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ABSTRACT

Deflects produced by #-irradiation have been studied by optical absofption, electron
spin, thermoluminescence and phosphorescent emission spectroscopy. The following color
centers were observed: F'* color center {an oxygen vacancy containing one trapped elec-
tron) which turns the crysial brown, F color center {oxygen vacancies contlaining two
trapped electrons), and B color center with two trapped electrons which turns the crystal
blue.

A method for the analysis of the annealing process of eleciron centers in crystals has
been applied showing a good adherence. A new theoretical ex;\)rcssion for recombination
and retrapping parameters have been shown by using a new and more realistic cross

section temperature dependence giving a T1/7 — Toll ? law.




L INTRODUCTION

The color centers produced by ionizing irradiation in topaz crystals, a silicate class
mineral with chemical formula Al; (F,OH),5i0}, have been subject of extensive studies.
The first studies remount to yearly 1923 and brown smoke to orange shades of color
have been reported®™s. A remarkable feature have been reported for the irradiation of
86 colorless topaz samples of probable Brazilian origin, which produced afler a moderate
heating 21 blue stones.® Standard gemological tests showed that those blue color was
indistinguishable from that of natural blye stones,

The brown smoke to orange shades results from 1he long tail of absorption bands in the
ultraviolet region. The blue color result from an absorption band at about 620 nm. Previ-
ous studies with X-ray fluorescence, neutron activation, semigualitative atomic emission
kave not been able to show correlation between impurities and color. Heat treatments
above 300°C before irradiation inhibited the formation of blue colar®”. It has been argued
that the precursor defects of the 620 nm band have been annealed, causing the decreasing
of the induced blue color.

Previous works on the annealing of the colors produced by irradiation, showed that
brown shades decayed at temperatures above 100°C and blue color at temperatures above
200°C. Both colors decayed by exposition to sunlight. It also has been observed lumines-
cence during the annealing of both brown and blue colors. However, as far as we knaw,
these phenomena have not been subject of studies with the aim of identification of the
color centers, nor for the analysis of 1he kinetic-decay process,

The objective of this work is the identification of the color centers in y-irradiated topag
crystals. Also, a2 method of analysis of the decay-process of blue color is reporied. The

aim is {0 obtain a betler understanding of defects in silicate crystals.

II. EXPERIMENTAL PROCEDURES

The samples were obtained in the 12gion around Governador Valadares, Minas Gerais,
and were of different colors: colorless (natural), slightly brown {natural), brown (irradi-
ated} and blue (irradiated and heated). Previous studies of impurities analysis have been
reported.®7

Waffers used in the decay analysis of 10 to 50 nm thickness were cut from the samples
using a diamond saw and polished using chromiun oxide, alumina and diamond paste.
Carl-Zeiss DMR21 and Cary 17D spectrometers were used for ithe optical absorption
measurernents. The spectra were obiained with nonpolarized light %nd reference beam in
air.

A Jeol X-band spectrometer at IPEN was used for the EPR measurements.

A homemade device was used for the TL measurements. A Kanthal sheal was used
for heating the samples, and the emission was detected in a EMI 978913 photomultiplier
coupled to a current-voltage converter and recorded in 2 ECB xt-recorder. A Corning 4-70
filter (500 nm - 650 nmn) was inserted between the sample and the photomultiplier. The
heating rate was set in 5 K /s. The grain size was chosen with the diameter Iimited between
0.074 nm and 0.177 nm. Eventual triboluminescence which could be produced by the
grinding process was eliminated by annealing the pousder at 400°C by 24 h.

The waflers were y-irradiated using a %Co {~ 400,000 Ci) source from EMBRARAD
SA at arate of 80 x 10* Gy/h. The dose was controlled by meaas of three process: ceric-
cerous dosimelric system, AECL red acrylic dosimetric system and UKAEA red perspex
dosimeter.

Thermal treatments were made in air. The slability of the oven with a useful volume
10 x 12 x 15 cm, was improved to 1°C by filling it with brick materials and two metal

plates. The temperature was measured using a chromel-alumel thermocouple, with one




junction at 9°C. All samples to be treated were placed between previously heated metat
plates. With this set up we obtained thermal equilibrium in the samples in about 40s and
the error in the treatment time was about 20s.

