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A B S T R A C T

Optical measurements of microscale crystals suggest a new model for the luminescence centers associated with
classic spectral cathodoluminescence emissions, which has implications for their material and photonic
properties. In particular, manganese impurities in aluminosilicate lattices are commonly associated with
ultraviolet and green (UV &G) spectral cathodoluminescence (CL) emissions peaked at circa 280–290 nm and
550–570 nm. These UV &G emissions from insulator solids, composed of different metals, increase with the
presence of hydroxyl groups by water dissociation, or hydro-peroxide decomposition, under ionizing or UV
radiation exposure. The UV &G bands are found to be associated with surfaces of insulator solids as electron
beams affecting only the external surface region –microns deep– of the samples. Since massive ice (H2O at
−10 °C) shows CL without UV&G bands, the origin must lie within hydroxyl groups in the chamber of the
environmental scanning electron microscope that couple to surface metals. The increase of UV&G signals in
insulator solids, including hydrothermal feldspars, low crystalline silica or synthetic SiO2 among others is
commonly observed in samples after energetic hydrous treatments, The proposed mechanism consists of a
nonspecific reaction electron-beam + 2 (Metal-OH)>H2O + O + photons, that agrees with radiolytic models
but not with ligand field theory. Knowledge of this process might be useful to evaluate geological samples for
dosimetry or dating purposes employing luminescence techniques.

1. Introduction

Luminescence processes and solid-state green laser systems have
received much attention in recent years because of their many applica-
tions including spectroscopy, information storage, medicine and ex-
plosive detection measurements [1,2]. An accurate understanding of
the green light emission mechanisms from semiconductor solids could
help to explain: (i) metastable effects in optoelectronic systems via
temporary changes in emission, absorption and transport [3,4] or (ii)
the fast reduction of the luminescence signal centered at 560 nm by
optical bleaching in analytical techniques for geological dating of
sediments [5]. Luminescent properties of oxide solid solutions can be
used as heterogeneous photocatalysts for the production of hydrogen by
water splitting [6] aiding characterization of solid and water traces in
nominally anhydrous phases. Most minerals of the Earth’s upper mantle
have minor amounts of hydroxyl (OH) groups. The OH concentration in
each mineral species is variable and dependent on the geological setting

and mineral formation [7]. Cathodoluminescence probes contained in
ESEM chambers, such as the Gatan MonoCL3+, provide spectral
measurements of the surface of samples exhibiting low luminescence
emission influenced by surface water, hydroxyl groups and oxygen-
related emission centers. CL emission mainly stems from defects placed
in the outer few microns of the sample surface. This technique exhibits
additional confounding factors due to defect creation, charge readjust-
ments, current density and heating induced by the electron beam [8].
Operating the ESEM microscope at low pressure, without sample
metallization, the CL electron beam strikes different types of silanol
and siloxane groups bonded to aluminosilicate surfaces. The CL spectra
exhibit sensitivity dependent on the temperature-humidity sample
pretreatments. An understanding of the CL spectra could determine
the type of chemisorption of water (rapid, weakly activated or slow,
strongly activated) under the restoration of the hydroxyl covering and
also assessing the OH groups coupled to silicate skeletons following the
Zhuravlev’s model for the surface chemistry of amorphous silica [9].
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Conversely, other types of luminescence sources such as photo- and
radioluminescence use more penetrative radiation with sufficient
energy to stimulate more internal luminescence centers linked to
transition and rare-earth point defects in the crystallographic lattice
[10]. The electronic spectroscopy of some minerals, with transition and
rare-earth elements acting as luminescence centers, is routinely inter-
preted by the ligand field theory of Bethe [11]. In recent times, the
defects related to luminescence of silica samples have been explained
by using models linked to oxygen, as follows: (1) oxygen deficient
centers [12], (2) oxygen dangling bonds (‘‘non-bridging oxygen hole
centers’’ or NBOHCs) [13], (3) oxygen deficient centers (ODC) as
dimers, trimers up to hexamers enhancing the visible green-yellow CL
bands [14], (4) silanone Si=O and of the dioxasilyrane Si(O2) as the
emitting defects [15] or (5) luminescence of metal ion-activated
nanophosphor supported by nanoporous sol-gel SiO2 matrices [16].
Spectral CL probes coupled to ESEM devices provide excellent means to
record luminescent spectra related to different types of water and
hydroxyl groups in nominally anhydrous materials. Accessorial metal
ions and silanol groups, i.e. ≡Si─OH, are frequently present on the
surfaces of glasses and silica phases [17–19]. Numerous ≡Si─OH
groups are formed onto these surfaces during crystal synthesis or by
rehydroxylation of dehydroxylated silicates exposed to aqueous solu-
tions. Superficial OH groups can be classified as follows: (i) isolated free
(single silanols, ≡Si-OH); (ii) geminal free (geminal silanols or
silanediols, ≡Si(OH)2, (iii) vicinal, or bridged, or OH groups bound
through to hydrogen bonds, i.e., H-bonded single silanols, H-bonded
geminals, and their H-bonded combinations. On the silicate surface
there may exist superficial siloxane groups or ≡Si-O-Si≡ bridges with
oxygen atoms linked to the surface. In addition, structurally bound
water inside the silica skeleton and very fine ultra-micropores,
d< 1 nm (d is the pore diameter), i.e. internal silanol groups can also
be present [9]. The local structure models of silanol hydrogen bonding
on silicate surfaces must take into account the important effects of
sample pre-heating treatments on the hydroxyl groups; e.g., both, single
and geminal silanols participating in hydrogen bonding are most
certainly dehydroxylated at temperatures between 170 and 450 °C
forming low-strain bi-cycle-octa-siloxane rings. The dehydroxylation
of the silica surface undergoes transformations between 450 and 650 °C
yielding highly strained tri-siloxane rings. [20]. The silanol group
(-SiOH) of the hydrated silica gel surface is weakly acidic and there is
some cation exchange when the gel is mixed with an aqueous
electrolyte. The Metaln++ m(-SiOH)< >M(OSi)mn-m + mH+ reac-
tion is reversible in acid solution. Metals with different thermodynamic
functions of cation exchange at infinite surface dilution can also be
interpreted in terms of models of ligand-cation types [21]. CL UV &G
emissions have been comprehensively studied in various silica samples,
with accurate associations among oxygen defects and spectral lumines-
cence emissions [12,15,16,22]. The CL emission of quartz at 570 nm
has recently been studied in natural quartz samples excluding the role
of E′1 centers as direct luminescence activators for such 570 nm
emission [23]. This also indicates that quartz with 570 nm bands
occurs in low-temperature hydrothermal environments related to fast
crystallization with oxygen deficiency [23]. In addition to silica, many
other mineral samples exhibit large detached luminescence emission
circa 560 nm. For example, in alkali feldspar luminescence studies, it
has classically been attributed exclusively to Mn2+ due to the spin and
parity forbidden 4T1 → 6A1 transition [24–26]. Recently published
studies also relate these UV &G emissions to other causes, such as
hydroxyl group presence and other metals [27–29].

