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ABSTRACT

We have studied the Bra21llan natural plnk Umnmﬂllne
through the polarized optical absorption measurements. The effect
of increasing doses of y-rays from 60Co in the sPectra. were
determined (maximum of 20 MGy)}). The following optical absorption

bands were observed: 8,500 and 14,800 cm-'1 assigned to d-& tran-

sitions of Fez+ in b~ and c-sites, respectively: 19,500 and

25,500 o assigned to g » °A.  and Sg. > 22

1 2 d-d transitions

1

of Mnsf, respectively.
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I. INTRODUCTION

Tourmeline is a mineral  belonging to the silicate
class, whoee.chemical compesition Nax ALGB3516027(0H,F)4 , is
extremely complex. The X-sites can be occupied by several iens
which explains the great number of varieties iﬁ the kinds of
tourmaline found in nature. They can be grouped in series among
the species: {a} dravite, where X=Mg; (b) seﬁorl, where k =
= Fe,Mn; {c} elbalte, where X Li,AL. Thete is é continuous
series between schorl and elbalte and another one beumen drav1te

and schorl. There is a gap between dravite and elbalte whlch

can be observed in the comparlson between the lattice parameters
1

a and ¢ obtalned by Barton . Tourmaline has a hardness 7 on

the Mchs scale. Its space ‘:_:p:oupz_4 is R3m. In genera;_ the
crystals are prismatic with a trigonal.prism and anoﬂu; mamgotal
prism of seconﬁ_order subordinated to it. Its dens;ty ranges ﬁxm
3.02 te 3.26 g/cm3 and the refractlve 1ndexes are ranglng hﬁmeen
1.62-1.64, The unit cell dimensions vary: a frcm 15.84 to 16.7033&
and c from 7,10 to 7.25 2. There is a lot of studies on the
structure of tourmaline through the X-ray diffraction5—1e.

Pink tourmaline is an elbaite. One can see its central

segment including the brucite structure in Figure 1.

Insert Figure 1

fhe b-site contains the X atom of the _x§4(0ﬁ,F)2;
structure which is slightly distorted and the c-site contains
the AL atom of A£05(0HrF)—structure, highly disterted6
The color of pink tourmaline’! is due to the absorption

of light in the green-yellow and blue-viclet areas of the spectrum
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so that the emergent light from the crystal is enriched on the
red and green-blue, resulting in a purple pink tonality. This
color is strongly pléochfomatic, intensified in the direction of
c-axis of the crystal. The color also changes in intensity and
toﬁality from sample to sample. The origin of the color oprink

tourmalines has been for a lonj time the subject of discussion
among mineralogists' 2.
o In the pink tourmaline both manganese and iron are

present. Hoﬁever,'the iron concentration is generally low! Te 13,

The color is probably due to the absorption of light by the man-
ganese cations. . . -
7 The.pink tourmaline presents éeveral absmiiion bands

between 5,000 and 30,000 cm,_1 , which have been extensively

4,12,14-18

studied In the Table 1 we present the bands cbserved

v

and their respective assignments. We can notice that there are

bands whose assignments are still indefinite, mainly refering to

the 19,000 cm~ ! band, which together with the UV band edge is

responsible for the color.

Insert Table 1

There are lots of pink tourmaline species, each one
reacting differently to the irradiation and annealing process19.
Studies about the effects of irradiation and heating on the tour-

T pand.

malines were performed quéiitafively only for the 19,500 an
It ﬁés observed that thé colér of thé piﬁk touﬁmaline can be
eﬁphasized and sometimeé a yellow colof nixed to the pre-existent
pink one.éppeared, affer the irradiation process.rThé'heating'at

500°¢ eliminates the pink color, but the yellow color is not

affected.

Cur main objective is to present a comparative study
by optical absorption of three kinds of pink tourmaline from Mi-
nas Gerais, Brasil and one green sample from Goids, Brasil. We
used initially natural gemstones, and which were later on irradiated

with y-rays from a 6000 source.

