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spectra, SEM-BSE images, and also the possibility of chemical analysis by EDX (Energy

Dispersion X-ray) protocols. Figure 2-3 shows in details the modi�cation introduced in

the old apparatus in order to achieve the previous mentioned advantages.

Figure 2-3: Our modi�ed Cambridge Stereoscan 360 SEM

On a mechanical support �xed inside the chamber, we have anchored a sliding rail.

On this sliding rail a small lens was �xed (Figure 2-4), allowing to change the position

of the lens through a series of screws.

Figure 2-4: The lens that collects the luminescence signal

The mechanical system has been designed and fabricated by using appropriate vacuum-

compatible materials and having in mind that the �nal lens position needed to be directed
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in the same area where the SEM beam is normally pointed for the usual investigations.

The lens, of course, has been introduced to collect the luminescence signal genearated

by the electron beam to achieve the CL signal. The signal is focused in the lens and

transported out of the chamber by means of an optical �ber, and the luminescence inten-

sity is then analyzed in the Horiba Jobin Yvon VS140 UV-VIS spectrometer. The signal

transport is obtained without breaking the chamber vacuum by modifying a chamber


ange in order to connect the portion of the optical �ber allocated inside the vacuum

side with the portion outside the chamber connected to the spectrometer. All the men-

tioned part (lens, optical �ber, feed through 
ange) have been chosen to be compatible

with the spectrometer wavelength range (200� 1100 nm).

By using a laser , the lens has been �xed in a way that it looks to the same area

where the SEM electron beam is directed (normally at a working distance of 19 mm

from the beam exit). This allow to the lens the collection of the CL signal coming from

the electron beam spot (Figure 2-5). All the relative distances have been chosen in order

to obtain a good compromise between a higher CL signal intensity, a good SEM-BSE

image quality and the possibility to insert in the chamber samples of di�erent sizes.

Figure 2-5: Schematic diagram of the lens-beam geometry

Then the lens focus has been �nely determined by measuring the intensity signal

collected from a small spot emitting source. The measured intensities are reported in

Figure 2-6.
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Figure 2-6: Determination of the lens focus

As it can be seen from the Figure 2-6 the best signal is obtained at a distance of

4:7 cm. All the distances have been the �xed and the CL signal has been monitored

under vacuum conditions in di�erent con�gurations (regarding beam energy, spot size,

beam current, sweeping frequency, probing area etc.) and using di�erent materials as

samples. The signal has been processed in the spectrometer which is driven by a data

acquisition system controlled through a computer. Once the system has been tested in

its �nal con�guration, a series of measurements to establish the operation protocol has

been performed and compared with the literature and then the same protocol has been

applied to perfom research experiments. The results are reported in the next chapter.



Chapter 3

Experimental results

In this section we report our measurements which are carried out by implementing on

various samples the CL protocol as established in the previous section. The spectra so

obtained can be distinguished essentially in two parts. In the �rst part we present the

measurements on well known materials, where \well known" in this case means from

the point of view of luminescence properties of such materials. Such measurements have

been executed to check the performances and the e�ciency of our apparatus with well

established values in literature, going to compare our measurements with referenced

values used as standards. In the second part we show all the new measurements made

on materials for which luminescence data are scarce or even absent. Moreover, from

the theory exposed in chapter 1, we try to give some new assignation to CL peaks of

some materials and we will use the Mn2+ luminescence emission in calcite to perform

a calibration of our instrument by means of data acquired on the same materials using

Laser-Induced Coupled Plasma analysis, which is a technique very sensible to traces of

elements (up to 10� 100 ppb).

39
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3.1 Corundum-Ruby

One of the most studied compound in terms of luminescence properties is the Corundum,

so that we �rst refer our CL results to such material since it is easy to �nd a comparison

with results disseminated in literature. Moreover since the Corundum luminescence peak

at 694 nm has a well de�ned narrow emission, this allows us also to check the response

of our apparatus in terms of wavelength.

Corundum is a crystalline form of aluminum oxide (Al2O3) with traces of iron, tita-

nium and chromium. It is one of the naturally clear transparent materials, but can have

di�erent colors when di�erent impurities are present. Transparent specimens are used as

gems, called ruby if red, while all other colors are called sapphire.

Corundum has a trigonal structure. The oxygen ions are arranged in approximately

hexagonal closed packing. Between the oxygen layers there are sites for cations octahe-

drally coordinated by six oxygen ions, but in corundum only two-thirds of the available

positions are �lled. Groups of three oxygen ions form a common face of two octahedral

neighboring and thus the groups are linked to a pair of Al ions.

The main colored varieties are ruby (red) and sapphire (blue). The corresponding

color centers can be present in di�erent quantitative and qualitative proportions with

resulting varieties of colors (up to 2000 di�erent tints). The main color center in ruby is

an impurity of Cr (up to 4%). The ion Cr3+ generates two strong absorption bands in

the visible part of the spectrum, which explain the red color. Di�erent tints of red, which

in
uence the commercial value strongly, are connected with impurities of Fe3+ and V3+.