The isothermal heat treatment, was done in the following way: the sample was treated
in the oven for about 10min between metallic plates, at a fixed temperature. After that,
the sample was cooled befween two other metallic plates al room temperature and then the
optical absorption spectrum was obiained. The temperature of the oven was maintained

constant from one treafment to another.

III. RESULTS

INSERT FIGURE 2

Figure 2 shows the OA specirum of a sample which does not turn, irradiated and
anncaled at 200°C and 600°C. The Gaussian line-shape was assumed to perform the
deconvelution analysis of the specira.

The fit was performed by sucessive subtraction of proeminent lines and stopping the
recursion when the remaining data is of the order of the measurement error. Also, the
data resulting from subtraction, within the measurement error precision, was restricted to
positive values. A good fil was obtained for the sum of 7 Gaussian lines and one Gaussian

UV band-cdge. The best fit parameters are shown in Table L.

INSERT TABLE 1

Figure 3 cshows the EPR spectra of brown topaz, with a-axis perpendicular to the rota-
tion axis. For magnetic field along ¢-axis the EPR line shows pronounced superhyperfine

structure. This line is annealed by heating above 100°C.

INSERT FIGURE 3

Figure 4a shows the TL spectrum of a brown topaz sample without blue color center.

INSERT FIGURE 4

We observed a peak at about 106°C, which can be associated to the decay of the brown
color and the EPR line at about ¢ = 2. The analysis of the emission spectra of the brown
topaz sample with blue color center, show an emission line raising from about 100°C at
about 400 nm (25,000 cm™!). This line is completely annealed by heating up to 280°C
in 1 howt. Therefore, the brown color center is characterized by a strong UV band-edge,
a EPR line with superhyperfine structure at about g =2, 2 TL spectrum with a peak
at 100°C and emission line at about 25,000 cm™'.

Figure 4b show the TL spectrum of blue topaz. The spectrum is complex with a peak
at about 180°C and a broad TL band above this temperature. The blue color is annealed
by heating above 180°, and is associated to the 180°C TL peak. The blue color center
does not show any associated EPR line. Therefore, the color is characterized by an OA
band at about 16,000 cm?!, no EPR line, a TL spectrum with a peak at about 180°C

and an emission line at about 25,000 crn™'.

INSERT FIGURE 5

Figure 5 shows ihe phosphorescent emission spectra of blue topaz. At tempera-
tures between 200°C and 300°C, there is only one phosphorescent emission line at about
25,000 cm~!. At 350°C, there is two phosphorescent. emission lines, at about 400 nm

and 670 nm (14,000 cm™'). The line at 95000 crn~? is annealed first than the linc at

14,000 cm™.




Heat treatment of topaz sample before irradiation showed that pre-heating above
300°C decrease the yield of preduction of blue color. This means that the lattice defect,
associaled to blue color production is annealed.

Here we suggest that the emission at 670 nm, and TL peak above 250°C is associated

to the annealing of the laliice defect of blue color.

INSERT FIGURE 6

Figure 6 show the isothermal decay, of the blue color associated to the QA band
at about 16,000 cm™!. The points are experimental data and the full lines are those
simulated accordingly with a model reported in section 11,

[

IV. IDENTIFICATION OF DEFECT CENTERS

The occurrence of intrinsic point defects, at any temperature is demanded from ther-
modynamics. In the processes of fernary oxides, reduction in perovskite and related
families,® both F {an oxygen vacancy containing iwo trapped electrons) and F* (an
oxygen vacancy containing one trapped electron) centers are formed. For SiNbQ; the elec-
trical conductivity dependence on the oxygen partial pressure suggests that F*t centers
are more stable than F centers. In contrast, for SrTi0; and BaTiO3 oxygen vacancies
are not stable traps for electrons. The equilibrium of the crystal intrinsic defect is gov-
erned by the equilibrium of the oxygen chemical potentials 2us = 2 ug,, where gy is the
atomic oxygen chemical potential in the crystal bulk and g, is the molecular oxygen
chemical potential in air.