II. EXPERIMENTAL

The crystals presented elongated prismatic shape and
with the external surface grooved along the crystallographic axis
¢ . Their cross section is rounded triangle.

' The impurity concentrations of manganese and iron are

indicated in Table 2.

Insert Table 2

The data show that in the pink tourmalines the
manganese cohncentration is higher than the iron's while in the
green tourmalines both manganese and iron are found in. the same
hiyh proportion.

The samples were cut by a 0.012" thick diamond edged
saw isomet from Buehler Co. The polishing was first carried
out with sandpaper of decreasing granulation 180, 320, 400 and
600, and afterwards with Alumina in a politrix Minimet Buehler Co.

The slices used in the experiments had a thickness
ranging from 0.65-1.65 mm. They were cut either parallel or
perpendicular to the ¢-axis.

A Carl-Zeiss DMR 21 spectrophotometer was used for

the optical absorption measurements, Polarized light measurements




5.

were done with Type IT polaroid.
The measurements were done using the samples cut in

the same way as in Figqure.2.

Insert Figure 2

The'samples'were y-lrradiated using'a 6%b—amnre from
EMBRARAD® . The dose was controlled by means of three processes:
Ceric-Cerous dosimetric system, AECL Red Acrylic dosimetric system

and UKAEA Red Perspex dosimeﬁer.

IIT. RESULTS OF THE OPTICAL ABSORPTION MEASUREMENTS

The non-polarized absorption spectra of the tourmalines
A1, Az and A3 are shown in Figure 3. For those measurements
we used slices of pink tourmaline cut parallel to the m01)p&ane;

so_that';ﬁ//c.

Insert Figure 3

In Figure 4 one can see the A tourmaline spectra.

4
In this case, we used klc and %k//c, i.e., slices cut parallel

and perpendicular to the (001)-direction respectively.

Insert Figure 4

* . .
EMBRARAD - Empresa Brasileira de Radiacdes S.A.

.6,

We observed the following absorpticn bands:

-1 : o
~7,000 cn™' (-14,286 8) -
-8,500 cm”' (~11,765 &) -
-14,800 cn™! (~6,768 %) -
19,500 en™' (-5,128 &) -
-23,000 om™! (-4,694 §) -
~25,500 cm | (-3,922' %) -

Shérp bands, typical harmonics of water
vibrations, present in all of the ob-

served spectra. .

It is a wide band and is cbserved in the

pink tourmalines A, and A, and in the

1 3

green tourmaline A,. The pink towrmaline

4"
A, does not exhibit this band..

It is a wide bénd well characterized
in Az and A, pink tourmalines and in A,
green tourmaline, For A, pink tourmaline,

only a shoulder is observed.

This is the most important band in the
visible. . We can cobserve only in A1,
A2 and A3 pink tourmalines.

Sharp and weak bands.

Observed in pink tourmalines; but more
visikle in AZ pink tourmaline spectra,

where the UV band-edge was more displaced

‘towards UV. For the A, and A, pink

1 3

tourmalines we can see a shoulder over

the UV band-edge.

In Figure 5 one can see a.non—polarized optical ab-

sorption &pectrum for the sample A

1

5 ., where E_Lc . “We observed

that.thé 19,500 cm = band is the most affected one.

Insert Figure.5




LT

Pigure & shows an optical absorption spectrum for AZ
'pinkxtourmaline where k//¢ using a beam polarized light. The
spectrum has hardly changed with the polarization angle and the

errors can be attributed to experimental conditions.

Insert Figure 6

' Figure 7. shows an optical absorption spectrum for A2

pink tourmaline where kic. 1In this case, the spectrum has

1

varied a lot with the.polarization angle for the 19,500 em” ' and

1

25,500 cm ! bands. The 19,500 cm | band moved in the UV direction

and. decreased with.the polarizatioq angle. We attributed that
behaviour to the strong reduction of the absorption of the 19,500

cm"q band showing ancther absocrption band around 21,000 cm_1.

Insert Figure 7

Figure B8 shows the absorption intensities <changing

with the polarization angle for the 14,800; 19,500 and 35,500 adq

bands.. The pink touxmaline:A2 spectrum, where EJ‘C, was used.

