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LUMINESCENCE ‘STUDY OF SPODUMEN E INTRODUCTION

Spodumene is. silicé.te whose- chemical ‘composition: is LiAlSi,0p . There are many

types of spodumene, each one reacting dlfferemtly to the irradiation. and. annealing process

B T RN T . - _ ‘ (Claffy; 1953; Manocogian: et al, 1965; Holuj, 1968; Holuj- and Manoogian, 1968; Gait and

* Sadao Tsotani; Americo Tsuneo Fujii; Rodolfo Aatonini, | Michoulier, 1973; Leckebusch et al, 1974; Schmitz and Lehman, 1975; Hassan and Labib,

' Walter Maigon Pontuschka, Said R. Rabani. - 3 o 1978; 1to, 19805 Fujii and Isotan; 1988).:. ‘
_ ' _ : _' : - ' _ . ._ ' .- The: chroma.n spodumene, green. vanety of spodumene, does. not show- luminescence.
-mitui°-de’F[8im*’~Uﬂiﬁéfsidade:de:sio Paulo: - :'. T . nor: tenebrescence,  and .the absorption. spectrum is' not - cha.nged by heatmg nor: by
CP?”516*01458550P301€%5P1&“11 S e 1rra,d1atlon with ionizing radiation.

The: color of non—chromian spodumene are colorless, hla.c, yellow and green.. Mn

4"1.8‘“&}; o S S g - | o _  and Fe: are present.and the color is probably due to the absorption of. light by the Mn and

E o = (R e - o - | _ Fe catlons Lilac spodumene showed FefMn <1 ratxo and green and yel}ow spodumene
WBEDEEWﬂWBF“IWd“ 2 . o - showed. Fe/Mn > 1 ratio. ' :

N : S . - Lllac spodumene present luuunescenoe and. tenebrescence (Claffy, 1953) UV.

; Ins;i!;uto;deaMatemético;e FfSi_Ca;—rUﬂi‘fefffidade'Fe‘iél.ﬂ-dec;"iés-‘-‘3 SRR ~ irradiation: induces. protracted phosphorescence (MIHSOII and Millson, . Jr, 1950) of
L i ' L ' e : exceptional duration. _ -

| Our main gbjective is to present &-_.comparé,tive study by luminescence:of. ﬁverkinds_

of Spodﬁmene from Min_a.s Gerais, _Bra.zil_, studied. prevlously by - optical : absorption

spectroscopy (Fujii and Isotani, 1988). We u.sec_l natyial gemstones: that, in: t_he.'course of

the experiments, were irradiated with X—rays.

_ S EXPERIMENTAL DETAILS
- B Keyv&o_rds:Spodpmene, Radiation Effects; Luminescence.. -

The crystals used in this. study have dlfferent colors: colorless 1 and lilac with

Fe/Mn < 1 ratio and colorless II, _yellow and green with Fe/Mn >1 ratio




' _Tﬁe- slic:és used in the experiments had thickness of 6.2 to 0.8 mm. They were cut
" cither parallel or perpendicular-to the c~axis. _
The sa,mp_leérwere irradiated 'wiﬁh X—rays from a Phillips apparatus operating at

4KV and 20'mA; at liquid N; temperature. . ‘

A home made device was used for the TL measurements. A Kanthal sheat was used
for heatin'g—.“;heisampies; émd the: emission w:as detected in & EMI 978913 photbmulciplier
coupled. to. & current—voltage converter and recorded in a ECB SciwreCOrdet' A Corning

476 ﬁlter (500 nm— 650 nm) was set between the sample and the photomultiplier. The
heamng rate was’ set in 2.8 Kfs. The grain size were chosen in the mterval of diameter
between 0 074 mm: and 0.177 mm. Possible trlbolummescence produced by the grmdmg

DIOCesS was. elmunated by treating the powder-at 400°C by 24 h.