Under UV excitation, ruby may exhibit the red luminescence of Cr3+, which makes the

red color of ruby stronger under sun illumination.
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3.1.1 Tanabe Sugano diagram of Cr3+

From a theoretical point of view the narrow peak in the ruby due to Cr3+ can be explained

in the following, considering the Tanabe Sugano diagram of Cr3+.

The most important free ion states are 4F ground level and excited 2G level. In an

octahedral �eld, the 4F level splits into the 4A2g ground state and the excited
4T2g(F )

and 4T1g(F ) states.

Figure 3-1: Tanabe Sugano diagram of Cr3+ [22]

The spin allowed transitions that could therefore be used to populate the excited

states directly correspond to 4A2g(F ) ! 4T2g(F ) and
4A2g(F ) ! 4T1g(F ). Mostly Cr

3+

appears in minerals as a trace constituent substituting for Al3+ in six-fold coordination.

As such, the larger Cr3+ ion is placed in a site with small metal-ligand distances and

where the crystal �eld is large, typically 16500 � 17500 cm�1. As may be seen in Figure 3-

1, if the crystal �eld is su�ciently strong to make the doublet state the lowest energy

excited state, there will be a red luminescence. Because the doublet state belongs to

the same orbital con�guration as the ground state, the Stokes shift and Condon o�set

will be small (Figure 1-8 in section 1.4). As a result, the line width of emission is

narrow and a considerable amount of phonon �ne structure is observed even at room
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temperature. Such a transition is forbidden by symmetry and spin selection rules (red

downward arrow in Figure 3-1) and the decay time is usually very long (several ms). At

weaker crystal �elds, a strong broad band 4A2g(F ) ! 4T2g(F ) transition appears, which

is only symmetry forbidden and has a much shorter decay time.

Ruby is a high crystal �eld material and thus the 4T2g state lies above the
2Eg level.

Pumping is accomplished by a spin-allowed transition into the 4T state, while emission

occurs from the 2Eg level without vibrational broadening and almost all excited states

can be converted into laser action.

Figure 3-2: CL spectrum of Ruby as obtained in our apparatus

The obtained CL spectrum (Figure 3-2), peaking at 693; 8 nm, shows 2Eg(G) !4

A2g(F ) transitions. Due to the resolution of our instrument we obtain a convolution of

the two mentioned transitions, but the peak position in terms of wavelength is in perfect

agreement with what can be found in literature [22].
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3.2 Mn2+ in di�erent lattices

Additional measurements achieved to check the functionality of our apparatus have been

carried on Mn. According to what has been discussed in section 1.6, di�erent spec-

tra related to Mn2+ transitions in di�erent crystal are shown as measured in our new

instrument.

In Figure 3-3 is reported a typical CL spectrum as registered bombarding a quartz

sample.

Figure 3-3: CL Spectra of quartz. The peaks related toMn2+ and to Fe3+ are repectively

at 560 nm and at 705 nm. The shoulder raising at 420 nm is related to intrinsic defects

of quartz [29]

Changes in coordination, such as from octahedral to tetrahedral, produce a consider-

able change in Dq. The tetrahedral Dq value is smaller (Figure 1-4) and the energy of the

Mn2+ transitions increases (Figure 1-9). This creates a shift toward shorter wavelengths.

Octahedral Mn2+ coordination in calcite thus has a red-orange emission near to 620

nm (Figure 3-4), while the analogous transition for Mn2+ in quartz yields yellow-green

emission near to 560 nm [30], as obtained in our measurements of Figure 3-3.



CHAPTER 3. EXPERIMENTAL RESULTS 44

Luminescence of Fe3+ may be considered from the same diagram as in the case of

Mn2+ emission, because it also has d5 con�guration. Nevertheless, because of the large

value of crystal �eld (Equation 1.10), the emission is shifted into the deep red when Fe3+

is present on tetrahedral sites [31] at 705 nm. The presence of Mn and Fe was con�rmed

by additional XRF analysis (obtaining for Mn � 100 ppm and for Fe � 300 ppm).

In Figure 3-4 are reported typical Mn2+ spectra in calcite and dolomite.

Figure 3-4: Measured CL spectra of Mn2+ in Calcite e Dolomite. The peak of Mn2+ at

651 nm in dolomite is in agreement with [32]

The preference of Mn2+ for the smaller Mg site in most dolomites is now well-

documented experimentally, by both luminescence and electron spin resonance (ESR)

measurements. It was found that in sedimentary dolomites such preference of Mn2+ in

Mg=Ca sites re
ects the ratio of 4 : 1, whereas, in some hydrothermally altered dolomites

it was much higher [33]. Such ratios for the preference of Mn2+ inMg=Ca site population

have been found also by other researchers [34].