We can notice that the 192,500 and 25,500 cm"1 bands have a similar

behaviour changing strongly with the polarization. The 14,800 aﬂJ

band is hardly affected by the polarization.

Insert Figure 8

The A1, A3 and A4 tourmaline spectra present a

band at 8,500 e

; but we cannot see this band for the AZ spectra.
On the other hand the 14,800_;:m"T ban has an intermediate intensity
in AZ ’ A3 and A4 tourmaline spectra but is weak in A,] spectrum.

From all these observations we can conclude that those two bands

.8.

are not connected to each other. Thus, the douklet hypothesis

18

proposed by Smith in those two band assignments can be eliminated.

Moreover, as those two bands are observed in the A3arﬁ A‘1 spectra,

where the iron content is larger than the others, it reinforces

the more accepted suggestion that those bands are iron absorption

7 pand to the Fe2®

~ahsorption in the b-site according to Faye et a1.20 , Burnsz1

bands, On this basis we assigned the 8,500 cm
and Burns and Simongz. As b-site is little distorted, the Fe2+
(3&6) has a high spin configuration {8=2) being situated in a
weak oxygen field. The energy level diagram is showed in the
Figure 9. The § and Ao parameters according to the scheme

are:

§ = 550 cm A, = 8,450 cm”

Insert Figure 9

An absorption band is observed at 13,800 cn” )

A, green tourmaline and it is displaced tc 14,800 cnr1 in pink

1

for

tourmalines, because of the strong band-edge from the 19,500 cm™

band which is the most intensive band of the pink tourmalines.

18 the 13,800 em”! band is a doublet located

at 13,400 and 13,800 cm ™',

Bccording to Smith

on account of the high absorption energy, we assign

this band to Fe2+ (S=2) in. c~site. This octahedral site is

highly disterted. The energy level diagram is shown in Figure 10.

Insert Figure 10

The splitting shown by Smith could be assigned to

the unfolding of the dxz and dyz levels, which is due to the
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ortorhombic component of the crystal field. This assumption is

reinforced by the fact that the band is present in the A2

tourmaline spectra, which with an iron content of 250 Ppm makes
less probable the assumption of the Fe~Fe interaction.
The 21,000 cm | band, present in the A, tourmaline

spectrum during the optical absorption using polarized light, can

be the 21,600 cm_1 band observed in green tourmalines. On account

of the low absorption observed, the low Fe concentration - and
the high absorption expected for an Fe~Fe interaction band, we

adopt the same assignmerit as Smith does.

The sharp bands?> at 23,000 om™! are due to the

transitions GA1 - 4A } 4E belohging to the Mn2+.

When we have towrmalines with high content of iron,
the UV band-edge is displaced to the region of low values. In
this case, we suggest that the UV band-edge is somehow related

to the iron concentration, as one was observed in the vellow

bery124.

The 19,500 cm”! band is common to all the pink

tourmalines., The polarization spectrum suggests that this band

is related to the 25,500 c.‘.m"-| band. This result reinforces, the

assignments of Bakhtin et al.14 and Manning et al.12'16’17,

they are due to Mn3+ ion. By analogy with epidote25 and spodu-

that

mene26, we suggest that those bands are due to MnB*' in b-site.

1

On the other hand tlie 14,800 an ' band is not polarized,

reinforcing the present assignment to Fe2+-ion in c-site.

.10,

IV. OPTICAL ABSORPTION SPECTRA ANALYSIS BY CRYSTAL FIELD THEORY

The Mn3+—ion is stabilized in the b-site by a Jahn
-Teller distortion along the O(1)B-0(3)H axis. The electric

potential is:

where Vc is the cubic distortion potential and V is the

D4
tetragonal distortion potenfial. The matrix elements are:

<dx2_yzivc|d > = <d .|V |d,.> = 6D

x?-y? z? i
<dxylvcldxy? = <dleﬁc|dxz> = <dyz|vcldyz> = 4Dy
Az y2lVpgld_ja> =20 - b
<d,o|Vpla.> = - 20 - 6p,  ;
<dxy|VD4|dxy =20, -Db.
<dxy|vD41dxy> = (dyzlvbf-l!dyz) =-Db, + 4D .

