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Abstract

The oxygen vacancy F center (an oxygen containing two trapped electrons) thermal
decay in beryl, have been investigated by UV QA spectroscopy as a function of isothermal
treatments between 600°C and 900°C. A method for the analysis of the thermal decay
through a process of diffusion of OXygen vacancy centers and oxygen-vacancy recombination
at the free surface have been developed. The resulting differential equation has been solved
using standard coordinates separation and expansion methods. The diffusion actjvation

energy from the diffusion of oxygen vacancy centers obtained from the thermal decay analysis

is equal to 0.67 eV.



I INTRODUCTION

In a previous report we éhowed that the UV bands of spodumene, quartz and beryl
are due to electronic transitions of ¥ center (an oxygen vacancy containing two trapped
electrons).! The F center is one of the most extensively studied intrisinc and radiation
induced defects in oxides.?

The attribution of some of the bands in the UV region of the QA spectrum to oxygen
vacancies is reinforced by the presence of atomic hydrogen in the channels of beryld Uv
lumination causes photo-dissociation of OH- ions, which displaces the hydrogen to an
interstitial site. Oxygen vacancies are of fundamental importance in this assumption by
allowing the existence of stabilized OH" ions in the channels adjacent to the vacancies.

Oxygen vacancy is a kind of intrinsic defect that probably has its origin in the crystal
growth. Such defect is generally stable at room temperature and is capable of moving to
the surface at slightly higher temperatures. The occurence of intrinsic point defects, at
~ any temperature is demanded from thermodynamics.? The long life of the crystal and. its
exposure during these years to a nearly constant oxygen atmosphere pressure, guarantee the

thermodynamical equilibrium between concentration of oxygen vacancy centers and oxygen

atmosphere.

Oxygen vacancy centers in materials such as quartz, and silica have been extensively

studied in association with the development of optical and electronic devices for background
Vradiation environments,’ such as MOS devices, silica optical fiber guides and quartz oscil-
lators. The porosity of ceramics in nuclear reactors has its origin in the oxygen vacancy
mobility through the diffusion of ***P in UO, and (U,Pu)0;, making this process strongly
dependent on the oxygen pressure.®® Here, in cilindrical samples the combination of vacancy

produce macroscopic hollows at the center of the sample,

The objective of this work is the analysis of the thermal decay of oxygen vacancy F
center in beryl, by UV OA speciroscopy and diffusion model. The aim js to obtain a better

understanding of oxygen vacancy diffusion in oxides.

II. EXPERIMENTAL PROCEDURE

Slices 3mm thick of pink beryl were cut perpendicular to the e-axis. The QA spectra
were measured with an unpolarized double beam spectrophotometer ZEISS DMR. 21. The
isothermal heat treatments were carried out in air, heating and cooling the samples between
two metallic plates. Isothermal decay curves were obtained for 550, 700, 800, and 900* C.

Above this temperature, a partial opacity is developed in the samples making it impossi-
ble to obtain the OA spectra. Similar opacity was also observed in the work of Goldman et
al.” Similar heat treatment of quartz and spodumene also shows cracking at 900° C, Topaz
with Fe and Cr impurities also show cracking.

In figure 1 the OA spectra of pink beryl is shown: (1) is the spectrum of the untreated

beryl, and (2) after heat treatment at 750° C for 55 hours.

INSERT FIGURE 1

Figure 2 shows the normalized thermal decay of the 42000ecm=! OA band.

INSERT FIGURE 2

IIL. THE MODEL OF OXYGEN VACANCY DIFFUSION

The annealing of I” centers in the beryl crystal can be done by migration of these centers
to the free surface and their subsequent annihilation through atomic oxygen and F center
recombination, or by diffusion of oxygen atoms into the crystal network and their subsequent

recombination with the F centers.



Atomic diffusion in beryl is most likely to occur through the production of atomic oxygen
at the crystal surface followed by their diffusion through the interstitials of the crystal
structure. The heat treatment were in air at a constant temperature, and so it is expected
a constant rate of production of atomic oxygen. The diffusion through to crystal network
implies a long mean diffusion path and as a consequence, a diffusion time longer than that
of atom-vacancy recombination time. The analysis using these considerations leads to a
dynamical kinetics process problem, which was analysed with a method developed for others
kinetics processes.®=!! The results of the application of this method to the data shown in
figure 2 leads to an activation energy of about 0.5 eV, for pure atomic diffusion process.