An inspection of table I show that the stable lines are at 41,000 and 44,400 cm™!. The
band scheme for 600°C heated topaz shown in figure 1 is similar to the dominant peak

in the OA spectra of sapphire where F and F7* is always present.? As there is no EPR

line associated {o these lines, we attribute these lines to F centers.

The absorbance of 41,000 and 44,400 cm™! lines decreases on heating at 180°C and
after that, il 1s not changed on heating. This means that irradiation produces unstable
F centers, which are annecaled on heating up to 180°C. This {ype of irradiation produced
center, say F” center, have absorption lines at the same energies of that of F center.

The unstable line at 38,000 cm™! is partially anncaled on heating at 180°C, and
complelely annealed on heating up to 600°C. This unstable line, say X center is not
associated to olher measurements, and its nature remain to be investigated.

The very unstable fines at 21,000, 28,000, 34,000 and 47,500 cm™!  are almost com-
pletely annealed,on heating at 180°C. Therefore we attribute these lnes to the brogn
color center. The EPR line associated to the brown color, suggest that itis a F* center
or an electron trapped in (F,OH)~ ion vacancy. The superhyperfine structure with about
30 lines reinforce one of these suggestions. There are two types of oxygen sites in topaz.
Site I, where one 0% ion is at the center of a hexagonal polygon with six (F,OH)}™ ions
in their vertices. Site I1, where one O~ ion is at the center of a hexagonal polygon with
six O~ jon their vertices. As the superhyperfine structure arises from the interaction of
the trapped electron with the nuclear spins of the neighbors atoms, the EPR measuremnent
is better explained by atiributing the brown color center to a F¥ cenfer at Site L.

The QA absorption band at about 16,000 cm™! due {o the blue color center, B, is an
unstable defect, since it is annealed at temperatures above 180°C. Also, it is not a very
common defect since it is not associated to EPR signal. Otherwise, the thermal decay
of the blue color center is assacialed o the TL peak at 180°C and the light emission at
about 25,060 cm™".

The blue color center B is probably formed by the trapping of two electrons in 2

lattice defect, since no EPR signal was found. The blue color center has a very low




yield since high irradiation doses arc required (~ 1 MGy). It suggests the possibility of
atiribuling this center to two trapped elecirons in a lattice defect B+,

Although, the brown color center and blue color center are diflerent in their spec-
troscopic characteristics and the temperature of the beginning of annealing, they have a
common emission line associated to their annealing. This observation suggest a common
e~ —ht radicactive recombination center for the both brown and blue color centers decay.

The topaz erystal grown in the presence of fluorine and water vapour, results in the
substitution of flucrine atoms by hydroxil. Then, samples of topaz from several places
show up to 20% Ruorine, specific gravity varying from 3.4 to 3.6 and the optic axial angle
(V1) varying from 48° {o about 65°, showing the presénce of significative amounts of
OH".? Irradiation of topaz crystal could produce photodissociation of OH™ molecules.
Taking in account the intrinsic stability of oxygen ions in crystals field, we suggest that
photodissociation of OH~ molecules as follows: OH™ — O~ +e” + Ht. The free
elecirons could be trapped in the crystal vacant sites forming F' and F* centers, or in
the B centers.

On heating, F, Ft and B centers release electrons, which recombines with O—. The
TL emission results from the radioactive e~ — At recombination by means of the energy
transfer of the exciton to the excited states of the O~ ions produced by the photodisso-

ciations of OH~ molecules.

V. KINETICS EQUATIONS

A study of optical-absorption isothermal decay in beryl introduced a new method for

the analysis of annealing kinetics of defects in solid materials.’® The kinetics analysis

have been done for the reduciion of Fe*t jons inte Fe®t ions by the release of holes

from Fe?*. The holes in the valence band moves through the crystal network being

retrapped by Fe* or annihilated by the electron-hole recombination at a single deep
trapping center. The analysis led to a set of coupled differential kinetic equations, which
have been solved using the numerical method of Runge-Kutta.!