The obvious question is whether the usual strong preference of Mn2+ for the Mg sites

in dolomite (CaMgC2O6) is to be expected on theoretical grounds. The distribution of

the Mn2+ in Mg and Ca sites is related to their residence time during crystal growth at

roughly 650 �C. The residence time in a particular site is likely to be related to the binding
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energy E by a Boltzmann factor exp(�E=kT ). If the potential energy curve is assumed to

be parabolic then E will depend on the square of the di�erence in cation-anion distances.

However, the size of the constant of proportionality which determines the \width" or

curvature of the parabolic potential curve is not known. Furthermore, the precise form

of the potentials energy vs. cation-anion distance curve may not be parabolic for Mn2+

octahedrally co-ordinated by oxygen ligands in carbonates. Nevertheless, the curve is

likely to have a roughly similar shape to a Morse potential and is shown schematically

in Figure 3-5.

Figure 3-5: Schematic diagram of the probable potential energy curve V (r) vs. r (cation-

anion distance) curve for Mn2+ in octahedral coordination by oxygen ligands in carbon-

ates: r0 is the cation-anion distance for minimum energy and corresponds approximately

to that which exists in rhodochrosite MnCO3, rm and rc are the cation-anion distances

for Mn2+ in the Mg site and Ca site respectively in dolomite (see Table 1.2). �E is the

energy di�erence between Mn2+ in a Ca site and that in a Mg site in dolomite [17]

Here the energy di�erence �E is that between an Mn2+ ion in a magnesium site and

Mn2+ in a calcium site. The population ratio is then exp(�E=kT ) where T (K) is the

absolute temperature of formation or that at which appreciable ion di�usion has taken

place. If, for example, �E = 2kT the Mg=Ca site population ratio would be about 7

and even at 650 �C, 2kT is only around 0:15 eV .
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The e�ect of a small variation in the cation-anion distances can be readily seen. For

example, high pressure would tend to reduce cation-anion distances and thereby decrease

�E, resulting in a smaller Mg=Ca population ratio at a particular temperature (T ).

The e�ect of the temperature of formation on Mn2+ distribution is rather more

di�cult to predict since both �E and kT would decrease with decreasing temperature.

Although experimentally the most common Mg=Ca site population ratio appears to be

about 5, there can be a very large variation: the di�erence in lattice energy between

placing Mn2+ ions in Mg sites and placing them in Ca sites must be relatively small

and that di�erences in conditions of formation and/or subsequent alteration can cause

the balance between Mg and Ca site population to be tilted one way or the other.
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3.3 Marbles

Pure white marble has been considered a valuable ornamental and architectural material

since ancient times. Many scienti�c techniques have been used to create an extensive

data base of \�nger-prints" characterizing white marbles from the major classical quar-

ries. However, determining the provenance of white marbles is a di�cult task due to

their similarity in physical and chemical parameters. Three techniques (petrography,

cathodoluminescence and stable C and O isotopes) have been used to characterize white

marbles from the ancient quarries of the Iberian Peninsula [35].

We used marbles only as standards, in order to correlate CL signal with manganese

concentration [36], determined using a Laser Ablation microsampler coupled to an In-

ductively Coupled Plasma Mass Spectrometer (LA ICP-MS).

The samples investigated are Carrara marbles; this kind of marble is metamorphic

rock that outcrops extensively in the Apuan Alps (Tuscany, Italy) and is a granular

calcite-made metamorphic product, which originates from pelagic limestone.

Samples come from four di�erent quarries of the same district (Carrara), and for each

quarry we have investigated three samples, with exactly three types of cut:

- V: verso

- S: secondo

- C: contro.

The quarries are summarized as follows:

- Cava Calocara, Torano-Carrara (CAL);

- Cava Crestola, Torano-Carrara (CRE);

- Cava Focolaccia, Massa (FOC);

- Cava Romana, Massa (ROM).

All samples are cylinders of 3 cm in diameter and 1 cm in height, and to prevent the

build-up of electric charge, were coated with carbon.

The operative SEM-CL parameters are:

- acquisition time: 40 s;

- scanning area: 2:7 mm2;
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- scannning frequency: 12:5 Hz;

- accelerating voltage: 20 kV ;

- emission current: 6 �A.

The choice of the scanning area is related to the need to map the entire surface of the

sample. Scanning area and acquisition time chosen are a good compromise between CL

signal and the number of tests to be performed on the same sample.Figure 3-6 shows the

CL intensity vs wavelength at di�erent scannning frequency of a ROM V sample with 60

s of acquisition time, 2:7 mm2 for the scanning area, 20 kV for the accelerating voltage

and 6 �A for the emission current.

