Firstly, the FT-Raman spectrum of the 
spessartine sample using laser excitation from 
the near-infrared (1064 nm) was obtained. Than, 
the dispersive Raman spectra of the sample 
were recorded by two visible excitations (488 
and 532 nm) (Figure 1). It is evident that the 
collected spectra are practically identical. Next, 
the FT-Raman spectrum of almandine sample 
was collected (by 1064 nm excitation) and the 
sample was recorded using the laser lines of 
488, 514.5 and 532 nm (Figure 2). It is obvious 
that the visible light excitations produced 
identical Raman patterns. On contrary, two 
additional intense and broad bands appeared in 
the spectrum recorded using 1064 nm excitation 
(Figure 2, marked by asterisks). These bands are 
assigned as laser-induced fluorescence bands 

which suggest the significant presence of REE 
traces in the almandine sample. It is advisable 
to follow the given order of Raman spectra 
measurements i.e. to firstly record the FT-Raman 
spectra and than collect the dispersive Raman 
patterns on the same sample to assure that the 
eventual difference in the Raman spectra is not a 
result of partial “burning off” of the sample from 
FT-Raman laser excitation.

It should be pointed out that in the 
case of the presence of small REE contents in 
the garnets two different phenomena could 
be simultaneously observed using the Raman 
instrumentation – vibrational bands from the 
crystal as the Raman effect and laser-induced 
fluorescence bands due to the excitations of the 
electrons in the f-orbital.

Fig. 1. Raman spectra of spessartine obtained by 
visible (488 and 532 nm) and near-infrared (1064 
nm) excitation. The lack of additional bands in the 
latter spectrum serves to confirm the presence of a 
very low content of REEs (see Table 1 for details).

Fig. 2. Raman spectra of almandine obtained by 
visible (488, 514.5, 532 nm) and near-infrared (1064 
nm) excitation. The observed additional bands in the 
latter spectrum (marked by asterisks) are laser-induced 
fluorescence bands arising from the substantial content 
of REEs in the sample studied (see Table 1 for details).
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The proposed method using Raman 
instrument is validated using some alternative 
modern analytical technique. The content of the 
REEs in the potential mineral sample should 
be determined either by: inductively coupled 
plasma mass spectroscopy (ICP-MS) [31–38], 
X-ray fluorescence (XRF) [39–42], neutron 
activation analysis (NAA) [43–45], ion-
chromatography (IC) [46–48], particle induced 
X-ray emission (PIXE) [49,50], scanning-
electron microscopy/energy dispersive X-ray 
spectroscopy (SEM/EDX) [51] or synchrotron 
radiation [52] because the concentrations of 
REEs needed for the experiment are often 
below the limit of detection of conventional 
analytical techniques. In this work, a k0-method 
of instrumental neutron activation analysis (k0-
INAA) was applied and the results for the REEs 

in the studied almandine and spessartine samples 
are given in Table 1 and Figure 3. As shown, the 
REE content in the spessartine sample is mostly 
much lower than in the almandine sample.

Both samples were also examined by 
X-ray powder diffraction and X-ray microprobe 
analysis [17]. The results obtained confirmed 
the authenticity of the minerals studied.

The proposed method for detection of 
traces of REEs in minerals can be practiced in 
two ways. 

Firstly, the most convenient procedure 
for laboratories equipped by both FT-Raman 
and dispersive Raman instrumentation is to 
record the FT-Raman mineral spectra using 
near-IR excitation (1064 nm laser) and than 
use various visible laser lines for the dispersive 
Raman spectra. Then, the eventual presence 

T a b l e 1
The content of REEs and other trace elements determined by k0-INAA. 

The REEs are marked in bold. All results are given in mg/kg.

aTotal estimated uncertainty of the method used with a coverage factor k=1. 
< Limit of detection of the method used. 

Elements
Almandine Spessartine

Content  ±  Unc.a Content   ±   Unc.a
Ag 10.0 ± 0.4 15.6 ± 0.6
As 5.70 ± 0.23 693 ± 24
Au < 0.003 0.039 ± 0.001
Ba < 31 886 ± 32
Br 18.5 ± 0.7 187 ± 7
Cd < 5 218 ± 8
Ce 100 ± 4 < 0.5
Co 28.0 ± 1.0 6.87 ± 0.25
Cr 110 ± 4 40.9 ± 1.5
Cs < 0.33 5.33 ± 0.19
Eu 2.24 ± 0.11 1.60 ± 0.07
Ga < 8.3 14.3 ± 1.2
Gd 13.5 ± 0.9 12.1 ± 0.6
Hf 4.00 ± 0.15 0.33 ± 0.02
Hg < 0.7 1.41 ± 0.07
Ho 4.37 ± 0.18 7.15 ± 0.28
K < 519 645 ± 91
La 49.5 ± 1.7 0.27 ± 0.02
Lu 6.07 ± 0.30 3.50 ± 0.18

