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ABSTRACT

Irradiation induced 10,500 and 15,600 cm |

cptical absorption bands in Mn and Fe rich samples of
spodumene was -shown to be associated to a single cenfer
through irradiation growth and thermal bleaching analysis.
Polarized optical absorption study.showed two bkands around
~ 13,000 and ~ 21,000 cm~1, which we assigned tentatively
to interstitial FezJr ion and the single center. Discussions
lend us to assign the 6,100 and 9,000 em”! doublet of
green and yellow Fe and Mn rich samples of spodumene to

+ . P . .+
3 site stabilized by a +2e cation at Li

2+—Fe3+ charge

3+

+ .,
Fe2 lon at AR

site; the 16,000 cm” | in these samples to Fe

+ . .
transfer between Fe2+ and Fe? " icons at neighbour A2

sites and stabilized by a +2e catiocn at Li+ site; the

single center to Mn3+ at A23+-site, which arises by the

trapping of an electron by Mn4+ den -stabilized: by

a +2e .cation substitution at a neighbour A£3+ site; and

the 18,600 cm | band of lilac Mn rich spodumens to Mot
at A£3+ site, which arises by the trapping of an electroen
by Mn4+ ion stabilized by the vacancy of a neighbour

S+
Li ion.




I. INTRODUCTION

We report here a new detailed analysis of
the previous reported optical absorption (CA) spectra
of five varieties of brazilian spodumene (Fujii, 1981).

The spodumene is a silicate belonging to the
inosilicate class of formula LiAESiZO6 {Dana and Hurlbut,
1978, p. 470-480). The unit cell contains four chemical
units, with the parameters a =.9.50 &, b = 8.30 & ana
c =5.24 &, It belongs to spatial group C2/c with
‘perfect cleavage plane (d!O) forming angles of 87° and
93° (Deer et al., 1966, p. 92-98). There are four egui-
valent sites for Li+ and AR3+ with an axis of order 2
parallel tc the b-axis.

It is very commoﬁ to find ions of Nat substi-
tuting for Li+. Other impurifiés usually found in spodumene
are Fe, Mn, Cr and V. A relationship between the color
and the presence.df impurities was observed. This
relatiﬁnship depends on the site occupied by these
impurities in the crystal lattice, on their valénce state,
coordination and concentration.

Spodumene is a source for the production of

Li salts. The transparent varieties of beautiful coleration

4.

are gemstones. These are known as kunzite (lilac),

hiddenite (green) and spédumene (colorless or yellow).

Heat treatment as well as irradiation with y—rays;rx—rays,

electrons and ultraviclet light causes changes in color.
Extensive studies have already been done. on spodumeﬁe
(Claffy, 1953; Manoogian et al.,1965; Holuj, 1968; Holuj
and Manocgian, 1968; Gait and Michoulier, J973; Leckebush
et al., 1974; Schmitz and Lehman,  1975; Hassan and Labib,
1978; Ito, 1980).

The kunzite, lilac variety of spodumene has
an absoprtion bana around 18,600 cm_1 and an ultraviolet

band-edge around 29,000 cm_l. When irradiated with

ionizing radiation, a strong band at around 15,600 cm_1

covers the 18,600 c:m_1 batnd and the ultraviclet band-edge
shifts to 24,000 cm_l. Irn this case the kunzite turns
green. When heated‘to temperatures ébove 120°C the green
color disappears in a few hours returning to the initial
color. Heating above-3000C bleaches the lilac ceolor,
which can be restored by irradiation followed by heating
at temperatures between 120° and 300°C. TIto (1980)
showed through_thermal and irradiation dose kinetics of

the abscrption bands, that the 15,600 cm_1 (green bhand)

and 18,600 cm_] {lilac band) bands are independent.
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The Mn2+ EPR spectra of natural kunzite crys-
tals showed that Mn2+-ionris substitutional to the Ak3+
jon and are changed on heating, passing from two main
groups, M T(I} and wn2t(1I-v) to Mn2T{I) (Holuj
and_Maﬁoogian, 19687) . However;_after this treatment,
neither irradiation nor heating changes the EPR spectra
of Mn2+(I) jon (Ito, 1980). Polarized optical absorption
spectra of green and lilac bands was shown to be allowed -
for octahedral symmetry (Ito, 1980). In this way

1

15,600 om~| and 18,600 cm | bands were assigned to

Moot in two different sites, say, Mn3+(a) and Mn3+(b),
respectively.