A non-linear stability analysis was applied to the kinetic differential equations and it
was concluded that these equations have stable solutions.® The solutions follows a hy-
perbolic path, which can be represented by the sum of one slow first order kinetic decay
and another term. An approximate solution of the kinetic differential equations using
the Poincaré-Dulac theorem have been developed.® The approximale solution can be
expressed as a function of second-expansion parameters. These parameters can be calcu-
lated using the Newlon-Raphson method to solve the transcedental equations originating
from the aplication of boundary conditions. The numerical analyses of the approximate
solution and the exact solution by the Runge-Kutta method are in very good agreement
for large values of &. However, for small values of ¢ the accord is not as accurate.
The untrapping parameter shows Arrhenius behavior. The retrapping and recombination
parameters show a behavior proportional to T2 — T law, where Tj is a constant
parameler corresponding to the decay cut-off.

A study of Juminescence induced by X-ray in spodumene irradiated at liquid N,
temperature, showed isothermal decay phosphorescence in the temperature range of 77
to 300°K™. The phosphoresce decay have been analyzed in terms of the release of
electron from a defect stabilized by a Mn*t jon. Also, the isothermal decay of the
optical absorption of the band at 15000 cm™! have been analyzed using the same electron
release model.’™ The untrapping parameters obey Arrhenius law. The retrapping and
recombination parameters also showed a behavior proportional to T%% — Tg’ 2,

A study of the decay kinelics of interstitial alomic hydrogen in X-irradiated

a-5i: (H,0,N) and uv- irradiaied natural beryl were analyzed in temperature range of 310
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to 340K and 350 to 450K | respectively.’® The interstitial atomic hydrogen was produced
by radiolytic irradiation of R-H type molecules and trapped at interstitial sites of both
materials. The heating releases the atomic hydrogen which quickly is either retrapped,
recombined with R radical left in the matrix, or combined with other atomic hydrogen
atoms forming H, molecules. The paramelers related to untrapping and recombination
processes were found to obey Arrhenius law. The retrapping and Hz formation parameter
were also fit to a function proportional to T2 — T2 law.

The kinetic decay of the trapped electrons, in the simplest case, involves the processes
of untrapping of electrons, retrapping of frec-electrons and recombination annihilation
of these free electrons with trapped holes. Here we use the above mentioned method of
decay-kinetics analysis.

Let y; be the concerniration of trapped electrons, yz the concentrations of free
clectrons, v the concentration of empty traps of electrons, y4 the concentration of trapped

holes and ys the concentration of empty traps of holes. Then, the kinetic equations are

given by:
s (1.2)
ggf = oy — Y293 — Byzye {L.b)
%=ay1—7y42y3 ) (1<)
% = —fys7 (1.d)
%f = Bye v (Le)

where &, @ and v are adjustable parameters.

Assumning that the total number of electron traps Ng and hole traps Eqy are constants,
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No=m+ys , (22)
Eg=ytys . ' (2.b)

and using the charge conservation condition:
Ya=ntv: . (3

the change rates are described by the following differential equations:

d
-:_;T‘ = —ay +71(No — 1) (4.2}
d;
T_%Z = oy —1(No—wn) — Bl +32) - {4.b)

The above equations were normalized assuming that all electron deficient lattice de-
fects are filled. The initial conditions are given by Ng = 1,y(0) = 1 and 3,(0) = 0.
The coupled differential equations (4) were solved using the numerical method of Runge-

Kutta.!

V1. TEMPERATURE DEPENDENCE OF § and 7

The temperature dependence of the parameters f§ and v are deduced in the same
way as in ref. 1 and 7, but with a more realistic cross section.