We have to consider two cases:

(a) Octahedral site compressed along the z—axis

The energy level diagram is shown in Figure 11.

Insert Figure 11

The transition energies are:

£C°A) ~ BBy = - 4p_ - 5D,
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5 5., _ _ -1
E(°R,) - E(°E) = 10D - D_ - 10D = 19,500 cm

5 54,4 _ _ ' 1
E(A;) - E(’By) = 10D, - 4D_ - 5D, = 25.500 cm .

Using the value Dq = 1,100 et employed by Ito and

Isotanizs, in order to explain the Mn3+ center in spoduene, we

obtain:

- 557 cm™

"o
[}

- 2,920 cm—1 .

o
n

The relation DS/Dt is =-5,3 and the DS and Dt
values are comparable to those obtained in spodumene. We still
get:

ECA) - E(°B,} = 14,500 cm™' .

This transition was not observed, probably, because
it was too weak and hidden by the absorption of the Fe2+-ion in
the c-site.

The crystal field stabilization energy (CFSE) is

given by:

CFSE =

U1

1 5 . 5 :
(10Dq) + 5 [E( A1) - E{ B1)] K
Using the above values we get:

CFSBE = 37.9 Kcal/mocl .

.12,

(b} Octahedral site elongated along the z-axis

The energy level diagram is shown in Figure 12.

Insert Figure 12

The transition energies are:

5 5 _
Ej Bt) - E{( A1) = 4D5 + SDt
5 5 B _ -1
E( B1) f B Bz) = 10Dq = 19,500 cm
E(SB ) - E(SE) = 10D_ + 3D _ = 5D = éS 500 cm_1
1 q [ t ! -

Using the Ds= SDt approximation we cobtain:

1

D = 1,950 cm~

g
D. = 3,000 e

S
D, = 600 cm !

t
CFSE = 54,9 Kecal/mol .

The Dq and CFSE values, compared with results ob-

27,28

tained for other crystals  are compatible with the octahedral

site compressed along the O(1)H-0(3)H axis,

Therefore, we assign the 19,500 em™? band, to the

Mn3+ absorption in the b-site compressed along the O(1)H - 0(3)H

axis,

.
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V. IRRADIATION RESULTS

The pink tourmalines A A, and A had their color

1" 72 3

accentuated. by irradiation processes.  The green tourmaline A4

became pink. The variations observed in the optical absorption

spectra can be seen in the Figures 13, 14, 15 and 16.

Insert Figures 13, 14, 15 and 16

We observed that the coloring process in tourmaline
is reversible, The heating to 600°C for some hours changes tour-
maline from pink to colorless. The lost color can be-reammrated

by the irradiation process.

V.a. The A, and Ry pink tourmalines

The dose-curve of the 19,500 cm~! band referring to
the A1 and A3 pink tourmaline spectra, where E//é can be

seen in Figure 17.

Insert Figure 17

Both present a guick initial growth, with a tendéncy
Eo saturate in 2.00 MGy. Foliowing there is angther gnmﬂﬁ,fbnﬁng
something'like a step 6ver the first part of the'growth. This
new growth seems to be composed of a new saturation curve, which
we name supersaturation curve and a linear growth for doses higher
than those used by us in this work.

In Fig'uré 18 we pre'sent the dose-curve of the 8,500 t'.‘m_1
band referrinq to the same tourmalines, where ﬁ//c. We notice

a similar behaviour to that observed to the 19,500 cm_1 hand

.14.

with a step in.2.00 MGy, -

Insert Figure 1i8

1

'In the Figﬁré 19, a dose-curve for the’ 25,500 o™
band is shownmonly for A3 lsample spectrum, where ﬁ//c ::. For
this band, a light Qtep is observéd inVZ.GO MGy .