The beryl crystal grow in a Li rich pegmatite body from magmatic source,’? similar to
that found at Lacorne, Quebec.'? Then, the beryl crystal grow at conditions of high tem-
perature {above 400°C) and possibly high pressure. In such condition, the atomic diffusion
process, lead to small amounts of oxygen vacancies must be found. The long life of the
crystal and its- exposure during these years to a nearly constant oxygen atmosphere pres-
sure, associated to the small activation energy for the atomic diffusion process, will decrease
the remaining ¥ and F* centers. So, according with the atomic diffusion model, only
neglegible amonts of F' and F* centers are expected.

Therefore atomic diffusion process is neglected, and only vacancy diffusion process is
analysed here.

In equilibrium, F centers will be created or annihilated at the proper surface defects,

governed by the equilibrium of the oxygen chemical potentials:

2po=2po, (1)

‘where yg is the atomic oxygen chemical potential in the crystal bulk and yq, is the molecular

oxygen chemical potential in air,

Beryl crystals will be considered to be in an air atmosphere, at a constant temperature,
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with a small thickness 2L comparative to a large trar.lsx.'ersal area perpendicular to the c-axis.
It will be assumed that there is an initial uniform distribution of F' centers and no formation
of divacancies at the considered temperature range, The diffusion process will tend to move
the F' centers to the surface to equalize concentrations. This process will be governed by the

first well-known Fick law.!

j=—Dgradn (2)

where 7 is the net current density of defects, n(z,y,2,) the defect concentration density and
D the so-called diffusion coefficient which is a function of the thermodynamical conditions.

The vacancy can be produced by displacing a lattice atom; then the released atom can be
trapped within the lattice or move out to the surface. For the Freikel defect, the displaced
atom in the interior of the crystal stays at an interstitial site. It will be assumed that
Frenkel defects in beryl are only a transient stage and the pair may be created or annihilated
with the interstitial moving back to the vacancy site. At the equilibrium condition, the
concentration density of F' centers, np, will be composed primarily of intrinsic F centers but,
also of oxygen vacancies from Frenkel pairs. I the concentration density, n, of F centers
is out of equilibrium, Frenkel pairs are created or annihilated to restore the equilibrium
concentration. Then it will be necessary to include a term in equation (1), taking into account
the changes introduced by restoring Frenkel pairs. This term vanishes for the equilibrium
condition and it will be a function of the difference n ~ n;. Thus the equation (1) may be
rewritten as:

;:—Dgradn+ﬁ(n—'-n5) ) (3

where F is the Frenkel pair restoring function,
Taking into account the law of particle conservation, and the crystal form which allows

in, first order approximation, consideration of diffusion only along the c-axis, equation (3)



becomes:

on 8*n S
a:D-a?—a(n—n[,) , (4)

where « is the isotropic coefficient of the Frenkel pair restoring function, and n and ny,

respectively, the actual and the equilibrium concentrations.

At the crystal surface the equilibrium current density vanishes. The oxygen in air is in
the form of: 0O, molecules and in the crystal bulk is in form of 0%, jons not allowing the
direct release of O~ ions for the creation of the F centers and the direct absorption of O,
malecules in the annihilation of F centers. It will be assumed that oxygen is exchanged at
the surface in traps of atomic oxygen {O-traps). The equilibrium of O; = 20 from 0O,
gas molecules, produces very small amounts of atomic oxygen near the surface, and it is the
presence of O-traps that justify a larger concentration of atomic oxygen enough to produce
oxygen-vacancy annihilation. Unfortunately, there are no suggestions on O-trap structures,
because this is an area which is only briefly discussed, due to the immense difficulty in
obtaining high purity and well formed crystals. A suggestion is made in the growth of beryl
through the formation of terraces™, which is consistent with the inherently slow growth of
natural erystals along the c-axis forming long hexagonal crystals.