Figure 3-6: CL intensity vs wavelength for di�erent scannning frequency of a ROM V

sample with 60 s of acquisition time, 2:7 mm2 for the scanning area, 20 kV for the

accelerating voltage and 6 A for the emission current
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Figure 3-7: CL spectra, integrated over the wavelength, versus scannning frequency

Figure 3-7 shows CL spectra, integrated over the wavelength, versus scannning fre-

quency.

Because the CL signal increases with the scannning frequency, the operating frequency

has been chosen in order to enhance the luminescence signal, so that in our measurements

we assume a scannning frequency of 12:5 Hz. The dependence on scannning frequency is

not linear because the long decay times of Mn2+ luminescence is the order of 10 ms [21],

and then as the frequency is higher the available time for the decay is reduced. For the

same sample, Figure 3-8 shows integrals of CL spectra versus emission current at four

di�erent accelerating voltages: 14, 20, 25 and 30 kV .
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Figure 3-8: Integrals of CL spectra of a ROM V sample versus emission current at four

di�erent accelerating voltages: 14, 20, 25 and 30 kV

From the �gure it is clear that, to maximize the signal, we use 20 kV for the accel-

erating voltage and 6 A for the emission current. Figure 3-9 shows CL intensity of all

marble samples vs wavelength, while Figure 3-10 shows the same shows CL intensity but

normalized to their maximum intensities.
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Figure 3-9: CL intensity of all marble samples

Figure 3-10: CL intensity of all marble samples normalized to their maximum intensities
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The interpretation of peaks lying in the range 250 � 550 nm is quite di�cult. In a

�rst glance one is tempted to assign the peak at 350 nm to Ce3+. Figure 3-11 shows in

fact that the Ce3+ peaks at 350 nm and 363 nm, and the Tm3+ peak (at 363 nm) are

close to the lattice emissions of the calcite (363 nm and 380 nm) as indicated by Pagel

et al. [25].

Figure 3-11: Calcite CL peaks attributed to lattice emissions and REE [25]

In the spectrum we can also observe other \intrinsic peaks" in the range from 450

nm to 500 nm. It was shown that the intensities of all intrinsic peaks remain constant

during the electron bombardment [37].

In order to bring some light in such attributions we performed LASER-ICP analysis

on all the samples. Table 3.1 shows the concentrations of elements sensible to the CL

technique as obtained by
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Table 3.1: Element concentration obtained by LASER-ICP analysis



CHAPTER 3. EXPERIMENTAL RESULTS 54

LASER-ICP analysis. From this table it can be seen, for example, that the Ce

concentration in the CAL S sample is even smaller than the concentration of the same

element in the CAL V sample. So it appears di�cult to attribute the peak at 363 nm to

Ce, since this peak should be exibit a higer intensity in the CAL V sample with respect

to the CAL S sample, while is this last sample which exibits a higer intensity at 363

nm. So that is probably more appropriate the attribution of such peaks to the intrinsic

defects. In fact if we look to the CL spectra of pure calcite, where Ce is certainly not

present, we have also emission in the ranges 360�390 nm and 440�500 nm as measured

by Habermann et al. [37], so that we are more favourable in attributing such peaks to

the intrinsic defects.

Figure 3-12: CL spectra of pure calcite [37]

Also from Table 3.1, it can be seen that the concentrations of REE are too weak to

be detected by CL [36]. Moreover the same table shows also a high contet of iron (CRE

S), but only at higher content of Mn (higher than 1000 ppm) and Fe (higher than 3000

ppm) the e�ects of CL quenching are important [37]. In fact the ion Fe2+ is characterized

by extremely strong absorption and is the strongest quencher of visible luminescence in
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minerals, having an emission band in the IR region of the spectrum. Anyway, a high

amount of iron, without using LASER-ICP analysis, can be normally obtained by the

EDX technique, which is available on the same apparatus where CL is performed and

whose sensitivity is of about 2000 ppm.

Figure 3-13 shows the relation of intensity in CL, relative to Mn2+ and Fe2+ concen-

trations in calcite and dolomite.

Figure 3-13: Relation of intensity in CL relative to Mn2+ and Fe2+ concentrations in

calcite and dolomite. Nonluminescence is caused by lowMn2+ concentrations (lower left)

and extinction of CL is due to Fe2+ quenching as well as selfquenching of Mn2+ (right

and upper right). Cathodoluminescence is bright at moderately high concentrations of

Mn2+ if the Fe2+ concentration is roughly under 2000 ppm. Dull luminescence at very

high concentrations of Mn2+ is due to Mn self-quenching (upper left) and Mn + Fe

quenching (upper center) [38]
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In our measurements we are in the region where the Mn signal is not quenched

and so it increases linearly with the Mn content. So that our intention is to use our

data to correlate the Mn content with the CL signal trying to obtain a calibration of

our instrument by means of the more precise data supplied by Laser-ICP on the same

samples.