The five varieties of spodumene studied by
Fujii (1981} are lilac, colorless I, colorless LI, green

and yelldw'samples, with Mn, Pe and Cr concentraticons

as given in table I. The lilac, colorless I and colorless II

Insert Table I

samples when irradiated turns intensely green, but on heating at 200°C
the lilac and colorless I turns lilac and the colorless II turns

colorless. The oA spactra of these samples show several

.6.

bands. In table II we give the band positions and the

previously and the present sugyested assignment.

Insert Table II

-The two bands observed in colorless I, green
and yellow samples at ~ 6,100 and ~ 9,000 cm_1 can be
assigned to the d-d alectronic transition of Fe2+ in
distorted octahedrai site (Burns, 1970, p. 78). The ratié
between the magnitudes of the Fe2+ electronic (92,000
cn ') and re2t_pe3' charge transfer (16,000 cm ') bands
in the green sample is about 0.5 and in the yellow sample
is 4.5 . Thié observation suggests that enough amounts
of Fe>" are near Fe2+ in green, yellow, ﬁnd colorless I
samples, being bigger in the gréen spodumene and smaller
in colorless I spodumene. In lilac and coloriess IT
samples the absence of the Fez+—Fe3+ charge transfer
band suggests that there is no Fe3+ available to form
Fe2+—E‘e3+ coupling.

The band at_18,600 cm” | was shown to be
independent of the 15,600 cm | through the analysis of

the OA spectra of heated lilac.sample. This cbservation

was reinforced by similar studies in colorless I sample




(Fajii; 1981). Alsc liguid N, temperature  OA spectra
of lilac sample show that the two bands are independent
(Fujii, 1981). Alhtough Ito {1980) have assigned the
band at 18,600 cm | to M3t (b) ion, we propose in the
present repert a different assignment.

Irradiation and heating does not change the
color of yellow and green samples (Fujii, 1981). The OA

bands at 6,100 cm | and 9,000 cm

in these samples,
and also in.lilac sample, are not changed by irradiation
and heating. So, we conclude that these treatments does
not change the concentration of Fe2+ and Fe3+.

The lilac, colorléss I and colorless I sam-
ples turns intensely green under irradiation. The O0&A
spectrum show the appearing of a 15,600 crn_1 band for
E L g~axis, and 10,500 em”! ana 15,600 cm” ! bands for
E/f/c-axis. The line shape of these bands in the colorless
II sample are not deformed by the 18,600 cm_1 band. So,
we givé cur attention in the present report to the analysis

of the OA spectra of the colorless sample.

1I. EXPERIMENTATL

The sample of colorless 1T spodumene were
obtained in Minas Gerais, Brazil, and was studied pre-
viously by Fujii (1981). They showed cleavage (110)
planes and 93° angles.betwgen the (110) planes.__This
morphology together with the known growth direction
along thersg—axié ~allowed us to identify all
crystailographic axis.

The samples were cut in two forms: (i]pa;aL—
lelopiped with two faces perpendicular to the ¢-axis and
t;vo faces parallel to the cle.;tvage plane with ~5x5x 10 en;
(ii) faceted circular with two pérallel faces perpendicular
to the c¢-axis.

A Carl-%eiss DMR 21 spectrophotometer was

used for the optical absorption {OA) measurements,

‘Polarized light measurements were done with Type II polaroid.

The thermal treatments were done in air. The
stability of the furnace with useful veolume 10 x 12 x 15 cm
was improved to }OC by filling with brick materials and

two metallic plates. The temperature was measured using

: . . . o
a chromel-alumel thermocouple, with one junction at 0°C

with ECB X-T recorder and a Keithey 160B digital multimeter.

o



g

L9

All the samples to be treated were put between pfeviously
heated:metallic plates. With this set we obtained_thermal
_equ;libréum_;p the samples in about 40 sécpnds, and the
errqf.in the treatment time was. estimated to be about
20.secanS_(Fujii and_lsotani, 1982).