At the crystal surface it is assumed that:

Jler = th(n —ny)| 21 . (5)

where h is a coefficient proportional to the rate at which vacancies are exchanged at the
surface O-traps. If n > ny, j is positive and a net flux of vacancies is “leaving” the surface
with the absorption of oxygeh atoms. If n < ny, j is negative meaning that vacancies are
being created at the surface from the combination of oxygen ions with trapped oxygen atoms.

From equation (3) and neglecting the Frenkel pair contribution at the surface, equation

{(5) may be rewritten

n
-D — =:!:h(n-——n;,)|il, . 6
0z |, (6)

Assuming that the initial density n(t = 0) = n; and the condition given by equation (6)

the solution of equation (4) (see appendix 1) is:

n(zst) — =9t - Sin(aj) COS(CSJ'Z/L) ~52i Dt

ni— L5 ) C @
where
D _ D . k
COt(ﬁj)=76j y D=f§ y h=E

The total concentration of vacancies, n(t), in the sample is then given by the summa-

tion over the entire crystal. Integrating along the z-axis from —L to +L, the resulting

concentration is given by
n(t) =y + (ni —mp) e F(1) (8)

where n; and n; are, respectively, the equilibrium and the initial concentrations, and

= 2sin?(;) 2
F(t) = h 3 E—SJDt
®) FZI 6; [6; + sin(é;) cos(8;)]

For n{t = 0) = n;, F(0) = 1.

The OA intensity, A(t), is proportional to the total concentration. Then:

%%)=(1_Z_':) e-a*F(t)Jr:—’; , (9

where Ay = A(t = 0)), is a normalization factor.
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Considering the summation over 20 terms in equation {9) the fit to the data is shown in
figure 2 (solid lines). The values of 6; are the successive roots of the transcendental equation

for 6; being evaluated using the method of Newton-Raphson. 16

In table 1, the fitted parameters are shown. Parameters a, D and A increase with

temperature while N, decreases,

INSERT TABLE 1

IV. TEMPERATURE DEPENDENCE OF DIFFUSION MODEL PARAMETERS

Vacancy diffusion has been already mentioned as an illustrative example of diffusion
through successive jumps of atoms into neighboring vacancies. The theoretical calculation
of D in terms of the microscopic jump processes is complicated. However, using the random-

walk approach a simple general expression for D has been given!”
|
D= "é' I'n N (10)

where I is the jump frequency and n the jump length for cubic lattices.

It may be generally assumed that the jump frequency T' depeﬁds on the temperature
according to the law I' = Ty exp(—E./kT), where Ty is an effective frequency and E,, is
the height of the energy barrier to be overcome during the jump. Em.pirically, it is found

that D can be described by the equation:

D = Dy exp(—Em/kT) (1)
where Dy is a constant. Using L =1.5107%m, Dy = 8.48 x 107% crn® 57! and E,, = 0.67 eV
are obtained.

The known E,, values vary from 1 eV for tetravalent transition metal or rare earth

MO; crystals to 1.7 ~ 3.8 eV for alkaline-earth MO crystals.? - The lower energy values
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in MO, crystals may be a conéeqﬁence of a smaller metal/o'xyge;'l ratio. Assuming this
phenomenology to be roughly true, beryl (Be;Al;SigO;5) have a metal/ oxygen ratio of 11/18
and then a small E,, is expected. It is also known that beryl is a cyclosilicate with large
structural channels, facilitating the migration of atoms and lowering the height of the energy
barrier. Then the value of 0.67 eV is possibly an acceptable measure of the height of the

energy barrier in beryl.

The concentration, ng, of oxygen vacancies produced by displacing the lattice atoms

forming Frenkel are given by

ng ~ (cc')"/? exp(—Er2kT) (12)

where is the number of lattice sites, ¢’ is the number of interstitial sites and Ep is the
energy necessary for moving an atom from a lattice site to an interstitial position. The
rate of vacancy creation or annihilation, as assumed in equation (3), is proportional to the
difference between the equilibrium and the actual concentrations of vacancies. Then, the

parameter a will be proportional to ¢p and a general expression for « is given by
o = o exp(Ep[2kT) (13)

where o is the frequency factor. Then aq = 0.97 57! and Ep = 2.07 €V are obtained.