Here we ascume Lhat the free electrons acquire, through collisions with the atoms of
tl;e nelwork, speeds varying from @ to high values, according to the free-particle Maxwell

speed distribution:

4N [ m, 3P mov?
dN‘,- = -—-\/_; {m U2 exp [—-ﬁ_‘f] du 4 (5)
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where N is the concentrations of frec electrons, v is the speed, and T is the absolute .

temperature and m, is the mass of the electron. Consider N electrons por unit volume
traveling in the network with speeds between v and v 4 dv. By assuming that each
collisiorn. with holes N’ removes one free electron, we may evaluate the decreasing rate

of N belween t and f+ dt according to:
dN = —P Ndr (6)

where P = o', a denotes a cross section, and dz = vdt, The rate of concentration
change for all speeds is then given by the sum over all dN, giving:

dN

5 = _/aJJGUN'dNU . {7)

To calculate the integral of Eq. (7}, we need to knew the dependence of ¢ on v.

Energy E; is required to relax the eleciron deficient site structure to allow the trapping
of a free eleciron with the consequent change of local charge from positive to negative.
Otherwise, an energy E| is required to relax the hole trapped site structure to allow
the electron-hole recombination, with the consequent change of the local charge from
positive 1o pegative. Then F; and K| are expecied {o have similar values, and it
will assumed that both 4 and 8 have similar cross section temperature dependence, and
differing essentially by only a mulliplicative constant.

If the kinetic energy of the free electron is smaller than Ey, there is a small proba-
bility that free eleciron will surpass the potential barrier, and ihen the {rapping cross
section becomes negligible. However, because of the phonon distribution, it is possible to
assuine that 1he reaction occurs according to the Arrhenius scheme. In this case we have
o = go exp(—AE,[kT) for v < vy, where AE, = 1/2m, vf — 1/2m,v*. The speed v,
is given by (2F,/m,)"/* and corresponds to the speed at which free electron surpass the

barrier of potential.

13

If ©3 v, free electron can be trapped only if there is a suitable mechanism for energy
loss.)7 All the sublevels of the electron trapping potential energy are vibrational levels.
The electrons can jump from one state to another with the help of a single phonen. Since
the probability of one phonon transition is substantial, such transition enables elec!,rorln
to be trapped. The motion of the descent of the electron, down the ladder of excitated
states, losing its energy by successive emission of single phonons, is so rapid compared
wilh the rate at which electron is trapped that the corresponding delay may be neglected.
Thus for v '.; vy, we assume o to be independent of v . Assuming that ¢ is continuous, we
get o (v) = op.

If v > v, free electron ;s so rapid compared with the rate at which the electron
Joses its energy by sucessive emission of single phonons, that electron surpass the defect.
Then ¢ (v} becomes small as compared 1o gp. Assuming that ¢ is continuous, and that the
effective cross section decreases according to the Maxwell Boltzmann law, we getforv > v
o (v) = agexp(AE,[kT).

Using equation (5} and the dependence of o on v as assumed above, we obtain the

rate equation:

dN _ 1 8
_dT_ 2‘/1?]\ }\Uﬁubf(z) E] ()

where

227y
f{z):[ﬂ:+;+;§]e )

and z = /kT/E; .
Figure 1 show the dependence of f{z) on z. There is an interval for z values where
f(z)} can be fit to a linear function of the form p(z—¢). The interval is 0.21 < z < 0.35

with 1o = 0.21 and p = 3.57. The linear part of f{z) supports the empirical observation

of (T” I vl 2) behavior of the paramelers # and 1.
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INSERT FIGURE 1

VII. DECAY-KINETICS RESULTS

The numerical integration results (solid lines) adjusted to the experimental points for
the isothermal decay of. 16,000 em™! band is shown in Fig. 6. The best-fit parameters
are shown in Table 1.

The arrhenius law applied 1o the o parameter gives for the electron unstrapping ac-
tivalion energy is E, = (0-62 & 0-05) eV and the preexponential frequency factor
" g = (1405 + 40) 571,

The correlation of 7 and 8 with T'/?, is linear with a common cutoff temperature T,
== 473K, for both parameters, showing a T9/? — T{:n law.

The analysis of thermal kinetics of color centers by the above method has been pro-
posed at first time for the simulation of thermal oxidation of Fe3t into Fe** in beryl.
In this case the oxidation releases holes from Fe*t inlo the valence band.}® Arrhenius
law applied to the unstrapping parameters give an activation energy of 1.03 eV and a
cut-off temperature of 473K.