. . The saﬁples wéré Y—irrgdiated using a 6OCo_
source (;—400.D00-Ci) from EMBRARAD S.A.. ihe dose was
controlléd by means of three processés: Ceric-Cerous

dosimetric system, AECL Red Acryllic dosimetric system

and UKAFA Red Perspex dosimeter.

IIT. RESHULTS

a) ¥rradiation

Irradiation of ceolorless IT spodumene produce
two bands at 10,500 em” ! éﬁd 15,600 cm_], as shown in

figure 1.

Insert Figure 1

The ifradiaﬁion groﬁfh of the 15,600 cm_1

band for E //c-axis is shown in figure 2. The solid.line

. i0.

Insert Figure 2

was fit using the Levy's model (1974) for two exponential,

giving:

-0.0386D " -0.8109D

A = 0.613(1-e } + 0.160(1 - e ) (1)

where D is given in MGy and A is the absorbance. This
result indicates that the process of radiation growth

of the 15,600 r.:m_1 band is complex.

1

The band at around 10,500 cm = in the color-

less II sample is a complex band. In this way, we analysed

L kands,

the band-shape of the 10,500 em” ! and 15,600 ¢m
assuming that they are formed by a sum of.gaussian lines.
The analysis showed that the 10,500 cm” ! band is composad
by at least two gaussian.lines and the 15,60d cm—1,
probablf; by one gaussian line. The general formula
used here is:‘

Alvy = By SXP [_Ui ("“’oi’z] ’ 2

M~

. . . 1 -
where v is given in em ', Aoi POy and Vg are constants
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{i = 1,2 for 10,500 cm_] band and i=3 for 15,600 crn_1

band).

The fit were done using the methed of linea-
rization of gaussians (Bevington, 196%, p. 204). The
results of the fit are good as shown in figure 3 {(k/¢-

axis) and 4 (kL ¢ and (110)-axis). The fit parameters

Insert Figures 3 and 4

are shown in table ITI. The errors evaluated by comparing

Insert Table IIIX

experimental data with the evaluated curves, but does
not included experimental errors. Sco, differences like
observed for ¢ in k//¢-axis and k L c- and (110)-

1 C s .
are not significative. .

axis. Spectra at around 15,600 cm
This cbservation reinforces the probability that this
band is ocomposed by a single gaussian line. Oz the
other hand the differences observed for o in k/¢-axis
and k Lc- and  {110)-axis spectra of 10,500 cm™! are
significative,_meaning that this band is a complex band,

In figure 5, we show the change of the spectra

2.

Insert Figure 5

with the direction of k (k 1 (110)-axis) along the nlane-

perpendicular to the (110)-axis. We see that the line

at around 10,500 cm | is strongly dependent of the k

direction, while the 15,600 cm“1 show weaker dependence.

We see also a shoulder at around 21,000 cm .

In figure & we show the polarized spectra'

Insert Figure 6

for k#/¢~axis. A new weak line appears between 350 and

Q

607 from E .1 (110)-axis at around 22,000 cm"1 and a very

waeak line for 60° at around 12,500 cm_1.

In figure 7, we show the polarized spectra

Insert Figure 7

for k/(110)-axis. . We see a very weak line at arocund
13,000 cm_] fer 150o from the ¢g-axis, and another weak
line at around 20,000 cm_1 {broad band maximum varyind

1 1

from 19,500 em ' to 21,000 cm ' with polarization) for

60° from the c-axis.
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We assign, tentatively, the line around

' o re?t ion by analogy to the bands

12,500 ~ 13,000 cm
assigned to this ion in several minerals (White and

Keester, 1966; Blak et ai., 1983). The precursor of this
is, probably, an interstitial Fe;f ion. reduced intc Fe3+
by irradiation. The 20,000~ 22,000 em”! band polarization

is different from that shown by the band assigned to Fe2+

2+

. + . )
ion. Ip this region Fe and Fe3 ions are not expected

to show absorption transitions. On the other hand, Ito

3+(a)

(1980) predicted a line at about 21,500 em”! for Mn
through crystal field calculation. So, we assign
tentativeiy, the 20,000~ 22,000 cm_1 band to electronic

transition of Mn3+{aJ ion.

b) Heating .