When we bleach the A1 and A3 pink téurmaiines tﬁéir

spectra reveal a band”at_ 32,000-cm~1

1

(A1} o and a2 shoulder at

30,000 cm 3)-

Insert Figure 19

V.b. As pink ‘tourmaline

This tourmaline has a low iron-concentration and a
low ©UV band-edge. We used slices from this tourmaline, where
either k//c or k]|c.

1

The dose-curves for the 14,800 cm ° band, where ij_c

and ﬁ//c , are shown in the Figure 20.

Insert Figure 20

We observe that a linear growth begins &t 4.00 MGy.

For K//c we note a step arocund 2.00 MGy, followed by the super-

1

saturation. The dose-curves for the 25,500 cm band , where

ﬁ//c and EJ_C, .are shown in the Figure 21t.

Insert Figure 21

We observe that from the 8§.00 MGy starts a linear




.15,

growth. Here, for E//c, we also notice a step in 2.00 MGy,
followed by the supersaturation.

The dose-curve for the 19,500 s band, where k//c,
is shown in the Figure 22. We observe a step in 2.00 MGy, a
supersaturation and a linear growth from the 8.00 MGy. In Figure
23; to Ei_c, wé do not observe the step,and growth 1is linear

from the 4.00 MGy.

Insert Figures 22 and 23

In Figure 24 we show the correlation among the ab-

1

sorbances of the 19,500 vs 25,500 c¢m ' bands for the & pink

2
tourmaline obtained from the dose-curves. These curves produce
correlations approximately linear. The curves for ﬁy/c and fj_c

are coincident, showing the same polarization effects. -

Insert Figures 24

In Figure 25, we show the correlation between the ab-

sorbances of the 19,500 em™ ]

band measured using i//c (A,}) and
Kj_c (R,}. We notice a deviation from the linear behaviour in
D=2.20 MGy. This deviation of the behaviour is seen in the short
step in Figure 22. This supefsaturation phencrmenon makes difficult

the analysis of the dose-curve growth.

Insert Figure 25

1

The dose curve, where EJ_C , of the 19,500 cm ' band

is gquite regular. Thus we made and empirical adjustment of this
dose-curve. The best model to do this adjustment was Levy's

modelzg:

.16,

where b is the angular coefficient of the linear part of the
experimentdl curve, D is the irradiation dose to which - the
sample was submitted, Bi is a constant which express the i-th
center growth-rate and_the a; are the contributions of each
cehter. -

The fitting curve was:

=1.01D

e™23-80D ) + 1.926(1-¢

e—13.00D

(1~

y = 0.954 b+

} o+ 1.970(01-

+ 0.143D

where the dose was measured in MGy. The adjusted curve is the

full line in Figure 23.

VI. DISCUSSION

We assigned to the b- and c-sites, the positions
of the ioﬁs responsible for the absorptions studied by us. Let
us examine the occupaticn possibility of the menticned ions in
those sites, The b-site is formed by the x04(OH(F)2—octahedr§n.
There are three sites b1 B b2 and b3’ existing a common group
{OH,F} in the O(1)H-site, The structural analysis is very
complex because the X-site can be occupied by ions having charge
1+, 2+ and 3+, and the vertex of the three b-sites can be occupied

by either OH  or F . Let us consider, in this discussion, the

b-sites from the XO4(OH)2 type. The X-ions are octahedrally
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coordinated by four Oxygens in the plan . perpendicular to the

octahedral-axis, which has an OH -group in each end. In the

dravite the octahedron, where X::Mg2+ ;. is elcngated along the

O(1)H-—O(3]H—axis6 .and the hydroxil ©(1})H connects the sites

b b, and b3. In the elbaite as X 1is either A£3+ or Li* and

17 2

the distortion along the O(1)H- O(3)H-axis can be quite altered.
In the elbaite, the two most probable structures for

the sites b1 ’ b2 aﬁd b3 are shown in Figure 26, because .of

the présence of those two structures will keep the crystal neutral

electrically.