Figure 3-14 shows ROM V CL spectra. Three peaks have been clearly individuated:

the �rst two are related to the intrinsic defects (at 363 nm and 470 nm) and the second

is linked to Mn2+ (620 nm).

Figure 3-14: ROM V CL Spectra. Intrinsic defects (at 363 nm and 470 nm) and Mn2+

(620 nm) peaks are clearly visible

In order to obtain the calibration, we divided the spectrum in two areas as shown in

Figure 3-15.
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Figure 3-15: Areas considered for the calibration

Then we correlate such areas with the Mn content. Figure 3-16 shows Mn concentra-

tion versus Area 2 of all marble samples. This �gure allow to say that roughly the Mn2+

content increases as Area 2 increases.

Figure 3-16: Mn concentration versus Area 2 of all marble samples
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In Figure 3-17the Mn concentration is now reported versus Area 1, again considering

all samples.

Figure 3-17: Mn concentration versus Area 1

Also in this �gure we can observe a rough decrease in Mn2+ content as Area 1 increases

(Figure 3-17). This may be attributed to the Mn strong absorption. In fact, as shown in

Figure 3-18, in natural calcite emission spectra (Peak 1 at 363 nm) at room temperature

(dotted curve) and Mn excitation spectrum (solid curve) overlap.
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Figure 3-18: Natural calcite emission spectra (Peak 1 at 363 nm) at room temperature

(dotted curve) and Mn excitation spectrum (solid curve) [21]. In the inset (top right)

upward arrows and red downward arrow correspond respectively to excitation bands and

emission band of Mn2+.

Then, for Mn strong absorption, the intensity of Area 2 depends also on Area 1 and

not only on the Mn concentration, so we can write the following proportionality:

Area 2 / [Mn] � Area 1
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This fact is con�rmed by Figure 3-19 that shows a good linear correlation between

Mn concentration and the ratio Area 2=Area 1 except for one single point (CAL C).

Figure 3-19: Mn concentration versus Area 2/Area 1 for all samples

But we can observe that CAL C is the sole sample with a high Mg content (Table 3.1).

In fact Mg/Ca is 36% while for other samples this ratio is less than 2%. Since for all

samples the CL spectra show the same main peak at 620 nm which is due to Mn2+ in

CaCO3 (while the decay of Mn
2+ in MgCO3 has his peak at 650 nm), it is better to

correlate the factorized concentrations of Mn, Mg, Ca, expressed as [Mn] (1�[Mg] = [Ca]),

with the ratio Area 2=Area 1. As shown in Figure 3-20 the correlation is very satisfactory,

obviously, it was assumed an equal distribution of Mn2+ in both sites, CaCO3 orMgCO3.
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Figure 3-20: [Mn](1-[Mg]/[Ca]) concentration versus Area 2/Area 1 of all marble samples.

In the inset (top left) slope and correlation coe�cient

In fact the parameters of the linear correlation between [Mn] (1 � [Mg] = [Ca]) con-

centrations and the ratio Area 2=Area 1, are the following:

Slope:

m = 3:0 �m = 0:1

and correlation coe�cient:

R = 0:99395

so we obtain a very good correlation.



CHAPTER 3. EXPERIMENTAL RESULTS 62

3.4 Apatite

Ninety �ve percent of the phosphorus on Earth belongs to the minerals of the apatite

group. Apatites are inorganic constituents of bones and teeth of vertebrate and man, as

well as the basis of many pathologic solid formations. Minerals of the apatite group are

the main raw materials in the production of phosphorus fertilizers, fodder and technical

phosphates, elementary phosphorus, and phosphor-organic compounds. The mineral is

sometimes substantially enriched in rare-earth elements (REE) making their extraction

possible.

The apatite general formula is Ca5(F,Cl,OH)(PO4)3. REE incorporation in apatite

could give information about the chemical and structural alteration (diagenesis) of bio-

genic apatite [39].

Figure 3-21: CL spectra of Apatite.

In Figure 3-21 is shown the CL detection of an apatite sample and our spectrum is

quite similar to that of Gaft et al. [22] who proved that REE3+ are mainly built in Ca(I)

position in apatite. ICP concentrations of REE, detected by CL, in our apatite sample,

are 14 ppm for Samarium, 12 ppm for Dysprosium and 2 ppm for Terbium.



CHAPTER 3. EXPERIMENTAL RESULTS 63

3.5 Forsterite and Enstatite

Forsterite (Mg2SiO4) is an olivine family member while Enstatite (MgSiO3) is a pyroxenes

family member; both are the major components of the earth's upper mantle [40].

The crystalline structure of Forsterite is based on a nearly hexagonal close-packed

array of oxygens with Si in the tetrahedral and Mg in the octahedral sites.

The Enstatite structure consists of silica tetrahedra chains that are branched together

by magnesium octahedra.