Irrédiation indﬁces.gieen color in colorless 
II sample. fhe color is due.to the appeéring of two -
bands at 10,500 cm™' and 15,600 cm™ ', and a band-edge at
the blue regicon of- the spectrum. These bands bleached .
on heating at ZOOOC, and the sample turns colorless agaih.
In figure 8 we show the decay of the 15,600

cm_T band in colorless II sample. The solid line were

.14,

Insert Figure 8

cbtained from the n-th order single center kinetic model
(Takeuchi et al., 1975):
d

—— A(t) = s

n
Ic exp{- AE/kT) A(t) ; - (3)

Q
where AE is the activation energy, T is the absolute
temperature, k is the Boltzmann constant and t 1is
given in seconds. Assuming that the order n of the
kinetics does not change with temperature, the solution

of the above kinetic differential equation is:

A(t) = Aj(1+at)® . ' (4)
where

a = (n—j)sﬁegp(fAE/kT)/AO

b = 1/(1-n) .

In table IV.we show the values determined for the para-

Insert Table IV
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meters a, b and n. As n changes with temperature, it
means that the order of the kinetics changes with tempe-
rature, in contradiction with the assumed assumption to
solve.the kinetic differential equation.

The fit with Levy's model (1974) with three

single_centers is given by:
3 .
A(t) = Z Af exp(=b,t) (53

i=1

where Af and bi are constants. Here we assumed that
Af is proporticnal to the concentration of the i-th
center. This implies that the Af parameter does not
change from one iscthermal decay to ancther, because we
used the same crystal for the measurements. - Using the

above equation, we cobtained a good fit with theparameters

shown in table V. The dependence of'Af with temperature

Insert Table V

show that the concentration of the center varies from
one isothermal decay to another, which is in contradiction
with the initial assumption that the concentrations does

nof change.

6.

Thus we. conclﬁde that the kinetics of iscthermal

decay, as well as the irradiation growth, are very complex. & microscopic

kiretic model analysis is in progress to describe the cbserved data.

In figure 9 we show the correlation between.

Insert Figure 9

kA¢~axis and g'¢.g— ana (f10)—axis.5ands éf around
15,600 <:rrl_1 for irradiation growth and thermal bleachiﬁg
in colorless II sam?le. The correlétion is 1inéar,
showing that we are dealing with a single polariéed béné.

In figure 10 we show the correlation between

Insert Pigure 10

! and 15,600 cm” ' bands obtained for ki g-

the 10,500 cm_
and (110})-axis for irradiation growth and thermal bleaching
in colorless II sample. The correlation is linear,

showing that we are dealing with two bands of the same

center.
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Vi. DISCUSSION

The OA spectra-of spodumene showed Fe bands
only in. green, yellou and colofiess I sampieé {Fujii,
'f:9&-‘l-.)'“ As the - cokoxless LI - sample showed larger. Ee
concentratlon than yellou and - celﬂrless I samples, " we

Hconclude that re dqp;ng lS p0531bba WLthout 1nduc1ng--

absorptlon in the vxszble. _ The Fe don wh;ch does. not

: shuw absorpt‘on in. the v1s;ble, probably, is Fe3 don.,

In green and yellow samples we see both Fe2

electronlc and FEZ ﬁ-Fe3 charge transfer bands. Other-

. - 2+ .
wize, in colorless I sample weé see only the FE2 electronic

. . + .
band. 'This means that Fe3 jons are found at, almost,

two sites, one which does not allaw abscrption in the -

: . . . +
vigible and the other which through interaction with Fe2 ’