Insert Figure 26

The c-sites are'forhed by YO#(bH)—octaedra and they
are occupied mainly by a3t T o

The O(3}H-group is shared by a b- and a b—site.
There are six c-sites in the brucite structure.

The average distance Mg-0, in dravite, in the;b~site

o . o] X
is ~2.06 A and in the c-site is =~ 1.8%3 A, In M{X¥)-oxides

R ‘ ‘ - 30 |
having structures similar to the NaCé, the Mg-0 distance is

2.25 2. as Mn®* bhas a a° configuration, it is not susceptible
fb Jahn—Télléf:distokfions.in six—coordinétion—éites. Thus the
Mn2+ is too lafge to occupy.the b- and c-sites. However, the
structural altération dérived froﬁ the substitution of Mg by Af

2

and Li in the b-site permits us to accommodate the Mn'bpmeﬂﬂzbly

in the b-site.

3,32

In LaM{III)OS' of perovskite-structure ,the Mn-0

3+ can be accommodated

B . . [o]
distance is -1.97 A, showing that the Mn
in the b~ and c¢c-sites, preferably in the b-site.

: =3
The Fe-0 distance in LaM(III)O3 is -1.97 A, so

.18.

3+

that the Fe can be accgmmadated in the b- and c-sites, preferably

in the b-site. On the other hand, Fe-0 distance in oxides having

o
the same structure as NaCf is ~2.16 &, therefore greater than

2+
e is a

the M-0 distance in the b- and c-sites. However, F
ds—configuration ion, susceptible to Jahn-Teller distertions in
six-coordination-sites. The b- and c-sites are distorted, so that
they can accommodate the Fe2+.

We conclude that the b- and c-sites, can accommodate

2
Mot ,Mn3+ ,Fe2+ and Fe3+ s with a great probability

the ions
for the b-site.

Let us now aﬁalyﬁe the results obtained from the
polarization measurements and the doée—éutves. 7

The intensities of the 19,500'and:25,500 em~! bands
do not depend on the direction of E to E//c. The pohmjzation

of those bands to iic , shows to be maximum to E_l_c and mindimegm

to E//c‘ As the polarization of the bénds'at'TQ,SOO and 25,500

-1 . . S )
Cm shows the same features, we assigned them to the same color

L 7

center. The COrrelafions between 19,5b0 vs 25,500 cm
and i_{c (Figure 24) are on the séme straight line,reinfoicing
the assignment of these bands to only one center.

The polarization of the band at 14,800 cm™' in pink
tourmaline is aifferent from that obtained for the 19,500 and

1

25,500 cm” ' bands. That is the reason why attribute its origin

to another color center. In fact the 14,500 em~! band is not
subject to the direction of the B.

The dichfoism phenomenon in the pink tourmaline,
resulting from the polarization of tﬁerabsorptioﬁ bands was ais—
cussed by several authors. One tried to explain it by means of

two models:
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a) Wilkin's Model4:— The {111) axis of the b-site which is
parallel to the c-axis, but does not coincide with the C3 axis.
This axis is situated in the brucite structure center, crossing
the O{1)H-site and is parallel to the c-axis. The intensity
of the absorption could be due to the expansion of the crystal
field in odd terms. In this case the Hamiltonian is:

chbic * Hodd—trigonal + Heven—tetragonal N

This Hamiltonian transform itself neither according
the operations from the C3—group nor €_-group. Besides, it does
not have the inversion symmetry in the trigonal plan. Thus, this
model does not explain the polarization of the bands at 19,500

and 25,500 cm | .

b} Townsend’s Modelzz— As there is no unique distortion along

¢, the absorption intensity dependence with the polarization
should depend either on the interactions with the neighbours or
on the composed spectrum symmetry.

This last one would contribute to the dichroism . if
the tfansitions within the individual b-sites were peclarized
along the O(1)H-0O(3)H éxis. The resultant spectrum would be
polarized with regard to the c-axis and the absorption coefficient
ratio, a , to E//c and to Ej_c would be 1<a<t.73. Nevertheless,
in this model we should expect for a C3 symmetry in the inﬁensity
of the spectrum polarized with E on the plan perpendicular to c.
Besides, we should expect that the maximum values on the plan
parallel to ¢ should occur at 63° frxom the c¢-axis. ' Those

behaviours differ from the results reported in this paper.

