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ABSTRACT

The optical absorption spectra study .through
isothermal treatments of the o¢- and n—poiarized bénaéz
of Fe2+—band is reported. It was shown a linear c6f¥
relation between these bands through therﬁal treatmenté.

60

Irradiation with y-rays from Co, showed the decrease

of this band. The. line shape analysis and the discussions
lend us to assign the 7— and c—poiarized bands -to F_e2+
ions in the structural channels with and wiﬂxmm:qeiéhbour
water molecules, respectively. .Thg,kinetigsjanglysis

through a "birolecular-like" model  gives un.i:'r'appihg _ parameter

with Arrhenius behaviof. The retrapping and recombination

. i 1
" parameters showed a behavior .proportional to Tz-Ig '

which were explained from free electron distribution of
velocities and minimum untrapped electron energy due to
a potential barrier of the trap. The kinetics cut-off

temperacure, To ¢+ agrees with the previous experimental

cbservation.




I. INTRODUCTION

Beryl is a cyclo-silicate crystal with the
chemical formula Be3A£ 516018 (Dana and Hurlbut, ]9%8).
The coordination structure was determined by Bragg and
West {1926). It belongs to the hexagonal system and the
unit cell is composea by two Be3A22516018 molecules.
The axial parameters of high purity beryl crystal are:
c=9.17:0,01 & and a = 9.20+0.01 . These parameters

are changed by the presence of alkali ions in the crys-

tal lattice {Bakakin et al., 1967). - Beryl belongs to
P6/mce space group. The 516018 rings form structural
channels paréllel to the c¢rystallographic axis. The

effective diameter of these structural channels wvaries

from- 2.8. & 'in ‘the 816018 ring plane to 5.1 A& in the

middFe of two neighbouring rings, respectively.

The blué color of natural beryl (dguamarine) -

is due to absérption Bands in.the near infrared. These

2+

‘bands were unanimously assigned to Fe impurity {(Wood

andiESSQu;TQG& Samoilovich et al., 1971;7 Price et al,,

19976; Parkin et al., 1977; Goldman et al., 1978; Bak et

al,, 1982).  Several bands in the'hear infrared were

‘reported: - A-hand around ~-12,000 crh_1 observed for the

incident light bean perpendicular to the gmaxiSfIE'4:§h

B-bands composed by = two ﬂbanﬁé"“dtbﬁﬁ&
~ 10,000 cm_1 {(k/c)s C-band around ~ 165 000 cm {k//c)

The Messbauer spectra of several ‘samples. smmﬁﬁ the pmsexﬂ

" of the two . Fe? _sites.

The A-band WS Elrstly a551gned to Fe in;

3+

‘the sixrcoordinated ARLT | site (qud‘andigssap, 1968-.

Samoilovich et al., 1971; .Parkin.et al.,kT977fl_-xPrice
et al. (1978) on examining the OA, Mossbauver and ESR

. : . + .
gpectra assigned the A-band to Eez in tetrahedral site
34 .

and the B-bands to re?t in the AL”" site. The deficciences

of these assignments were pointed”égt by'Goldmén.et:al.

_(1978)7 which on examining the OA and,MoSsbauer specfra

ofrseVeral samples of beryl reached to the conclusion
2+

that: ‘A-band is due to Fe in the structural channels;

B-bands are due to re?t in six-fold -symwetry :site; C-band

. ' . - 1
is due to the intervalence charge transfer between Fe
and Fe3+ ions,

The IR, OA. and EPR studles of gnaﬂ]and blue

beryl from Minas ‘Gerais;: Bra21l (Bhﬂcet al” 1982) showedL

2+ 3+

that Fe y Fe™ alkall.and~water;;mpur1t1es ocquplgs"”
different sites ‘in the .two'samples. +As only the A-band

.was present in the .OA spectra of the&aémmﬂesf it shows

**fZLOUOQuahdS

el

-




that Feg+ igns are in the structural channels. The EPR

: + .
spectra- showed. the presence of Fe’* ions in the channels

3+ . s
site 1n green

of green beryl and Fe3+ ions at the AR
and blue beryl, Thermal treatments above 200%¢ in green

beryl showed the growth of the A-band and the bleaching
3+

of the EPR signal of Fe™ ion, is followed by the chﬁnge'

of color to blue. The correlation between the A-band.