éllow charge transfer band. In yellow sample the Fe2+
electronic band is bigger than in green and colorless I
samples (Fujii, 1981; Pujii and Isotani, 1983), showing
in this sample higher Fe?f éoncentrati&p. Otherwise,

in green sample the bigger f‘e2+-—Fe3+ charge transfer

pands shéws higher Fe3+ concentration, thch interacts
witﬁ Fe2+ . -

The A£3+ ion site, allow Fe2+ ion

by X7

So, we suggest for the structure of Fe2+ ion at the AfL~

.18,

substitution, with the charge stabilization, probably,
being achieved through the substitution of Li® ion by,

for example, Ca2+ fon or by an interstitial alkali ion,

like Na+ , neighbour to Fe2+ icn. The interstitial

charge is expected to occupy a site between Li+ and A23+

ion sites for better charge stabilization. So, fozr the

sake of simpligity, we Yabel the stabilization charge

2+flike ion, with x** site arouna Li' ion site and

along Li+‘-A£3+' axis.
The Fezf ion is, probably, at the plane LiAR

formed by the Li+ and A£3+ ions (plané LiAfL is parallel

2+

to the plane bec). Neighbour Fe and X2+-1ike ions at,

for example, neighbour planes are at least 4.75 A apart

and are separated by SiS5i plane (parallel to the plane

be), probably, giving a higher stabilization energy than

any X2+--Fe2+ configuration at the LiAf plane.

 + . : .
The Li and A£3+ ion sites are neighbour

aiong the ¢- and bh~axis, respectively at distances around

o o .+ 3+ . R
2.6 A and 3.3 A. As both Li and A% ion sites are

surrounded by 02‘ ions with three common 02" ions, the

best stabilization, with weaker structural distortion,

probably, is achieved for smaller qu-—Fe2+ distance.

3+
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2+

ion site, the formaticn of a X .[Fez+]

defect, with

2+ 2+ , :
- Fe axis aleng the ¢-axis, and the brackets

[ 3 meaning the 02_ ions octahedral around the Fe’' ion

the X

site. The d-d electronic transition of the Fe2+ ion in
such distorted site give rise to the 6,100 and 9,000 cm~1
bands} consistent with that observed in other minerals

(Burns, 1970, p. 87-105). A sketch of the X2+:[Fez+]

defect is shown in figure 11.

Insert Figure 11

The Fe bands in green, yellow and colorless
I samples are ncot changed by irradiation nor by thermal
treatments., This means that, probably, Fe is not found
in Si4+ ion site and nor at interstitial sites. The
. : a+ . At :
substitution of Fe ion 1n S1 ion site, must show a

band at around 18,000 cm"1, as observed in amethyst

{Cohen, 1%85). The Fe3+ ion substitution at Si4+ ion

site, turns this site a hole trap, which under irradiation

4+

induces the formation of Fe ion through the reaction

3+

Fe +h+ + Fe4+

; thus inducing the appearing of a band

at around 18,000 cm_1. The Fe3+ icn interstitial under

. f . + .,
irradiation turns Fe2 ion by capture of an electron,

.20,
as shown for amethyst (Cohen, 1985). The interstitial
re?* ion show an 0aA band at around 12,000 cn”'. EBoth

18,000 and 12,000 em” ! were not  observed in green, yellow

and colorless I natural samples.
On the other hand, the 12,000 em”™! band ob-
served after irradiation in the polarized spectra of the

colorless II sample, indjicates the presence of hﬂﬂrstﬁjal

Fe impurity and the reduction .of interstitial Fe3+ ion .

into Fe2+ ion.
: 3+, s
.The site .allowed.for . Fe ion which does not

3+

allow OA electronic transition is, ‘probably, at the AL

ion site (see figure 12). Irradiation and thermal treatments

Insert Figure 12

does not change Fe3+ ionizaticn'state, bec&use the
substitution is.without change in the charge. This égrées
with EPR measurements (Gait and Michoulier, 1973) which
showed Fe3+ ion at‘A23+.ion site. :This'Fe3+ ien,
also, is not expected to show absorbance in the visible.
Being a half-filled d-shell, the octahedral envirorment
cannot allow Jahr-Teller disto;fion. Without the mixinhg =

of atomic orbitals promoted by the distortions, no'éhange:
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in the d-orbitals parities are expected and sc the d-d