A _Carls—Ze:lss‘ DMR21 spectrophotometer and a Perkin—Elmer MPF4

spectroﬂﬁb;imetér were used for the phosphorescence decay measurernents. The samples
were cooled with- a cold finger: v_vithi:_i & cryostat at ImPa (10°5 torr). Temper.ature'wa,s
controlled: fusing cryogeni'c substances: liquid N,{77K), dry ice (194K), water and ice
(273K and water (300K) A qua.rtz wmdow allowed the transmittance of the emitted hght.

to.the Spectrometer or spectroﬂuonmeter

RESULTS -

épddumehe. X—irradiated- exhibit the.characteristic orange phdsphorescenc;e_, ‘shown

in Figure 1... The emission. spectrum showed: a band at around 1700 ¢m*! (550-'mrh)’. The

INSERT FIGURE 1

Ijhbsphbrééence‘intensity-de(:reases as a function of Fe/Mn ratio.. In lilac phosphorescence:

is visible, while is not sech in green spodumene.

The [Fe?*] group stabilized by a neighbour Z27ion, have on electron excess. Thus

[Fe2*] is able to capture one hole center in the oxygen ion around Fe2*. The hole center, is .

possible localized around the three oxygen ions at opposite site from that of Z2*. Due to
this localization, the hole could couple with the Fe— O vibrations.  We estimate the EPR
line width, AH, of the hole assuming the following assumptions: ' (a) each oxygen vibration

promote spin relaxation; (b} the Fe -~ O vibrations are at about = 500 em™! (Nakamoto,

1963; Ross, 1972); (c)the uncertainty relation “AEAT~h’; where AE'= gAH and

Ar~1lfc, can be applied:*" The value- obtained” is” 3% 105 ganss, showing a big
spin—vibration line broadening, which is beyond: the usual range of measurements.

The lowest transition emergy in Fe?* is around 6000 ¢mt and the h]ghest phonon

energy is around 600 em ! (Imbush, 1978, p.65). Therefore if non~radiative transition.

“occurs across- this 6000 em-1 gap, it involves the ¢réation of around 10 phonons. As the

arder of perturbation needed is:not so high; non—radiative decay can occur easily, and so
crystal luminescence in Fe2+1ich sampies-is expected to be hardly seen.” “Accordingly, we
observed: at present that UV excited Iu'minescez_lcer and phospho.resoence in X—ray- and
y-irradiated samples aré weaker in Fe richér samples.

Figure 2 shows the. TL spectrum for lilac spodumene. We observed two peaks at

_ INSERT FIGURE 2 .

200°C-and 400°C. “The 200°C TL- peaks is-associated to the bleaching'of the: green color.

"So we call the 200°C peak'bv G—pea.k The'4[lﬁ°C TL 'peak is: associated to: thé belaching

of the hlac color. Thus we call the 400°C peak b_'y L—peak L
A senes of measurement< was carraed out to obtam the 1sothermal decav of the

phbsphorescence in lilac spodumene, using the {ollowing: procedure: the same sample of lilac

spodumene was X—irradiated at 77K. for 4h.._3. The phosphorescence was measured by 20

o



minutes: after: the end of irradiation.. The temperature was raised to a given temperature
T, and maintained constant with appropriate cryegenic.substance. After the measurement
at. T, was-completed, the sample was annealed at 400°C for 24h and X—irradiated again.

.- The: process was: rep_eate_d_,e.t: a second temperature T, and so on.

The: 100m: temperature: phmphoréscence decay. curve .observed . with Perkin—Elmer

. MPF4 spectrofluorimeter at X—~ _5_9Els'mrr_m-,agr.eed5{resy: well with the decay curve determined.

for the:total emission with tﬁet-Cetl-Zeiss:-DMR2lzepect.rometer.: This behaviour shows that:

the:emission: band‘*dow-net' change-thfoilghf the thermal decay-'proces's -As the -intensity of .

the- totaE em:ss:on 13 blgger t.ha.u the emission ; at A= 59(] mm, we used. the Ca.x:l ZElSS

_ DMR21 spectrometer Hor:the: Tow temperature mea,surements o

Expenmental va.lues for. the: isothermal: decay at T?K 194K 273k and - 300k are.

shown i F}gu.re B S

INSER'i?:EIGﬁRE. 3

- The analysxs of the xsothexma.l decay curves- of the low temperature X-ray.