. growth and EPR signal bleaching was shown to be linear.
Cn the other hand, the thermal treatment above ZOOOC of

blue beryl does not change the A-band nor the EPR lines

3+ 3+

of the Fe ions, at the AR sites, and the color remains

.unchanged. This shoﬁs that the Fe3+

sites are not oxidized into relt ..

_The. purpése of the present @rk is the analysis
of fhe-A—bandfin.tﬁe béfyl samgles-'studied préviouély
by Blak et al. (1982) and Dias (1,-'981/), through the line
shape analys;s_of-the'ﬁc—“and T-pelarized épectré and

the analysis of the'kinétié'méchanish of the A-band.

II. EXPERIMENTAL

Thefsamples-of green'énd colorless heryl were

ions at the Ag3+

cbtained in Minas Gerais, Brazil and were studied previously

by Blak et al. (1982} and Dias (1981). The samples were

cut in the form of parallelopipeds with two faces per-

pendicular and parallel to the ¢-axis, with about . 5 mm
of thickness. .

A Carl-Zeiss DMR 21 spectrophotometer wasi
used for the optical absorption measurements. Polarized
light meésurements were aone with Type II pola:éid.

The thermal treatments weére done in air;The
stability of the furnace with useful wvolume 10x12x15 cm
was iﬁproved té 1°C by filling with brick materials.aﬁd'
two metallie plates. The temperature waé meésured using

a chromel-alumel termocouple, with one junction at 0°c

with ECE X-T recorder and & Keithley 160B digital multi-

‘meter, . All the samples to be treated were put between

previously heated metallic plates. With this seflthermal

equilibrium was achieved in the samples in about 40 seconds

{bias, 1981).

The samples. were y-irradiated using a 60Co~

éource.(~'400,000 Ci) from EMBRARAD S.A.. The dose was

controiled by means of three processes: Ceric-Cercus
dosimetric system, AECL Red Acryllic dosimetric system

and. UKAEA.Red Perspex dosimeter.f




1IT. RESULTS

In figure 1 we show the polarized spectra

Insert Figure 1

of green beryl for ¥ 1 ¢-axis at - around 12,000 cm_1.

The o-band. (¥ L g-axis) is at about 11,750 cm ' and the

ﬂebénd.(ﬁﬂg—axis) is at. about 12,750 cmu1.

~The band position at around 12,000 cnr1 change
from 11,750 cm™ | (c-basd, % =90°) to 12,750 an | (m-band,
$=0%) with the electrical field diréction measured as

the angle ‘§. between the electrical ‘field and the c-axis.

The Band~position variation with $ is shown in fiqure 2.

Insert Figure 2

'The-defdrmaﬁion inrfhe 180° symmetry, probably,

is because .the sample was not cut with enough accuracy.

The g~ and n-pqiarized, band positions were not changed

‘on' heating 600°C.
Ih,figure‘3 we_showlﬁhe_growth—dnm@s of the
o-polarized bands for the isothermal treatments at 4t1°,

492%, 525% and EDOOC. The growth curves were shown as

I/Eb -1 versus irradiation dose, where I :is the optical
absorption intensity and I0 is the optical absorption

intensity of unheated green beryl.

Insert Figure 3

In figﬁre 4, we show the correlation pet@eeﬁ

the areas of the ¢- and w—polarized bands of green'beryl

Insert Figure 4

sﬁbmitted fo the isothermal treatments ét-4110,4929_ahd
GOOQC; We éee that the correlation is linear.

The irradiation of 6060°¢C he&ted_green.beryl'
of blue;color, turns it éreen again.  The UV band-edge

shifts to the blue region of the spectrum.and the o-‘ard

" m-bands decreases. In figure 5, we show the decrease- of.

Insert Figure-5

1

thé_unpblarized iﬂ@—axis band at around 12,000 cm = of -

a colorless beryl irradiated with y-rays. The decay curve

'is normalized to the band intensity of the non—irradiated

sample.




IV. THE LINE SHAPE ANALYSIS

The line shape analysis of the o~ and m-polarized
bands were done using normalized bands for natural and
600°C heated green beryl samples. The plot is with the
relative wavenumber v = v-—vo , where v is the wave-
number and Vo is the wavenumber at the maximum absorbance.