transition probabilities are negligible,

The Fe3+ ion which allow Fez+--Fe3+ charge
2+ . 3+
transfer bands must be . near to Fe ion. Because Fe
is substituticnal to A£3+ , does not need charge stabilization,
2+ 3+ . .
but Fe needs. So, we suggest - -the Pe ion 15 near to
2+ 2+ . . ,
an X r[Fe® ] defect. Two configurations are possible:
. + ' + +
(1) {Fe3+] group neighbour to X2 with the X2 -JFe3
- : . 3+ 24+ . :
axis along.the b-axis, and with Fe~ - Fe axis being

around 520_£rom the ¢-axis; -(ii} [Fe3+] group neighbour

: X . .+ 3+ .
to the Li* ion along the b-axis, with Li ~Fe axis

R . + + :
perpendicular to the g¢-axis, and with Fes---Fe2 axis

being around 128° from the ¢g-axis. The Fe2+ and Fe3+
ions, in both cases, have three .common 02_ -ions, which
makes possible the coupling between these ions through
oxygen: super—exchange interaction (Hippel, 1959, p. 265).
The concentration of these defects depends on both X
defects as.well'as-{Fe3+] group concentrations. Thus it
is possible a case with 1:»1‘.gc_;er-_-Fez_Jr bands than the .
Fe2+-Fe3+ charge transfer band; like in the yellow
sample, while charge transfer band is bigger in the green

sample.. The substitution of Fe3+ ion at the ag’" site

increases the metal-oxygen covalent interaction, because

2+: [FE2+]

L22.

the electronegativity of Fe is bigger than of AR. This

3+

turn [Fe”' ] a shallow electron trap. The positive

character of [Fe3+] makes the stabilization energy of
3
the i-type configuration weaker than of the ii-type

configuration. So, we assume here that the B~type Fe3+

defect is of ii-type configuration, as shown in figure 13.

| Insert Figure 13

The [Fe2+] stabilized by a neighbour x2"

r

have one electron excess. Thus [Fe2+] is able to capture

one hele center in the oxygen ion around Fe2+. The heole

center, probably is localized arcund the three oxygen

icns at opposite site from that of X2+. Due to this

delocalizacion, the hole will couple with the Fe-0

_ vibrations. We estimate the EPR line width, AH, of the

hole assuming the following assumpticns: (a) sach oxygen
vibration promote spin relaxation; (b} the Fe—-0 vibraticns
are at about v =500 cm | (Nakamoto, 1963; Ross, 1972);

{c) the uncertainty relation AEAT~h, where AE =g AH
and@ At ~ 1/cv, can be applied. The value obtained is

3 X105 gauss, showing a big spin-vibration line broadening,

which is beyond the usual range of measurements.
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.5 RN .
The X 1s an electron trap, due to the
excess of a2 +le charge. BAn electron can be trapped at
this center. Now, as [Fe2+] have an electron process,

we expect an exchange interaction between the X2+ trapped

2+

electron and the net [Fe” ] electron excess, forming a

H2 like bond. This result is a deep electron trap and
an equivalent spin of s=0 for the trapped electron.
Also, the partial decrease in the electron charge density

+ . , .
at F62 ion, due to the formatiocn cof a Hi like bond,

decreases the d-d transition probability.
Irradiation produce electrons and holes which

can be trapped at the X2+ ions (deep electrons) of

2

%2t : [re?t]

defect, at [Fe3+] {shallow =electrons} and

2+

2+] (holes) of X" : [F

at [Fe e2+

] . Cn heating the
trapped electrons are released and recombine with the
holes trapped at [Fe2+}. The excess of energy will be

2+ ions. The lowest transition

transferred to the Fe
energy‘in'Fez+ is of around 6,000 c:m_1 and the highest
phonon energy is arcund 600 cm™ | (Imbush, 1978, p. 65).
Therefo;e if non-radiative transition occurs across this
6,000 cm | gap, it involves the creation of around 1C

phoncns. As the order of perturbaticn theory needed is

net so high, non-radiative decay can occur, and so

S24,

luminescence is not expected to 'he easily seen.

The Mn impurity in spoudmene is expected to
ke in Al3+ ion site as Mn3+ ion. As the d-d transition
is forbidden because d orbitals have the same parity,
and even for small orbital mixing giving a small tran-
sition probability, the small concentration of Mn, makes
the observation through 0a spectra of Mn d-d transition
very difficult.