' ) lrra.dxatlon induced: phosphoresoenoe is: complex Flrst we apphed two empirical models:

the: coupled: deca.y model (FulIer and’ Moran, 1976) a.nd the Ad!mwnch's Method: (Curie, -

1963)::- _ _ _ _
. The- coupled: decay model s'teter_l.rlenl:ra.re_::_ ‘a) there. are electron traps; 1, with
activatip.n energy.. A_El;.:;j b) there are el_ectron—}hole--recombinat_ion centers \_where the excess
of energy is: released- in -the fofm of. phosphorescence; c) there- are electron. traps, 2, 'wi_th_
very short half hfe and a.ctlvatlon energy, AE2 , ‘near- the recombmatmn center.. The.

kinetic. equat:ons are

"dnl R T PR T
37“'_“1“1 s T e 1)
dnzl-", - Codngo : N )

e T I AN ()

and the phosphorescence intensity is
I=—~d(n + ny) (1c)
P [ B T

where o, and a, are the untrapping parameters of the centers 1 and 2; n, and n, are the

concentration _'of the electrons trapped in the. deffects 1. and 2. The phosphorescence is

" given by:

where ' a = a0/ (e~ o)
2y = [Mgp~ (ety =~ a’_l)] (58

1y and ng, are constants.. -

The fit, parameters. for equation (7) are shown. in table L. The value of n,y and ny, change

INSERT TABLE I

with - the temperature showing that this model is not - suitable for the analysis of
phosphorescence in- spodumene

The Adirowitch's method statement are; a) there are electron t;abs-ivith activation
ene}gy, AE; b)there are recombination eleetron—hole.cente':s, where the:excess of energy

is released as phosphorescent lght; - ¢} conduction. electrons can be retrapped. by empty

. electron traps or by recombination centers. The kinetic equations are:

= -emtantNon) (32)

“do* _ n:. . * R
T = " en (N—n)—acn_ h (3b}




1 = ctteagn*h , = . . : ' - (3¢)

where n, n* “and h'are the concentrations of trapped electrons, conduction electrons and
trapped holes, respect.ively; N is the concentration of electron traps; &, and a, are the

effective cross—sectmn of ‘capture of eonduct:on electrons by traps and hoIes, multiplied by

‘the speed of the conduction electrons: e is the untrapping pa,rameter which obeys the:

Arthenius Ia.w,_ i.e., &= oy exp(~AE/kT}. The approxlmate solution of the equations was.

obtained by Adirowitch in the form:.
To= Tof(L+at)? ', - (4):

- where p-=g.fa,, Iy.and a.are parameters depend:ng on T.

" In table IT we show ‘the fit pa.rameters for the Adirowitch's method. We see t.hat D

INSERT TABLE Ii

is ceﬁste.nt, :rou'ghly,' the speed dependence on T in a, and a_ cancel each other. The
activation eecergy AE cantot 'be.deterl.n.ined from the Adirowitch's method, because the
dependeﬁ_ce'-of_' Ty .;md a oﬁ"l; and AE is unknown. Otherwise the geod fit shown by this.
mef:hod_, suggest the possibility-of analysis of the kinetic decay of 'phosphorescence using
microsoopie'. model. . This miodel _niust. be eonsistent with the: above analyséd-dptical
absorption. results: .

The EPR spectra of spodumene showed the presence-of Mn2" (Holuj and’ ‘Manoogian,
1968), at the AI3* lon—sn:e The- charge stab:hzat:on ¢an be: achieved through a Z?*
neighbour. to. [Mnﬁ*] forming a 72+ [Mn2]: defect (H—de[ect) This defect, have
72+ — Mn2*-axis along the c—axis. A trapped hole in the oxygens fartest from. 2.2* —like

ion, as'in Z2+: [Fe?’], will 1ot be seen-in the EPR spectra. The recombmatlon of the hole

‘with ‘an’ electron’ in the oxygens around’ Mn2* promote Mn?*'to excitéd ‘states, through

energy transfer. The excess of energy is dissipated ‘through phonons'to-the first excited:
state. 4Ty, and 5o to the ground 'stéte-"thr'oug'h-— ; »;T'l-g‘f.-_is SA;, ‘ liminéscence (Marfunin,
1979, p. 195-196). The observation of the orange liminescerice in lilac spodumene agrees
with' the present consideration.” The EPR Mu?*" line” reraing unchanged: (Ito; 1980) in |
irradiated samples, reim’oreing the: present mdadel for- stabilization of holesand subsequent
luminescence froms electron—kole recornbination.’