In figure 6 we show these bands. The line shape of the

Insert Figure 6

o-polarized band does not change on heating at 600°C and

shew a line width of 960 cmh1. Alsc, the line shape of

the m-polarized band is not changed on- heating at 600°C"

and show a line width of 1200 cmf1.

We assume the Gaussian line shape model. for
the present line shape analyéis. " For this purpose we

define. tne gaussian-functions:

. . . -, 7 .
_ .2 fv-11,750) -

| 2.{v-12 750)2 S o N

f1T = EXP{"’ &n —-—-——-—'—'——} . - {2y -

1,200

The fit with these functions is shown in figure 6 for
fCr and for f1T . We see that this model gives a good
result.

The above determined line shapes  for the
g~ and mn-polarized bands makes possib;e'the~eva1uation
of the dependence of the band positions with ﬁhe eléCTn_
trical field direction of-the light beam measured in
angles between & =0 CLor m-polarization and 9-=90b for
o-polarization. By assuming the Malu's law for the pbj
larization dependence on ahglef we have for the A-band
liﬁé-shapé; -

2

F(Q) = A sen2§=fa(u).+ B cos™ % fﬁ(v) ’ -3)

For $=0 F(v)=B £_(v) and for 3 =90% Plv) =& E v

From the spectra reported by Dias (1981) we obtained B=2a,

The band position; Yy is obtained .at the maximum of
the F(v) -line shape. This maximum is determined by
egquating to zero the first derivative of Fiv). Tﬁegre—.
sultant equation:

{vw -11,750) (v _-12,750)
St +zcoste M ¢ -

'950?2 - . . 12002... W

sen2&

(4)
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is a-transeeaental eguation reiating Vi with &.. The
result ef the calculation of Y with & using the above
equation is shown in figure 6 solid line. This shows a
good agreement with the experimental data.

In figure 7, we show the _non—polarized CA

band around 12,000 cm_1 for k//c-axis of green and blue

Insert Figure 7

beryl reported by Blak et al. (1982). The asymmetry of
this.band was assigned tc be resultant from two Gaussian
lines at ~ 12,000 cm | (line I) and ~ 13,000 cm ' (line
i1y, The . o~ dnd n-polarized bands analysed‘here are
_eonsistent with the lines I and II proposed previously.
We analysed'this essignment by fitting the band at figure
3 as éuﬁ of the lines ¢ and'ﬁ. A good fit was obtained
using the:equations:

P (green) = 0.526 + 12,3 1070y + 0.176 £_ +

+0.144 £, : o (5)

F (blue) = 0.238 + 46.9 10 °v + 0.148 f_ +

+0.432 £, : e

as shown in.figure 7.

The intensities of the o~ and m~lines are
given by the coefficients:of'the:equatiohs 5 and 6. The
ratio between the intensities of the T~ and o-lines are:
O.B_for gtéen beryl and 2.9 for blue beryl. We see that

the ratio is larger for blue beryl. This suggests that

"the 1~ and c-polarized lines are due to two different

centers.

V. KINETICS

. : : +:ﬂ' .
The klnetlcs of the reductlon of Fe3 into

Fe2+ was flrstly determined by Blak et al (1982) for

green beryl An emplrlcal analysis of the knﬁilcs using

‘a sum of two first-order processes‘ {Levy et al., 1974)

showed actlvatlon energies 9. 30 and 0.46 ev, Also, it

4
was shown that at room temperature the half-life of Fe3

was 7.5 and 1.5 years,.respectively. These results

‘iﬁdicate that no green_befyl should be found in_natu;e.

Since this is not true it was concluded that'there‘;s a

minimum temperature necessary for the reduction of Fe

2+

iato Fe” . Thus, by measuring tI(tl)/I(t=0) at several
2 .
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. . ! . . | +
temperatures below 100°c, it was shown that the Fe3

2% stop at about 200°C.

reduction into Fe

As the empirical model does not explain the
stop of. the kinetics, we develop at the present an study
of the Blak et al, (1982) data using thermihaﬂ reported
by Furtado (1986). Aléo, Biak's preyious analysis using
the sﬁm of two first-order kinetics makes easy the comparison
between the two. methods.