The effective charges on Li+, A23+, Si4+
and 02_ ions‘in spodumehe was shown to be, respectively,
+0.7e, +2.4e, +2.4e, ~ -1.3e (Basaki et al., 1980). This
show mixing between the atomic orbitals of positive and

3+

negative icns. The Af icn, with full filled d-shell,

show about 20% less positi?e charge due to interacticn
with oxygen ions. ©On the other hand the half filled

d-shell anJr ion in Mn25i04'show an effective charge of

+1.21e, showing a 40% less positive charge due to-inter-

action with oxygen ions. Higher interaction metal-oxygen

3t and the six octahedrally disposed

3+ at the-Al3+ site,

is expected for Mn
oxygens. The substitution of Mn
increases the metal-oxygen interaction, turning the

oxygen ion orbital less filled as related to the oxygen

3+

. . . 3+ .
ions surrounding A% ions. So, the [Mn~ ] group is a
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shallow electron trap.

The EPR spectra of spodumene showed the

2+

. . +
presence of Mn (Holuj and Manocogian, 1968), at the AlB

ion-site. The charge stabilization can be achieved

2+ 2+

through. a Xzf neighbour *o [Mn2+] forming a X° : [Mn®']

2+

. +
defect. .This defect, as in X° : [Fe2

1 defect, have
x2* 2+ . . .

-Mn axis along -the c-axis. A trapped hole in the

: : . 2+ +
oxygens fartest from X2+-11ke'lon, as in ¥ : [Fe2 ]
will not be seen in the EPR spectra. The recombination
: +

of the hole with an electron in the oxyygens around Mn2 '
promote through energy transfer an+ to excited states.

The' excess of energy is dissipated through phonons to

the first excited state 4T and so to the ground state

g
through 4T1g - 6A]g luminescence (Marfunin, 1979, p.
195-196). The observation of "an crange luminescence

(Fujii, 1981) in lilac spodumene agrees- with the present

consideration. The configuration of this defect is

51m11ar to the X2+- [Fe2+]'defect shown in figure 11,

Let us now con31der the assignment for the

polarlzed spectra at around ?0 500, 15,600 and 21,000 Cnri

. N ; +
which we show to arise from a 51ngle center.. The an

EPR spectra does. not showed any change under 1rrad1at10n

,{Ito, ?980). 8o, these bands_must be a551gned to Mn3+

or Mn4+

.26,

Ito (1980} assigned these

bands to Mn3+ through

a crystal field analysis. The electronegativity of

Mn(1.7)

of Mn

covalent interaction.

the electron charge density at the 0% ions, So, [Mn

is bigger than of AL{1.6)
3+ 3+

Thus the substitution

at AL site, increases the metal-oxygen

This induces a small decrease in

3+}

group is able to receive additicnal charge density,

turning a shallow electron trap.

The center of the bands

here referred was preoduced by irradiation. Thus, we

propose that the precursor defect at A£3+ site, Mn

is reduced into Mn

3+

4+

r

by trapping an electron. Other-

wise, we drop the possibility of oxidation of Mn3+ into

4+

Mn because [Mn

3+] is a shallow

electron trap.

+.,
The precursor defect [Mn4 ] introduces a

3+

+le charge excess at A% site.

stabilized by: (i) a neighbour ni*

This defect can be

vacancy; (ii) A13+
2+

substitution by an +2e charged ion, for example, Ca“" ,

Fe2+ Q

r Mn2+, which we label as 1

+ . .
2 . These configuraticns

results in two possible Symmetrles for the 6etect As

the Mn4

spectra was not seen, the

local symmetry of the

defect must be analysed through the polarlzed spectra ofr'

3+

The first configuration

i shown in figure
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. L+ s .
14, with a Li vacancy have the weaker stabilization

Insert Figure 14

energy if the vacancy is at the first neighbour site
along the g¢g-axis. In this configuration, the Lfkvacmxy,
acting as an -le defect, repel three oxygén ions into
Mn4+ direction. Also, the Mn4+ ion attracts these
oxygen ions like a +1e charge. The resultant distortion
in the oxygen octahedra around Mn4+ ion is expected to
be high. This high distortior mix the atomic orbital of
Mn4+ changing its parity. Thus, the transition probability
will be no ionger equal to zero, as for octahedral
- symmetry. In this case, a spin-forbidden abscrption

band at around 16,000 cm” )

is expected as seen in Kf&m@
(Jorgensen, 1958). However, as the Mn concentration

is about 200 tc 600 times weaker than in K, MnF this

2 6’
band should be hardly observed.
The Li+ vaéancy along the c¢-axis induces a
dipole moment along this axis. This will give zero
transition probability for E perpendicular to the

¢-axis. In the spectra of spodumene we found that the

18,600 cm ' band show an almost complete extinction for

.28.