. 20.

We observe that the band at 19,500 em™ ! , for the

sample A,, to %//c and Xlc has A,~0.78 and to Klc -and
%le, A,-0.45. 1In both cases we maintained E]c. The dif-
ference is due to the contribution of the magnetic dipole tran-
sitions. Actually to A, both ‘H and E fields are perpendicular
te ¢ giving maximum contributions. To A, £ is perpendicular
to- ¢ giving maximum contribution, but H is parallel to ¢ giving
minimum contribution.

: ‘The heating of the pink tourmaline to 600°C for some
hours produces the complete emptying of the bands responsible

for the color (19,500 cm '

and the UV band-edge} making it become
almost colorless. By irradiation with y-rays from CO—GO . the
colof,ig recomposed by the increasing of the absorption bands.
These héﬁds increase quickly up té 1.00 MGy when they start to
be satufated.

. In Figure 25, we nétice twe phases in the growth relation

1

A, vs A, of the 19,500 cm ' band in the sample A In the first

2¢
phase up tg 2.00 MGy, A, and AL, increase at the same rate
keepiné fhe relation A, /A, constant and is of about 1.4. Later
on in the second phase A, increases at a rate higher than A,
giving a relation Al/An> 1.4. These observations suggest fhe
existence of at least tworcolor centers I and fI. The center I
pfedominates in the first growth phase of the ab&m;tidn band and
the.center Ii starts to éppéar in significant concentration; in
the secdnd phase. 7

The growth of the relation A,/2, in the aaxmd‘phase
is mainly aue to a growth ratie more accentuated of the &,. We

suggest that it is due to the fact that the center II absorbs

more to &, and less to A . As the contribution to the transition




.21,

E;_c is the same in A, and A  , we suggest that the dichroism

of the magnetic dipole transition is higher in the center I3.

1 1

The dose-curves of the 19,500 cm = and 25,500 cm

bands for the samples A1 and A3 ¢ show phases of saturation,
supersaturation and linear growth. We attribute the saturation
phase to the predominant population of centers I and the supe#—
saturation to the population of centers II.

The existence of two centers I and II is expected

since the brucite structure has two possible configurations indicated

in Figure 26.
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Summary from the assignments to the optical absorption of the rubellite.
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FIGURE CAPTIONS

Pigure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure B

The upper layer of the structure made up from consisting
octahedra. The central three larger octahedra contain
X-atoms at the c¢entre. The six smaller peripherical
octahedra contain Af. The small circles are B atoms
bounded along the - broken lines .toc - the corners of
octahedra. The lower right octahedron in the £irst
figure is pierced by a 31_ screw axis. In the second
figqure, we see the manner in which the wvarious octa-

hedral 1ayérs of the structure are joined to each other.

‘Cut of the tourmaline samples for the optical absorption

measurements.

Optical absorption spectfa of three pink tourmalines

(sampies cut perpendicular tc the c-axis}).

Optical absorption spectra of the green tourmaline
{sample A4 cut parallel and perpendicular +to the

crystallographic axis}).

Optical absorption spectrum of the pink tourmaline A2

{sample cut parallel to the c-axis}.

Polarization measurements, sample A2 cut perpendicular

to the c-axis.

Polarization measurements, sample A2 cut parallel to

the c-—axis.

Behaviour of the absorption bands with the variation

of the electric field direction throughout polarcids

{sample A, cut parallel to g}.

Figure % -

Figure 10 -

Figure 11 -
Figure 12 -

Figure 13 =

Figure 14 -

Figure 15 -

Figure 16 -

Figure 17 =

Figure 18 -

Figure 19 -

2+

Energy level diagram of the Fe in the b-site.

Energy level diagram of the Fe2+ in the c-site.

Energy level diagram of the Mn3+ in a compressed

octahedron aleong the z-axis.