In order to understand luminescence centers and their relationships
with: (i) its formation conditions, (ii) pre-heating treatments and (iii)
rehydration processes; and in particular, (iv) disproving the exclusive
role of the Mn2+ as the only luminescence defect for the CL green
emission, this study aims to examine CL spectra recorded from
aluminosilicate crystals and glasses exhibiting UV &G CL peaks. To
such end we report results of ESEM, CL, XPS and RPLS studies of

synthetic feldspar samples of several metals, paragenetic hydrothermal
minerals, natural and pre-heated selected aluminosilicate phases and
solid water (ice).

2. Experimental section

2.1. Hydrothermal rock samples and syntheses of feldspar microcrystals

Rocks samples were taken from hydrothermal ore deposits
(Guadalix, Madrid and Hiendelaencina, Guadalajara, Spain) containing
minerals with different chemical compositions, e.g., quartz, oligoclase,
muscovite, orthoclase, garnet, monazite or barite were selected to
compare luminescent properties of paragenetic minerals formed by the
same processes. Feldspar microcrystals, e.g., GaAlSi3O8, InAlSi3O8,
TlAlSi3O8 and aluminosilicate masses made with different metals, such
as Mn, Ga, In, Tl, Ni, Ba, Bi, Ge, Rb, Al, K, Fe, Na were synthetized by a
combined method of direct bonding of albite (010) surfaces with metal-
NO3 fluxes in ceramic environmental conditions [30]. Feldspar tailored
with metals of the group 13 of the periodic table of elements can also be
synthetized by other methods [31,32]. The micro-crystal specimens’
grown in this study were large enough to be studied in the ESEM-EDS-
CL system determining the composition, textures, crystal shapes and
sizes of the grown phases.

2.2. Environmental scanning electron microscopy (ESEM), energy
dispersive X-Ray spectroscopy (EDS) and spectral cathodoluminescence
(CL)

The FEI ESEM Inspect XL30 microscope is a low vacuum ESEM
which allows collecting excellent pictures and elemental-chemical
analyses of non-conductive specimens. This ESEM operating in low
vacuum mode can study hydrated samples in their original hydrous
state with the large field detector (LFD), placed near the sample to
avoid electron losses. The ESEM detectors are: (i) LFD,
Everhart–Thornley or high vacuum secondary electron detector
(SED), (ii) IRCCD camera, a solid-state back scattered electron detector,
a gaseous analytical electron detector (GAD) and (iii) Energy Dispersive
Spectrometry probe (EDS). The ESEM microscope held a coupled
MONOCL3 Gatan probe to record CL spectra and panchromatic and
monochromatic plots with a PA-3 photomultiplier coupled to the
microscope. The photomultiplier tube covers a spectral range from
185 to 850 nm. A retractable parabolic diamond mirror and a photo-
multiplier tube allow collecting and amplifying the luminescence
signal. For comparison purposes, the CL spectra of samples were
recorded under normalized conditions in the ESEM-MonoCL3 device.,
i.e., windows of 10×10 microns, low-vacuum at 3.0 nm/30 kV (SE),
4.0 nm/30 kV (BSE) and current at 2 mA; a working distance of spectra
collection circa 10 mm from the detector. The excitation for the CL
measurements of solid water (ice at −10 °C) was performed with a
25 kV electron beam. The cool stage of the ESEM always runs at high
vacuum to keep the samples dry at low temperature. However, in the
case of the ice-water system, vacuums conditions of 80 Pa, 20 Kv and
spot 6.3 were selected to preserve solid ice. At low vacuum with water
vapor molecules in the chamber, the cool stage cannot keep low
temperature conditions and then, ice formation is not possible.
Alternatively, an external block of ice was introduced into the chamber
keeping the cool stage at −10 °C initially with the door open. Later on,
the door was closed to recover the low vacuum in the chamber while
keeping the ice solid state. It was possible focus on the ice surface
(−10 °C) recording pictures and CL spectra (from 200 up to 850 nm) at
working windows of 200×200 and 10×10 microns, operating at 60 Pa
20 kV with a spectral step range of −1.5 nm, a step collecting time of
2 s, i.e., 8 min per spectrum. During the CL measurement the sample
heating by sequential electron striking onto the sample surface and the
wet and dry chamber environments were used to perform analytical
comparisons among CL emissions: (i) “as received” samples without
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