E around 60° from the ¢c-axis in the (110)-plane- As
polarization follow Malus' cosine. law,-we conclude that
complete extinction is possible for .E at 90°  from: the
¢—~axis in agreement with the Li+ vacancy-neighbour to |
Mn4+ ien algng the ¢-axis. For- Fe rich samples,
probably, high amounts of Fe2+ are stabiiized through-
interstitial Na+' ions. The resultant high concentrations .
of alkaline ions in the network, probably, prevents the
formation of it vacant defects, explaining the absence
of 18,600 Cm_? band in Fe rich samples. The higher
crystal field parameters found for Mn3+ in b-site, is
also gonsistent with the high distortich of the oxygen.
octahedra.

The seccond configuration 1i, with a 22+

icn, have the weaker stabilization energy if the ion is

at the first neighbour AL , as shown in figure 15, The

Insert Figure 15

Mn4+— 22+ distance is about 4.2 A. The relative decrease

L+
of the local charge at A23+ site is about 1/3 of the Li

vacancy, and only one oxygen ion is repelléd. This kind

of stabilization introduces only a small distortion in
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band is expected. Thus we conclude that the

16,000 cm~

s . . + .
best stabilization configuration model for Mn4 1s that

of_z?+ ion subsfitution at the first neighbour A23+ site,

3+ through the

Thgjreduction of Mn4+ into Mn
trapping of an}electron charge, is féllowed by a big
change in the transition probability. The net negative
charge at thef22+_site_is disﬁ;ibuted.along the 02— ions,
perhaps, incpeasing the net value =-1.3e. The eléctron-
trapped in Mn3+ is also an excess of negative charge, ks
because the charge distributiqn_around mn?t turns this
site neutral for +4e ion.. So, the excess of negative

3+

charge density is found between Mn site and the oxygen

ion common to Mn3+ and 22+. This give rise to a H2 )
like bond extending for all oxygens around Z2+ ion, and
the parity of the Mn3+ d~orbitals are no lenger preserved.
The covalent character of this interaction will give. a
big transition probability giving rise to strong absorp-
tion bands. The analysis of the polarized spectra, due

to the complexity of the wave functions and dipole moment

tensor, is beyond the scope of the preseht work.
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TABLE III - Parameter f£it for three gaussians,

TABLE V - Parameters a and bi for three first
crder decays.
T (%0 Bo | Po 0 24 ) by
1 2 3
120 0.156 | 0.323 .517 0.076 [-0.0037 | 0.00027
136 0.255 | 0.557 231 0.102 ] 0.0041 | 0.00028
154 0.345 | 0.464 . 244 0.096 | 0.0084 | 0.00035
163 '0.492 | 0.340 .00% 0.176 | 0.0116 § 0.00038

1 2 3
3 _ ic 9,15 £ 0,06 11,03 + 0,06 15,08 = 0,01
VU'(lﬂ cm o .
i He 9,2 = 0,1 10,5 = @,1 15,3 = GC,3
1c ) 0,29 £ 0,02 0,24 + ¢,02 0,50 = 0,01
A
Oi e 0,028 0,002 G,016+0,06 0,657 +0,003
lc 30 = 1 336 = 1 23 21
-8 i
g (10 cm
Vs 77 £ 5 285 = 9 26 = 1
TABLE IV - Parameters a and b of A(t) = AO {l+-at)b.
T (OC} a b. n
120 0.0145 -0.331 4.02
36 0.0234 - 0.508 2,97
154 0.0864 - 0.385 3.59
163 0.315 -0.463 3.15
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