The TL intensity is bigger for: higher Mn'concentration: and TT kﬂﬁngﬁis—'-biggér-- for:
higher Fe . concentration:  As, both - brbéé'sé:"_of..'i':iis'ing:'{j :é.ﬁd.'-kiliing: of " TL:- otcur
simultaneously; the electron—hole recornbination ‘cannot’ be'a localized: process: * Thus the:

TE process should bccur through conduction eIecttén;s,.fath’er'-than.metastable-states.' Thus

we suggest here-that the high temperature TI. arises- from: electron—hole recombination of -

conduction electrons with holes trapped: at H-—defect.. The conduction electrons are

untrapped from G—center and L~center agsociated to the TL G—peak and L—peak.

ANALYSIS OF THE KINETIC OF LUMINESCENCE

We a.na.lyse in this. thermal decay k‘metim of ﬁhbsphorescence. The prevxous

developments in the analysis of opncai absorptlon Eummescence and chermcal lunetlcs were

taken in a,ccount (Cune, 1953)

Here we assumed that phOSphorescence in X—ray n:radlated spodumene is due to the .
electrou hole recombination’ at. the H—defect (Z2+: [Feﬂ‘} defect} wnth t.he conduction. -
electron coming from the untrapping of electrons trapped ina shallow P——defect

. The kinetic rate equations of untrapping of Erapped electrons are giving by:



9
d o¥ _ * .
LY=ol )
d _ P . _
'aE[P]: = o [P, R e (5b)

where: the brackets: referred to congentrations. of:trapped: electsons, [P*]; electron trapping.

 defects, [P], and conduction. electrons, [e]: Here .o is & constant which obeys Arrhenius”

law:

_ The kinetics: rate: ef';ua.t_iohs-g of :'fet,ralﬁ_pir_xg’ . _;_)f-' ﬁntra_ppe_d’_.electrons- {conduection . .

electrons) are given by: -+ -

T
O ER s SRR
B AU (O

where 71 is aconstant

The elecsron—hole reeombmatlon rea.ctmn at the H——defect gwes the rate equations:

.;%m?%}mmw,_' o m
P DA
GE = gdEy, ()
O LY N

where : [H"]- and [H] referred to concentrations of trapped holes and hole trapping defect

(Z2* : Mn2*) and 4 is a constant..

19

Considering that all reaction are independent, the rate equations are the sum of all

rates giving:

L") = - o] + el B (69)
L I
%mfmwff_'y_ :'} '<w
: %M%#ﬁ=wm;%Wﬁ' '  ~I®

In the above system the équations.have connected solutions. -

If there are [P], electron traps in the material, we have the relatio_nf:-.ﬁ

Pl = m+w1 N ©

It there is- [G*] and [L*], concentratmns of eiectrons trapped in the [G] and [L] defects,

respectlveiy, the neutrahty of the charge in the crystal gives the relat:on
MY = [l + P+ +H), - (0

From equa.tlons 9) and (10) we can dlsconnect two of the equatlons (8) The

' .resultant sysr.em of connected equatlons is:.

a—=*aly1.+clyz(l’o—y1), o (11a)
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dyy _ _ o
g = @Yt ey (Po—y) —by (y+y, +1) (11b)

where y, = [P*]/'Ko v Y= [el/Ky, ©=mKy, b=08K;, Py=[P]/K, and
K, =[G*], + [L*,. The equations were solved by the Runge—Kutta method (Milne,
1970). The phosphorescence is proportional to the rate_equa,_tiion for [H*] :

I =cttey, (yy+y,+1) . (1)

The samples were X—ray irradiated at Hquid N, temperature. When the-irradiation.

stopped at t =0 there iz y(0) and y,(0) concentrations of trapped and conduction

elecirons, respectively, which were assumed to be fit parameters. The phosphorescence

measurements begin after a:time BT from the ‘moment that irradiation was stopped. Thus

we compare. the calculated BT shifted decay curves with' those obtained ékperimentally,

These parameters  are shown in- table I_H. The fit is good as shown by the solid lines in

Figire 3.