The parameter & from figure 3 is governed by the function
h = hg exp(—E./2kT) (14)

where by = 3 cm/s™? and E) = 2.07 eV. The similarity between E; and Er allow the
proposition that O-traps behave like interstitial sites during the movement of an oxygen

atom when a Frenkel pair is created.
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V. TEMPERATURE DEPENDENCE OF VACANCY EQUILIBRIUM

A thermodynamic calculation of the equilibrium concentration of oxygen vacancies in
a crystal at a given T and P, wi]l be such that the Gibbs free energy function G will
be a minimum. Then, the chemical potential vanishes and a simple relation is obtained
relating the G function for the formation of a vacancy, N atoms atd n;.17 However for the
calculation of ny, the chemical pbtential of the O, gas molecules near the crystal surface
is necessary. In this case, the use of a statistical mechanical approach will give a better
" description of the chemical potential.

The temperature dependence of the équilibrium concentration N; using a statistical me-
chanics approach ® is now considered. The chemical potential of the molecular oxygen gas,
at high temperatures ix.lcludes translation, rotation, vibration, the electronic state without
excitation, degeneracy of the fundamental state and degeneracy of the nuclear spin (I = 0).
It will be assumed that the partition function is particle independent. Using the well known
partition function for each contribution and the Stirling approximation, the chemical poten-

tial of the molecular oxygen gas is given by

(2m kT)7/? Im?j": g0 /KT , (1)
W ()|
2kT

Lo, = —kT !1’1

where I is the moment of inertia, ¢o, is the electronic energy of the ground state and wo,
is the angular frenquency of the stretching vibration of the oxygen molecule. FPp, is the
partial pressure of the oxygen gas and myg, is the mass of the oxygen molecule.

The chemical potential of the atomic oxygen in the crystal lattice, assuming “independent

particle approximation” and including the ground electronic state and vibrations, is given

11

by

No-N ~eofKT
0 € . , (1 6)
A | 2sinh(”"’i)
1=1 2kT
where N is the number of vacant sites in the lattice for oxygen occupation, N is the number

po, =—kT In

of oxygen occupied sites, € is the site electronic bonding energy and wj; is the vibrational
angular frequency along the three directions.

From equations (1), (15) and (16) one obtains

N
o =T (17)
where
cap 2 ‘:’_02_5)
o 91/2 ,5/2 szlz sinh (ng ole0z/2-e0) /5T

T @ kT AN 2mE B o (_‘*’_E
02 ‘_I='[1 2sinh ShT

As Nf(No— N)=(No— Ny) /N, the expression for the temperature description for n;

becomes
No/N;
1+ £(T) °

% - (18)

Assuming J = 191 x 157% kg m?, P, = 1 atm, mg, = 5.32 x 1072 kg

and wy, = 2.98 x 10" s~ and considering the oxygen vibration similar te the molecu-
k . .
lar oxygen vibration wg, = w; and the other two @12t o 100, an expression for f{T)m is
obtained
0.168 eleoa/2-eo) - 9
()= i ( o ) (wzﬁ) — (1138) ,T >100 (Kelvin) . {19)
2kT/ \2kT T

In figure (4) the fit of the values of N;/N; with (eg,/2 — ¢} /& = —3.017 10° (Kelvin)

is shown, for wyw,s*f (4k?) = 0.053 (Kelvin®) and Ny/N; = 1.00005.
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INSERT TABLE 4

Assuming that the electronic energy of the ground state of the oxygen molecule is the
bond energy plus the zero point oscillation energy, the oxygen ion bonding energy in the
crystal is e = —2.34 eV,

The fit the values of Ny/N; and those calculated from equation (19) is quite reasonable.
However, the variation of N,/N; with temperature suggests an abrupt decay vanishing at
about 1200 K, while equation (19) show a slow decay for higher temperatures.

The opacity observed at temperatures above 1200 K could be explained by the formation
of bubbles, through the aggregation of vacancies, followed by localized stress and cracking of
the crystal. This interaction between vacancies introduces a new mechanism for the decay
of vacancies. Assuming that this interaction will also increase the exchange mechanism of

oxygen at surface, the value of the equilibrium concentration will be lowered.

VI. CONCLUSIONS

The decay-kinetics analysys of the UV bands of beryl led to conclusions which can be

sumimarized as below:

{a) The oxygen vacancy diffusion model agrees better with the known bery! crystal grow
process. |

(b) The oxygen vacancy are formed by the displacing oxygen ions into the interstitials
(Frenkel pairs) and oxygen loss at the crystal surface.