Forsterite and Enstatite crystals, owing to their good properties, e. g. refractoriness

(melting point of Forsterite is 1890 �C), low dielectric permittivity, low thermal expan-

sion, and chemical stability, are ideal substrates in electronics and optimal materials for

thermal insulation in applications at high temperatures. The usual presence of foreign

ions (Fe, Ni, Mn, etc.) in natural forsterite and enstatite and their inconstant amounts,

may inhibit the high-performance of such materials [41].

In these contest we report cathodoluminescence spectra of enstatite and forsterite

doped with Ti and enstatite doped with Ti and Ni during the crystallization process.

The interest in doping such crystals is linked to the technology of laser e�ciency [42]

which can be improved by increasing the doping levels. The CL investigations provide

details on the emission spectrum of the doped crystals.

Figure 3-22: CL spectra of Enstatite and Forsterite Ti doped
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In Figure 3-22 is shown the CL detection of Ti doped enstatite and forsterite. At

room temperature, the CL spectrum of forsterite doped with titanium contains one broad

emission located at 510 nm; while the enstatite spectrum doped with titanium contains

two broad emissions located at 530 and 570 nm. The line shape of these two spectra

could be related to di�erent Ti4+ positions in the lattice o� the host crystal [43].

In Figure 3-23 is shown the CL detection of Ni doped enstatite.

Figure 3-23: CL spectra of Ni doped enstatite

Concerning enstatite doped with nickel, the CL spectrum at room temperature con-

tains a small broad emissions located at 410 nm with a shoulder near to 470 nm and

a large broad emissions after 850 nm (Figure 3-23). This broad emission is part of the

emission in the visible range of the spectrum as obtained, e.g., by Moncorg�e et al. [44]

in the NIR region, reported in Figure 3-24.
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Figure 3-24: Photoluminescence spectra of Ni doped enstatite obtained by Moncorg et

al. [44]

According to Ni2+ Tanabe-Sugano diagram for octahedral coordination, we think that

410 nm emissions is related to 3T1g(P )!3 A2g(F ) Ni
2+ transition (Figure 3-23), 865 nm

emissions is related to 3T1g(F )!3 A2g(F ) Ni
2+ transition (Figure 3-23 and Figure 3-24)

and 1520 nm emissions is related to 3T2g(F )!3 A2g(F ) (Figure 3-24) for a crystal �led

parameter � near to 6600 cm�1.

Ni2+ transitions in octahedral coordination are summarized in scheme reported in

Figure 3-25.

Figure 3-25: Ni2+ transitions in octahedral coordination
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3.6 Magnetite in micro-meteorites

The study of morphology of the micrometallic spherules can supply information about

the origin o such materials, in particular the detection of magnetite in such samples can

support the idea of a probable extraterrestrial origin resulting from fusion of metallic

meteorites as they enter the atmosphere. The examined samples are metallic micro-

particles collected from rainwater of a home roof, by means of magnets. The samples

vary both in size and shape: other spherical shapes, droplet-like particles were also

observed. The diameter of investigated spheroidal micro-particles is between 60 and 500

�m, as showed in Figure 3-26, which is an optical image obtained from our samples.

Figure 3-26: Optical image of spheroidal samples

In many case the surface morphology display polygonal structure as showed in Fig-

ure 3-27 by SEM investigation on the same samples.

Figure 3-27: SEM image of a sample
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The obtained sample composition, inspected by EDX analysis, reveals mainly the

presence of iron Figure 3-28.

Figure 3-28: SEM-EDX analysis of a sample

But it was only by CL analysis that magnetite can be detected. In fact, as showed

in Figure 3-29, at room temperature, the CL spectrum in a sample of metallic micro-

particles contains two broad emissions located at 2; 6 eV and 3; 2 eV .

Figure 3-29: CL spectrum obtained on a micro-particle sample
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The line shape of this spectrum is related to the presence of magnetite (Fe3O4): the

strong 2; 6 eV peak is due to transition from the maximum in the 4s(Fe)+eg
 density of

states band to the maximum of the eg� band, and similarly the 3; 2 eV peak corresponds

to 4s(Fe) + eg
 ! a1g transition, according to Balberg et al. [45] (Figure 3-30).

Figure 3-30: Atomic scheme level of magnetite proposed by Balberg et al. [45]
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3.7 Carbon Nanotubes

Diagnostic analysis performed on Carbon Nantube samples are presented in order to �nd

the role played by nickel oxide impurities, which is the residual catalyst material used in

the growth processes [46].

The as-received pristine samples were sandwiched between two stainless steel disks

without any treatment. In a second step, the samples were resistively heated.

In Figure 3-31 are shown scanning and transmission electron microscopy images of

our SWCNT and MWCNT samples.