Here we aséumé a model where Fe3+ is reduced
into Fe2+, thorugh the thermal induced release of holes
from Fe?’+ ions into the valence band. Also, it was assumed
that these valence holes recombine with electron trépped

at a single deep trapping center. .In figure 8, we show

a sketch of the process proposed here.

Insert Figure .8

'The.process-3~is the result of the thermal
reduction of re’” ion intoxFeg+ ion thréugh the release
of. & hole into the vaience_béqd. The-pfécess‘g is the
capture process {oxidation) 'qf a valence hole by' Fe2+

ion giving re’t jon, a process, which we call retrapping

of a hole. The process ¢ is the electren-hole annihilation

in the R center,which we call recombination of a hole.
The R . center, is a center produced by the capture of.
electron in a crystal defect giving a deep level. The kinetic.

equations, using the "bimolecular-like" model (Furtado, 1986) are:

Process a:

d 3+ d 24+, _ a +, 3+
e [Fe™ "] = - e [Fe®'] = - TE [h'] = - a {Fe” ]
(7a)
process b:
e L S L R N R I E S [
' (7b])
process C:
a + _ d - _' d ; CEEE
gt 0] = g [R7] = - g [R] = - B IRT1NT] -, (7c)

. where the brakets means the concentrations, h+ + holes

in the valenée band. The parameter a is related to
the probability of hole untrapping, thus obeying the

Arrhenius' law. The parameters y describes retrapping

.and B describes the electron-hole recombination.
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From equations (7} we obtain the equations

for the kinetic process proposed for the preduction of

re’t inte Felt. They are;

aEE (Fe3*} = = o {§e3+] vy [Fe2TInY1 (8a)
2 re®ty = u['Fe3".*1 - yire*fim*l (8b)
SR = ~e R (8e)
Y S [ (8a)
d 3+

L oty = arre?t] - yIre?In*] - 8 IR7IIRT]

(8e)

Some of the above equations are coupled through

the conditions:

{i) the total iron concentration available for the reac-

tions is constant:

(rel, = (re®*) & [re®ty (s

(ii) .the charge distribution is:

(], - ety . (9b)

16
" Then, we obtain the.following.equations:
.d 2+ 2+ 2+ +
FF [Fe” '] = oc{[FeJO—[Fe ]}—Y[Fe Ih']
(10a}
d [+, _ 4 24, L2t + et
& = & re?) - g {rrel, - tre® 1+ 1} 1t
B (10b) -

These equatioﬁs were evaluated ﬂmrszfwming
the method of Runge—Kﬁtta, following the procedures described
by Furtado (1986). The normalization of the above equations
were done on the initial concentration of Fe2+ ., Giving
the initial conditions, [Fe2+](0)_=1 and [h+}(0} =0. 7

The parameters for the best fit curves. shown.

in figure 3, are shown in table 1.

Insert Table 1

The parameter o follows the Arrhenius law as

shown in figure 9. The fit gives for the activation

energy AE=1.03 ev and the freguency factor is 4.74x 10’5,

Insert Figure 9
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The parameters C = Y/[Fe2+l(0} and B =

N~

='6/[Fe2+](0) showed a linear correlation with T2 , as
. 1

shown in figure 10, The parameters correlation with T? also

shows. that there is a temperature TO==4730K,mmere these paramsters

turns zero. This means that the kinetic process, which concerns to

Insert Figure 10

retrapping and R electron-hole recaﬁﬁnatimnceases; Thué
‘we call T0 ag kinetics cut-off temperature. -

The present . analysis ﬁor 8 and C behavior
with temperature agrees well with the Blak et al. (1982)

3+ 2%

observation that Fe reduction into Fe stop at about

200%.

VI. DISCUSSION

Irradiation of coloriess beryl from Minas Ge-

rais, Brazil, showed. the oxidation of Fe2+ into Fe3+

On the other hand, Blak et al. (1982}, through ©A and

EPR studies of blue beryl, showed that ret in AL

substitutional sites are not reduced on heating - while

3+

18

Fe3Jr at the channels are reduced. These observations

showed that oxi-reduction process occur only for Fe‘in
the structural channels. Alsc, due to different relative
contribution of the o- and n-polarized lines in blue and
green beryl we suggest that the A-band is composed by
the absorbances of Fe’' ions at two different sites ;n
the structural channels.