* INSERT TABLE III

Recently, Antonini et al. (1989) fit-the decay of the 15600 ¢em™ using the j)resent}

proposed defects.  In Figure 4 we show that the values of o obtained by Antonini et- al.

INSERT FIGURE 4

'(1939'). {61-:.. temperdﬁures between: 401 and 483K and._those oﬁtained hére ﬁt the._ Arrheni.us'

law given. an:activation energy of AE, =0.043eV and frequency factor a; = 30.6 51,

The small value for AE, agrees well with the small value expected for the P—defect. - -

12
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TABLEI - Pa.ram.eters for the coupled model. _ .

T(K}

ay

9

b,

by

77
194
273
300

14.09

18.44
18.89

36.60

341
~ 36.88
46.69
56.70

—0.0033 |
—0.0038

- —0.0039

—0.0440.

- 0.0306

—0.0415

—0.0440
— 0447

3808
4412
4414
8337

1489
1317
1506
2276

16

‘TABLE III — Fit parameters of isothermal phosphorescence of lilac spodumene..

T(K)

o

194

237

300

~ -~ TABLE I - Para‘méters-for the Adirowitch's model.

T(K-).'

I

‘. a

P

7.

194

273

1300 -

51.4
65.2°
68.67.

85.61

- 0.029.

0.047
0.042
0.041

0.46 £ 0.0006.- -

0.235 £ 0.005 -
8.0+ 0.2

Lreen t
6.9+0.1
8.0 0.1

301

22308

i 486 004

. 58£02.

L32+0.02 - 1875 0,027 2.04£0.06°%

46 £10
Tlekor
Ceseor
é.ll.—t,(l.l-_; e

1005 #14

TR a9 el oy

" e9s0r 5

80.%0.L

BIE T BN

TL£305

17800
i

280201
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TABLE I — Parameters for the coupled model.

15

T(K)

4y

.

b,

by

7

194 -
273
300 -

1408

18.44
18.89
36.60.

o341

36.88 .

16.69

56.70 -

~0.0033
~ 0.0038

- 0.0039
—0.0440

- —0.0306
—0.0415
—0.0440

— 0447

3808
4412
4414

8337 ©

1489
1317

1506

2976

16

TABLE III ~ Fit parameters. of isothermal phosphorescence of Hlae spodurﬁen_e.-

T(K)

T

194 237300

TABLE I - Parameters for the Adirowitch's model.

T®

I

a

1T,

194

973"
300

al.4
65.2

68.67 .

85.61

- 0.029

0.047
0.042
0.041

1

)

Py

- ‘BT{min)

0.46 + 0.0006.

0.235 £ 0.005
80 + (.2

7o

6.9+ 0.{ _
8.0 £+0.1

30T

22 + 0.8 ToaTer .4_.85-:*: 004 RS 58 * 0.2

CULSTE 002 LSS £ 0020 2.04£0.06

“lgior T rrrel 7 Trser

80401, o 80201 . . 80%0L. .
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FIGURE CAPTIONS

Figure I'= " Phosphorescent ernission of lilac spodumene after X—rays irradiation.

?_igur_e-_?_— Thermd_lu:ﬁinn;scent,-- ('I_‘L)_stectrﬂm-. of - lilac: spodumene after K-rays

irradiation..

F}igi_xre.;stf-_ o _Isoth_ermai .deeay. of-}'p_ﬁqspho_rmcemﬁgmission- of lilac. spodumene é;fte_r .

X-ray. irradiation. . ‘Dots é\_ié: experimental: data: s —obtained in the Zeiss:

' _DMR?lz spectr_ometet;'_'-A.—:_obtéinéd- in: the.- Perkin. Elmer. MPF4

.. speetrofluorimeter:. Solid lines wefé evaluated from equations (11).
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