(¢) The activation energy for the F' center diffusion in beryl is consistent with the empirical
metal oxygen ratio observed in alkaline-earth oxydes.

{(d) The activation energy for oxygen displacing is similar to that value found for surface

loss, suggesting that both process are similar.

13

(e) The equilibrium concentration calculation show a good adherence with those obtajned -

_from thermal decay analysis.
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APPENDIX 1 — Solution of the Diffusion Equation

Solution of diffusion equations are not so connon for this films. Therefore a detailed

solution of the diffusion equation (4) is shown here.

Taking the transformation n — ny = Q e™*!, equation (4) becomes:

an a0
5P

with ; = n; —n; at ¢t = 0 and
on
-D kN ltr = +hQ|yy
By separation of varjables
Lz, t) = ulz)v(t) y
from equation (A.1}, the following equations are obtained

d

p of) = <A Do(t)
d? 2
az—zu(z) = —Au(z) ,

where A? is a constant,

(A1)

(A.2)

(A.3)

(A4)

(A.5)

The solution of (A.4) is proportional to exp(—A2Dt). The solution of (A.5) is a linear

combination of cos(Az) and (Az). Then the general solution of (A.1) is given by:

O(z,t) = €D 4, cos(Az) + B, sin(Az)

(A6)

For longer periods of time, it is assumed that n — n; , i.e., the concentration of vacan-

. cies reaches an equilibrium concentration for which n, and © must vanish. Satisfying this

condition, A must be real.

From (A.2) and (A.6) for z = —L
— AxAsin(AL) — Byhcos(AL) = —% {Aycos(ALY — Bysin(AL)}

15

(A.7)

and for z = L
Axdsin{AL) — By cos(AL) = % {Ascos(AL) + Bysin{AL)} . (A.8)
From the sum and the difference of (A.7) and (A.8):
ko '
BiAcos(AL) = -B, D sin(AL} (A.9)
. h
Aydsin(AL) = A, ECOS()‘L) . (A.10)
Two cases are possible. The first is assuming Bigo, from (A.9) and (A.10):
D
tg(AL) = -3 A (A.11)

Ay sin(AL) {,\2 + (%)’} =0 . (A12)

I X #0, from (A.12) Ay = 0. Equation (A.11) has a solution for A = 0, and from (A.10)
Ax=o = 0. As the negative solutions of A do not introduce new solutions,
lzt)= Y e nD1 By, . sin{Agnz)
A >0

where

D
tg(’\l.nL) = Yy Am

In the second case, Ay # 0, and now using similar arguments as discussed above, B = 0.
The solution is then

Da(z,t)= Y e5aD0 4, cos(Aznz)

A2n>0

where

D
cotg(Agnl) = Th—/\z.n

The general solution is & = Q) + £),. The coeficients Ay, and By, are determined

from the initial conditions £(z,0) = Q; =constant, taking into account that sin(}, ,z) and

18



mS(Ag,nz) are orthogonal functions,

B,\l!n = 0

2{); sin 8,

Ay = 7
' by + sin b, cos 6,

where §, = A,,. L. The general solutions is:

. ~§2.84 sin &, b,z
.Q(z,t) ] QQ, Zﬂ: e 17 {m} COos (-«E—) = (TL — nb) eat

with

tgd, = —
cotg hLén

17
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FIGURE CAPTIONS

Figure 1.

Figure 2.

‘Figure 3.

OA spectra in the UV region for untreated pink beryl and thermally treated at
750° for 55 hours.

Decay curves of the UV optical absorption band at 42000 cm~! for isothermal

treatments at 550, 700, 800 and 900°.

Temperature dependence of the relative vacancy equilibrium concentration N,/N;

as compared with the thermodynamical caleulation.
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Table 1 —— The Fitted Parameters o, D,k and Ny/N;.

T a D h Ny/N;
(K) {{107%s71) | (1075 s71) | (1075 5~7)
823 0.043 0.30 947 0.730
973 0.417 1.30 8563 0.630
1073 1.295 277 276.5 0.545
1173 3.462 4.88 724.1 0.385
20
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