Elements
Almandine Spessartine

Content  ±  Unc.a Content   ±   Unc.a
Mo < 2.2 7.88 ± 0.34
Na 306 ± 11 486 ± 17
Nd 43.9 ± 2.0 < 1.9
Pr 10.1 ± 1.8 < 12.5
Rb < 6.5 6.25 ± 0.63
Sb 0.37 ± 0.03 5.71 ± 0.21
Sc 58.1 ± 2.1 16.7 ± 0.6
Se < 1.3 < 0.9
Sm 8.55 ± 0.30 0.80 ± 0.03
Sr <116 < 80
Ta 2.57 ± 0.09 < 0.04
Tb 1.92 ± 0.07 3.93 ± 0.14
Th 18.7 ± 0.7 0.42 ± 0.02
Tm 3.79 ± 0.16 2.47 ± 0.09
U 3.22 ± 0.12 0.42 ± 0.04
W 3.68 ± 0.20 < 1.3
Yb 19.4 ± 0.7 13.2 ± 0.5
Zn 32.0 ± 2.4 3068 ± 107

Zr <176 < 63
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of REEs could be established if additional FT-
Raman band(s) appear at certain wavelength(s) 
[in our almandine experiment at 16474 nm (607 
cm–1) and 22421 nm (446 cm–1)]. Moreover, if 
possible, it is recommendable to confirm and 
quantitatively validate the results by some other 
modern analytical technique. 

Secondly, for laboratories equipped 
solely with FT-Raman instrumentation, the 
alternative approach is to collect the mineral 
spectrum using 1064 nm excitation and compare 
the collected pattern with the corresponding 
FT-Raman spectra available in the literature 
[53] and/or on-line internet databases of Raman 
spectra [54]. Afterwards (possibly as homework 
assignment) the student should examine which 
mineral contains traces of REEs and identify 
the mineral type by comparison of the recorded 
spectra with the ones given in the literature 
[53–57] and/or on-line internet databases of 
Raman spectra [58].

4. THEORETICAL BACKGROUND

The additional bands in the Raman 
spectrum of almandine excited by the near-
infrared laser are assigned as laser-induced 
fluorescence bands, related to the presence of 
REEs in the sample. Existence of luminescence 

in the spectra indicate the presence of the REE 
ions in the crystal lattice even if the declared 
purity of the samples is high [59]. It is well-
known that fluorescence is significantly reduced 
as the wavelength of the excitation laser line 
increases [60]. However, occasionally due to the 
relatively small energy gap between the electron 
levels, fluorescence could be observed in sample 
excitation from the near-infrared region [60]. The 
energy level splitting can be explained in terms of 
crystal field theory (CFT). Namely, luminescence 
in minerals (mostly silicates, oxides, carbonates 
and halides) is due to the transitions between 
quantized energy states of the electrons in either 
metal cations or polyatomic molecular ions [61]. 
According to the CFT, the degenerate energy 
levels of the REE metal cations are split due to 
interaction with the crystal field, mostly originating 
from the array of point charges arising from the 
ligands. As a ligand approaches the metal ion, the 
electrons from the ligand are positioned closer to 
some of the orbitals and further away from others, 
causing a loss of degeneracy. The electrons in the 
orbitals and those in the ligand fend each other off 
due to repulsion of charges. Thus, the electrons 
closer to the ligands have a higher energy than 
those positioned further away, resulting in orbital 
energy splitting. Beside the nature of the metal 
ion, the ion charge, and the ligands surrounding 
the metal, orbital energy splitting in the crystal 
field model also depends on the structural site 
occupied by the REEs present. The REEs are 
known to have very low orbital splitting energy 
which is comparable with the energy in the near-
infrared region. This feature of the REEs is very 
important and is effectively used for construction 
of near-infrared lasers, for instance the Nd:YAG 
laser (neodymium incorporated in the yttrium 
aluminum garnet crystal, Y3Al5O12). Nd energy 
levels involved in the laser action (which are 
naturally degenerate in the free state) are split by 
interaction with the crystal field [60]. The orbital 
splitting is schematically illustrated in the left 
panel of Figure 4. As a result, transitions between 
the 4F3/2 and 4I11/2 states, which are forbidden in 
the free state, become allowed and give rise to 
laser emission from the near-infrared region (for 

Fig. 3. The content of REEs in the studied almandine 
and spessartine sample determined by k0-instrumental 
neutron activation analysis (error bars are given for 

k=1, see Table 1 for details).
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example, 1064 nm).
It can be postulated that other garnets 

exhibit the same influence on the host REEs as YAG 
does on the Nd ions. Therefore, the gap between 
the energy levels corresponds to the energy of 
the near-infrared wavelengths. Accordingly, the 
1064 nm laser line can be used to excite the ions 
to a higher electronic state, subsequently giving 
rise to emission as fluorescence (schematically 
exemplified in Figure 4, right panel). In our 
experiment these bands observed are positioned 
at 16474 nm (607 cm–1) and 22421 nm (446 cm–1).
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