Now if the Fez+-are in the structural channels,
we have to explain the apparently contradictory obser-—
vations: similar kinetics for ¢- and T~polarized GA
bands as shown in figure_B} different relation between
the o¢- and n-polarized lines for k//¢-axis measurements
in blue and green beryl.

It was shown by Wood and Nassau (1968) that.
water molecules in beryluoccupy two sites in structural
channels, The water in site I (type I) have its c,
symmetry axis -perpendicular to the crystal g-axis and
the water in site II (type IX) have its C, symmetry
axis parallel to the crystal g-axis, The type I water
moiecule is predominant in blue ﬂhilé'QgE II water molecule
is predominant_in green beryl (Blak et al., 15?2);

fons of Fe ‘can be found in thé structural

channels at least: (i} without neighbour water molecule;
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(ii) with neighbour type Il water moclecule. The crystal
field symmetry of Fe’” water free ion will be different
of that water associated Fe ion.

Type II water mclecules, because the oxygen
atom of the water molecule is near to the Fez+ ion will
increase the dipole moment along the ¢-axis giving ab-
sorbance maximum for E/¢-axis, i.e., the m-polarized
line. ‘The 'Fe2+ water free ion have the dipole moment
due to the local cage df 6xygen atoms. Due to the channel
structure of the oxygen piling the crystél field have

its maximum perpendicular to the g-axis, and so the dipde

momént will be perpendicﬁlar to the ¢g-axis, giving ab-

‘sorbance maxima for ' E L g-axis, i.e., the o-polarized
‘line.
2+

The irradiation induced Fe” oxidation, proba-

bly, "is due to the capture of hole from the valence band,

allowed to interact with ,Fe2+ through the 02_ ions of
thé_strucfufél channels. So, possibly, the presence of
watef‘neér'Fez+ does not changes the hole capture cross

section. Otherwise, the Fe3+ thermal naimtibn-inté Fe2+,

possibly, is due to the thermal release of a hole through

the .02- ions of the-structural channels., So, the kinetics ~

s -
of reduction of Fe3+ inte Fe2+lis expected to be similar

.20

for both .Fe2+ with ~ and without neighbouring water

molecules. In this way, the kinetics_of Fe2+ in sites'
giving 0—_and n—pqlarized absorption bands are expecﬁed;
to be similar,

| In blue beryl a;kali ‘content is small aél
shown by the predominant type I water molecules. This

gsituation is good for the association of Fe2 ions with

water molecules. So, in blue beryl the m-polarized line
is expected to be the biggest.

In green beryl alkali content is high, as

shbwn'by the predominant type II water molecule. This

makes smaller the possibility of ‘association of FEZ+ with

water molecules, thus giving bigger A /A relation; as

compared to blue beryl. .

“The presence of m-polarized band in ,the

k//c-axis: spectra is allowed if we assume magnetic ~ dipole

transition. The #-polarized spectra appears for: Eﬁt}axi&x

In this case the magnetic field :adiation( H, is per-

‘pendicular to the g-axis. Fér k/e-axis, § -,  is also

perpendicular to thevg;axis; while E'being perpendicilar
to the g-axis does not allow m-polarized spectrum. Magnetic

dipole'process is a weaker process, since the maximum

' possible values of the matrix elements {(f|u.B[1) (i,f'=
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initial and final states, p = magnetic dipole operator,
B = the strength of the magnetic field radiation} are
smaller than the possible values of the matrix elements
‘of - {E|p-Eld) (p = electric dipole moment cperator). Thus,

when a radiative transition is forbidden by an electric

dipole proceés,(lmbusch, 1978, p. 23) it may occur an

umagnetic'dipole Process. This is consistent with the
.assignment of the A-band to'the d-d electrical dipole
?fofbidden transition of 'Fe2+ (in octahedral symmetry
dférbitals are symmetric and so {f|p.E{i} = 0). This
bahd is allowed by distortion of the crystal fieid.
o Thé ac#ivation. enérgy detérmined by us is
1.03 ev, in éontrast with those obtained by.Blak et al.