Figure 3-31: SEM and TEM images of SWCNT and MWCNT samples

It can be clearly seen (Fig. Figure 3-31a and b) that the pristine nanotubes are capped

and contain large amorphous carbonaceous and catalyst particles. After annealing in

vacuum (Figure 3-31c) at 1000 �C for 1 hour the nanotubes are uncapped and the amount

of impurities was greatly reduced. The TEM image (Figure 3-31b) also indicates that

our sample was composed of nanotubes with di�erent number of shells and diameters.

In Figure 3-32 it is presented a set of representative CL spectra of pristine SWCNTs

and MWCNTs, obtained by randomly selecting several sampling sites. Interestingly,

albeit varying intensities and line shapes, all spectra show four well distinct peaks at

1:76, 1:94, 2:06, and 2:22 eV . The quite di�erent electronic structures of multi walled

and single walled carbon nanotubes then would induce us to suspect the origin of these

transition lines to be extrinsic to the nanotube themselves.
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Figure 3-32: Cathodo-luminescence spectra of SWCNT (curves a, b, and c) and MWCNT

backy paper samples (curves d, e, and f). These spectra were taken at randomly selected

sampling sites. The top curve (g) is that for a Ni sample covered with a native oxide

To this end, we performed X-ray photoemission spectroscopy (XPS) and energy dis-

persed X-ray analysis (EDX) on our pristine samples. The spectra illustrated in Fig-

ure 3-33a) and b) clearly indicate the presence of Ni and O impurities and their average

relative concentrations were determined with XPS to be 0:6 and 10 %, respectively.
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Figure 3-33: Energy dispersed X-ray analysis (a) and X-ray photoemission (b) spectra

of the SWCNT and MWCNT samples

To further clarify the nature of the features seen in Figure 3-32, we have recorded the

CL emission from a Ni sample covered with a thin native oxide �lm and the spectrum

is plotted in the upper part (Figure 3-32, curve g). It can be immediately concluded

that the CL signals in NTs indeed originate from the nickel oxide impurities [47][48].

These Ni particles were used as catalyst material in the nanotube growth process. After

annealing at T about 1000 �C for 1 hour the luminescence emission is quenched. This

is compatible with the emptying of luminescence centres caused by heating. In fact, in

the usual experiments of thermo-luminescence, the system is heated until a temperature

level (about 500 � 600 �C) at which all the charges are thermally excited out of their

metastable levels and the luminescence completely disappears [49].
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3.8 Coin Analysis

Diagnostic analysis performed on an ancient coin are presented in order to �nd if the

coin is authentic or is a coinage proof [50].

As shown in Figure 3-34, the coin is a Drachma representing on the obverse the

portrait of Poseidon and, on the reverse the �gure of An�trite riding a seahorse while

Eros is shooting an arrow. The coin is well known in the numismatic studies and originals

can also be found in Catanzaro, Naples or Milan museums.

Figure 3-34: Graphic and photographic representation of the drachma. O/ Head of

Poseidon with diadem on the left. On the right a trident, below a dolphin; R/ On the

left Amphitrite is riding a seahorse while Eros is shooting an harrow. On the right a star.

The coin has the following characteristics:

- diameter: 15; 8 mm

- thickness: 2 mm

- weight: 3; 35 g

- Axes of the coin with orientation at 180� (Figure 3-35).
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Figure 3-35: Axes of the coin with orientation at 180.

The object of the research was a coin recognized as a Bruttium product of the �rst

decades of 3rd century B.C. It was a single sample and so we had not information about

the sequence of the coinage usually revealed by discovery of treasure chests. This di�culty

was overcame by means of historical and macroscopic comparison with similar models

kept in Catanzaro, Naples and Milan Museum.

Every observation and scienti�c analysis executed on this coin was put together in

order to �nd its historical background and, at the same time, to obtain technological

details about its production.

At a �rst glance the coins looks already in a bad state of conservation so that it was

impossible to see the graphical types by naked eye: di�erent processes of corrosion had

caused a loss of material (overall on the obverse of the coin) and a chromatic alteration

of metals.

The Bruttium coin was probably dated about 209 B:C:, that is when archeologists

put the beginning of the golden coinage of Brettii.

Historical sources [51] described this people as made up by raw and savage men,

shepherds, Lucani's servants which in 356 B:C: created a secession's movement for the

constitution of an autonomous Italian folk under the politic, economic and social pro�le.

Between the half of III century and the half of IV century they tried to claim

the supremacy on Magna Graecia's coasts and so conquered Hipponion, Kroton and

Consentia that were very important Greek towns: in this way they showed their own
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power as independent state of Bruttium (that is the current Calabria).

The importance of this new political reality was strengthened by the development of

a coinage in gold, silver and bronze that was identi�ed by the ethnic expression in Greek

language ��"���!�.

This system of coining was independent of the roman one even if these currencies

remained simultaneous during the 2nd Punic War.