3+

Energy level diagram of the Mn in an elongated

octahedron along the z-axis.

Growth of the absorption bands with the irradiation
dose for the sample A1 cut perpendicular to the

c-axis (plan 00T}.

Growth of the absorption bands with the irradiation
dose for the sample A2 cut perpendicular to the

c-axis (plan 001).

Growth of the absorption bands with the irradiation

dose for the sample A2 cut parailel to the c-axis.

Growth of the absorption bands with the irradiation
dese for the sample A3 cut perpendicular to the

c-axis {(plan 001}.

1

Growth of the 19,500 cm band with the irradiation

dose. and A

Samples A1 3 cut perpendicular to the

c-axis.

1

Growth of the 8,500 em” ' band with the irradiation

dose. Samples A1 and A3 cut perpendicular to the

c—axis.

Growth of the 25,500 cm” ' band with the irradiation

dose. Sample A3 perpendicular to the c-axis.




1 band with the irradiation

’ Figure 20 - Growth of the 14,800 cm™
dose. Sample A2 cut parallel énd perpendicular to

the c-axis.

Figuré'21 - Growth of the 25,500 cm*1 band with the irradiation
' dose. Sample A2 cut parallél and perpendicular to

the c-axis.

Figure 22 - Growth of the 19,500 crn_‘I band with the irradiation

dose. Sample A2 fut perpendicular to the c-axis.

Figure 23 - Growth of the 19,500 cm™ | band with the irradiation

dose adjusted according to Levy's model for the sample

— (Y
A2 cut parallel to the c-axis, g e
' Figure 24 - Correlation between the growth of the 19,500 and
25,500 cm”! bands in function of the irradiation dose,
. Sample A, . VN3, screw
- A‘ ' B) _ AXIS
Figure 25 - Correlation between the growth of A, and A in t

function. of the irradiation dose, for the 19,500 t::m_‘l

band. Sample a,.

= ﬁre 2 - Skeweh of thé.tWG possible structures for the b-sites Figire 1 ~ The upper layer of the structure made up fram consisting
in elbaite. octahedra. The central three larger octahedra contain
X-atoms at the centre. The six smaller peripherical
octahedra contain A£. The small circles are B atoms

bounded along the broken lines to the corners of

octahedra. The lower right octahedron in the first
figure is pierced by a 31 screw axis. In the second
fiqure, we see the manner in which the various octa-

' hedral layers of the structure are joined to each other.




Cut in the plan: 7 c, with
Klie an_d.-E'Lc-orE e, oo

Figure 2.-:Cut.of the .tourmaline

omeasurements. . -

_ Cut in the plan 001 {Lc),
with X #cand E Lc.

samples for the optical absorption

Figure 3 - Optical absorption spectra »f three pink

{samples cut perpendicular tc the c-axis).
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Figure 4 - Cptical absorption spectra of the green
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Figure 5 - Optical absorption spectrum of the pink tourmaline A2

(sample cut parallel to the c-axis).
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Figure 18 - Growth,of the 8,500 cm"1 band with the irradiation

dose. Setmple’s;--‘l‘s1 and A3 cut perpendicular to the

C-axis.
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Figure 19 - Growth of the 25,500 cm"1 band with the irradiation

dose. Sample A3 perpendicular te the c-axis.
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Figure 21 - Growth of the 25,500 em™! band with the irradiation

Figure 20 - Growth of the 14,800 cm-1 band with the irradiation dose. Sample Az cut parallel and perpendicular to
¥

the c-axis.
dose. Sample A2 cut parallel and perpendicular to

the c-axis.
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Figure 22 - Growth of the 19,500 e¢m = band with the irradiation

" dose. Sample'Aé- cut perpendicular to. the c-axis.

Figure 23 - Growth of the 19,500 cm™' band with the irraaiation

dose adjusted according to Levy's model for the sample

A2 cut parallei to the c-axis,
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Figure 25 - Correlation between the growth of &, and A in

function of the irradiation dose, for the 19,500 crn_1

band. Sample Az.
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