(1982) in the two single first-order approximation of

LeVy—et al.-(ﬂ??ﬁ);.wheze-if was obtained U&: activation

energies: 0.46-and 0.3 ev.. This means that the present

activation energy value is at least twice oOf the previous

ohési"We'éssighﬂthe difference to tﬁe"incluSion_ of.

-regdﬁﬁihatioﬁ p;oceés which delay thé kinetics, increasing

ithéuaétivatiSh enérgyninftﬁe fit. The Blak.et al.fmethoé

'ﬁé&ﬁgftﬁe:eﬁuétion:'

' * 1§;) = a, exp(-b,t} + a, exp{-b,t) , _ AR

22

obtalned parameters a, and a, depending of temperature.
Bowever, being each exponential, a first-order kinetics
of a single center, the expected behavior for a, and a,
are to be constant with temperature. Finally we would
like to polnt out that the cut-off temperature, available

for the parameters B and C, are not expected for a, and

az.

1
? pehavior is the result of free elec-

The T
tron model,. Let us consider N conduction electrons which
through cellisions with another N' hole cémzﬂs, removes
one electron per gollision from the set N. Thus, the

change in N, dN, when the electrons travel a distance

dx 1is given by (Se&rs, 1%63; p. 259):
ay = -PNdx ' {12)

where P is the collision probability and which is given

by the -product of the hcle-center collision cross section,

‘U, with the number of centers, N' . Here, N is the

number of holes at a certain_inétant, dN the number of
holes which make cellisicons and be remgved from the group

after this group have traveled a distance dx . Assuming

. that the holes travel with speed v in a time interval
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dt , we obtain the rate equation:
== = -PpPNv . {13)

The group of N holes have different speeds.

The rate equation for Ni holes with speed vy is:

da L
SEN, = -PAN N, . (14)

The sum over all possible groups of speed

gives the rate eguation for N:

d = - 3
SN - ngivi . (15)
i

Then for ANi + 0, we obtain:

- N = - P v dN . (16)
a1l

" The holes in the valence band-behaves nearly

_like free particles, Thus we assume for. dN. the: free

pa;ticlés distribution (Sears, 1963; p. 235}):

2kT

N R 2 —
i 4N m : 2 _mv SR 1Ty
dN = —= E——J v" exp ( ﬁff] av co 17y

/T

24
Evaluating the rate eguation for this distributioﬁ_éné .
using the definiticn of P, we obtain:.

av . _gvan L8y

where

The existence of a cut—off'tempeﬂﬁmre_shdws
the lattice micgoseopic structure. We expect sma;l.i5cal
variations in the wvalence bgnd.potential, with diffénﬁtés
of around decimal eléctron—volts, becéusé of the negative

character of the Fe2+

, which attract holes of the neigh-
bours,.giving rise to a pqtential Bafriéf.

Holes whicﬁ-gre released from the capture
centers with an energy smaller than the gﬁﬁxmial bar;ief
will f£ind potential maxima which will de}ay“ the .propa-
éatiqns.pf the holes.-dn the other hand,_theéé:elggt;phé:
are released through tunnéling; giving a small-concen-

trations of these holes, as related to the thermally released

‘holes.  From this, the kinefics_of these'661aYedfhoies

have a few'cqntributidn toﬂtﬂeﬁkihetiééLf:
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‘The holes thermally released will have an

ehergy K above the maxima of the potential of the

0 L

valence band, This energy gives rise to anﬁnhmmlwﬂgﬁiy

Y ¥ 2Kqg/m for the hcles. This implies that there
will not be holes with v<v, changing the distribution

0 r
proposed. above. We suggest that this phenomenon gives
rise to a speed screening:

S —c(v-v& NN . (19)

Assuming. for v,

= VBkTO/nm we cbtain

0
N | stie (/T -4T.) NN ~(20)
at : 0 : :

found for B and C.. This relation agrees with the
present analysis for thé-kinetics of the reduction of

+
re> .1nto.Ee2+.
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from %lce).
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Figure 7

Figure 8
Figure 9

Figure 1¢
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Sketch of the kinetic processes.
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Parameters B and C showing T dependence.'
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