Because of the federal kind of Bruttium currency it's impossible to de�ne clearly the

sites of the Bruttium mint: Arslan et al. [52] assumed that the �rst mint was Petelia for

the bronze coinage, the second one Kroton for gold and silver and, at least, Consentia

that helped Petelia.

The drachma had any reference nor graphic types but only symbols. The choice of a

sea theme could refer to Kroton but the incrustation on the surface and the loss of metal

made di�cult reading the particulars of the coin or identifying \master symbols", useful

for recognizing the authority which was responsible for that currency.

If compared to golden specimens found until now, this coin is macroscopically di�erent

for dimensions and weight. Even if it had a circular shape the coin showed visible cracks

that caused a lack of integrity of the coin while thin layers of corrosion indicated the base

metals. According to non-invasive and non-destructive principles the coin was studied

by means of super�cial technique of investigations that provided details concerning the

chemical composition of the material and its alterations.

SEM image shows sample morphology, while BSE image has connected to the atomic

number of elements partner in the collision process, so the obtained image in this case

can be directly connected to the presence of heavier elements on the samples. At the

same time on these spots was executed chemical analysis with EDX (Energy Dispersion

X-ray) and luminescence emission induced by electron bombardment (CL).

The EDX analysis, executed on narrow points of the surface, revealed Pb and Cu as

main components of the coin on both side: 51 % of Pb and 35 % of Cu their weight

(Figure 3-36).
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Figure 3-36: EXD spectroscopy and BSE image of Cu-Pb matrix.

Copper and lead matrix CL Spectrum is showed in Figure 3-37.
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Figure 3-37: CL spectrum attributed to the copper-lead matrix

Surprisingly more intense CL spectrum (Figure 3-38), di�erent from that associated

with copper and lead matrix, was detected. As indicated in literature [53], these spectra

were attributed to gold particles.
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Figure 3-38: CL spectrum was attributed to gold particles

CL analysis was con�rmed BSE-EDX results. In fact these latter analysis reveal that

the maximum dimensions and the percentage in weight of the small spot were respectively

on the order of 20 �m and 95% of gold (Figure 3-39).
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Figure 3-39: EXD spectroscopy and BSE image of Au particle
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In order to detect if the presence of gold is di�used overall the coin surface, CL

analysis was �rst carried on gold spots revealed by BSE-EDX. Then the CL beam was

moved in various position on the sample and the same spectrum at 620 nm (attributable

to gold) has been detected in several positions (eyebrows, beard, fork on the Head of

Poseidon on the obverse of the coin, horse hoof on the verso), revealing that gold was

probably covering all the surface coin on both sides.

The presence of traces of gold on surface coin on both sides is in contrast with

the fact that the coins of the same age present in museums are hard gold.

Then this coin was probably only plated with gold and it can be supposed two hy-

pothesis:

1) this coin is a counterfeit money of its age

2) the coin is a coinage proof contaminated by the residual gold in the cast.

The most likely hypothesis is the �rst for several reasons:

a) the coin weight and size are reduced with respect to the originals in hard gold;

b) the coin matrix is in Pb and Cu, while the proofs are normally in bronze;

c) the gold traces are on both sides (obverse and reverse);

d) the styling of the coin is rather accurate in the details;

e) some iconographic details are rather similar to other golden bruttian coinage.



Conclusions

The main goal of the thesis consisted in realizing an apparatus of CL starting from

an old SEM and this scope has been reached with success. The performances of the

new instrument, with our low cost modi�cations, are equivalent to a standard SEM-CL

apparatus the cost of which, on the market, is much more expensive. Such performances

have been validated using well known spectra of the literature as benchmark. Then

new applications (such as Cl on carbon nanotubes or individuation of some components

in micro meteorites or the identi�cation of spectra taken on enstatite and forsterite)

have been designed by performing accurate measurements and prospecting new research

developments.

Moreover additional potentiality of our SEM-CL apparatus have been veri�ed by

de�ning a calibration of the instrument using data acquired, on the same identical sam-

ples, via Laser-Induced Coupled Plasma analysis (LA-ICP), which is a technique very

sensible to traces of elements (up to 10� 100 ppb). However, as it is well known, the LA-

ICP technique is a destructive technique, while the CL analysis is not. Indeed adding a

CL analysis to the standard investigation possibilities of a SEM one can obtain, simulta-

neously and non destructively on the same spot: luminescence spectra, SEM-BSE images

and also chemical analysis by EDX (Energy Dispersion X-ray). In particular, using lu-

minescence signal obtained from calcite samples, it was possible to obtain a calibration

from which Mn contents are appreciable up to a few ppm.

Finally an interesting application has also been obtained in the �eld of Cultural

Heritage by investigating some properties of an old Bruttium coin, for which we formulate

the hypothesis that the coin is probably a counterfeit money of its age.
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