The analysis of the thermal kinetics of green color produced by irradiation in spo-
dumene gives an activation energy of 1.05 ¢V and a cut-off temperature of 473K. The
annealing of the green color was attributed to the electron release from a G lattice
defect.’®

The analysis of the thermal kinetics of tomic hydrogen produced by irradiation in
a-$i{H,0,N) gives an activation energy of 0.56 €V and a cut-ofl temperature of 266K. For
beryl it was found an activation energy of 0.42 eV and a cut-off temperature of 269K.1°

Comparing the above resulls, we see thal there Is no correlation belween activation

15

energies with the cut-off temperature.
The temperature dependence for 4 and 8 is observed over a very small temperature

range. It is easy to check that In+y and In 8 vary linearly with 1/T, too, and well within

" the quoted error bars. The temperature dependence is not established strongly enough to

discard a more classical Arrhenius bebavior, since the accuracy of the measurements is not
sufficient to retain the T/ dependence exclusively, However, the T1/* dependence can
be assigned to the linear part of a model derived from free-particle distribution of speeds
atiributed to free electrons and the potential barrier for retrapping and electron-hole
recombination. The linear part of f{z) of equation (8) and figure ! supports the empirical
observation of (\/T—- \/To) behavior of the parameters 4 and §. Since zp = (kTof B},

using Ty = 473K and x5 = 0.21, we obtain the barrier potential energy of Ey = 0.92 eV.

VIII. CONCLUSIONS

The OA, EPR, TL and Phosporescent Emission analysis, led to conclusions which can

be summarized as below:

(a) The F* center produced by irradiation turns topaz brown. In this work we suggest
that F'* center is an oxygen vacancy center with one trapped electron surrounded by
six (F,OH)~ ion.

(b) The line shape-analysis revealed a stable F' center {oxygen vacancy center with two
trapped electron).

(¢) The line shape-analysis revealed F',X and F* centersin irradiated samples.

(d) Irradiation produces photodissociation of OH™ inte O~ +e 4 pt, producing trapped
holes at O~ center and trapped electrons at F*,F' B centers.

(€) TL and phosphorescence are produced by e~ —~ h* radioactive recombiation at 0~

cenler giving a common decay mechanism for both F* and B centers.

16




The theoretical analysis of annealing process of electron centers, Jed to conclusions ACKNOWLEDGMENTS
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(a) The electron center anncaling is described by a set of two coupled rate differential

i ciadora de Estudos e Projetos (FINEP).
equations,

{b) A new theotetical expression for recombination () and retrapping (vy) parameters
was shown by using a new and more realisiic cross section temperature dependence,
giving a T/ - Tgﬁ law.

(c) The decay kinetic ana]ysis of B center gives an activation energy E, = 0.62 eV and
;;}eexpanential factor 070 = 14055, The magnitude of E, has the Same order of
those found in analysis of beryl, spodumene, and a-5i{H,0,N).

(d) The recombination and retrapping parameters follows TY? law with a cut-off tem-

perature of Ty = 473K.

(e) The potential barrier for the annealing process was found to be £, = 0.92 eV,
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Table 11 — Best Fit Paramelers for the Decay of the 16,000 cm?! Band of blue Topaz.

T | a{107%s71) ] B(107%s71) | 4{10-%s71)
204 3.7 3.6 36
242 7.9 13.5 12.9

oso| 136 24.6 14.1

289 50.6 35.0 36.2

| 420 361.5 89.2 62.4
21

FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Optical Absorption spectra of topaz irradiated spectrum (a) and then heated
at 200°C (b} and 600°C (c).

EPR spectra of brown topaz at X-band for {a) H [/ caxis and (b) ﬁ//

b-axis.
TL glow curves of (a) brown topaz, (b} blue topaz and (c) substrate.

Phosphorescent emission of blue topaz at 350°C (2} in the beginning and (b)

after 2405.C (c).

Normalized decay curves of 16,000 cm™! band for isothermal treatments at

(o) 204, (o) 242, {©0) 250, (W) 289 and {A) 420°C.

f(z) functions vsz. The dashed line is the linear part of f(z).
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