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Abstract

Optical absorption measurements were used to monitor the thermal annihilation of oxygen vacancies (F-centers) in thermo-

chemically reduced MgO crystals. The annihilation characteristics were sample-dependent and varied strongly with the

F-center concentration. Different mechanisms for the destruction of F centers are suggested depending on their concentration.
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1. Introduction

Anion vacancies in magnesium oxide are observed in two

charge states: F, or F1 centers (oxygen vacancies occupied

by two or one electron, respectively). The paramagnetic F1

center is characterised by both electron paramagnetic reso-

nance and optical absorption spectroscopy [1±9]. The

diamagnetic F center is inferred from the magnetic and

optical properties of the F1 center. The F and F1 centers

both absorb at essentially the same energy: 5.01 and

4.92 eV, respectively [2].

F-type centers in MgO can be produced principally by

two methods: irradiation with energetic particles, such as

neutrons, electrons or ions [1±7,10,11] and thermochemical

reduction performed under severe reducing conditions

resulting in stoichiometric de®ciency in the oxygen sub-

lattice [2,7,12±14]. Typically the sample is enclosed in a

tantalum chamber containing several atmospheres of Mg

vapour at T . 2000 K.

The major differences in anion vacancies created by irra-

diation and TCR are as follows: in neutron or ion-irradiated

crystals the anion vacancies exist normally in the F1 state

[6,7], unless stimulated by photons or charged particles. In

thermochemically reduced (TCR) crystals, the anion vacan-

cies prefer to be in the neutral F state unless excited by

photons or charged particles [12,14]. In electron-irradiated

MgO the situation is intermediate: both F and F1 are

produced [5,15]. In irradiated crystals, the interstitials

become mobile and recombine with the vacancies at

temperatures not much higher than room temperature. In

MgO, the interstitials become mobile at about 400 K. In

contrast, annihilation of F centers in TCR samples requires

temperatures in excess of 1300 K [2,14,16,17]; oxygen

vacancies are created non-stoichiometrically and have no

oxygen interstitials to recombine with. They are therefore

much more stable.

Analysis of the F-center annealing curves in TCR MgO

crystals indicates that the annihilation temperature and the

activation energy depend on both the F center and [H2]1-

ion (a proton with two electrons occupying an oxygen-

vacancy site, which is therefore positively charged as

denoted by the superscript) concentrations [14]. F center

isochronal annealing in MgO containing high concen-

trations of [H2]1 centers (.1017 cm2) indicates activation

energy values higher than 4.0 eV [14]. In MgO crystals
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with F-center concentrations of about 1017 cm23 and low

[H2]1-centers (,1017 cm23), the reported values for the

activation energy derived from isothermal or isochronal

anneals of the F band are 3.4 and 3.0 eV, respectively

[17±19].

In the present work, thermal annihilation of F-centers in

TCR crystals was studied by optical absorption measure-

ments in three MgO crystals, in which the F concentration

varied by two orders of magnitude and the concentration of

the [H2]1 centers is less than 1017 cm23. Different mecha-

nisms for the destruction of F-centers in different concen-

trations are discussed.

2. Experimental procedures

The MgO crystals used were grown at the Oak Ridge

National Laboratory using the arc fusion technique [20].

The starting material was MgO powder from the Kanto

Chemical Company, Japan. The impurity concentrations

have been reported elsewhere [20]. The total impurity

content is about 100 ppm. The main impurities are Ca, Si,

P, Al, Fe, and Cr with concentrations of 50, 20, 13, 10, 7 and

1 ppm, respectively. TCR was performed in a tantalum

chamber at < 2400 K and .7 atm of magnesium vapour

and followed by rapid cooling. Subsequent reducing heat

treatments of the TCR samples were made inside a graphite

container inserted in a horizontal furnace with ¯owing high-

purity nitrogen gas. Optical absorption measurements in the

UV-VIS-IR were made with a Perkin-Elmer Lambda 19.

3. Results and discussion

Results on F-center annihilation are presented for three

TCR crystals, labeled MgO I, MgO II, and MgO III, with

very different concentrations of F centers. The F-center

concentrations in these samples were estimated from the

experimentally deduced relationship [21]

n�F� � 5 £ 1015a�F�; �1�
where n(F) denotes the concentration of anion vacancies

and a (F) is the absorption coef®cient of the 250 nm band.

The resulting concentrations were 5 £ 1016, 2 £ 1017 and

6 £ 1018 cm23, respectively. The [H2]1 concentrations in

all three samples were lower than 1017 cm23.

The activation energy for the annihilation of the F centers

in sample MgO I was obtained using the cross-cut method

[22]. This sample, which had the lowest F concentration,

was cleaved in three pieces with the same thickness

(t� 1.5 mm), each of which had the same F-center concen-

tration. These crystals were then isothermally heated for

5 min at 1383, 1423 and 1463 K, respectively, in a reducing

atmosphere. After each anneal, the absorbance of the corre-

sponding F-band was measured and plotted as a function of

time (Fig. 1). In the inset the times for the three crystals to

reach the same arbitrary absorbance value are plotted

against the reciprocal to the annealing temperature 1/T.

The activation energy is found to be 1.9 ^ 0.2 eV.

Sample MgO II, with an intermediate F-center concen-

tration, was isochronally annealed for 5-min duration at

increasing temperatures of 50 K intervals in a reducing
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Fig. 1. Absorbance vs annealing time at (a) 1383 K, (b) 1423 K and

(c) 1463 K, for sample MgO I with initial F-center concentration of

5 £ 1016 cm23. A semilog plot of the time to reach a constant absor-

bance versus T21 for the three crystals is shown in the inset.

Fig. 2. Optical absorption spectra for sample MgO II (F concen-

tration < 2 £ 1017 cm23) at several selected annealing temperatures.



atmosphere. Fig. 2 shows the absorption spectra after

heating at selected temperatures. The most pronounced

absorption occurred at 5.0 eV. The net effect of the

annealing was the decrease of the F-center concentration.

Dimers such as F2, which absorbs at 3.5 and 1.5 eV, and

F21
2 ; which absorbs at 3.8 eV, respectively, were not

observed [1,2,4,7,23,24]. The normalised concentration of

F-centers vs isochronal annealing temperature is shown in

Fig. 3. The F concentration begins to decrease after the

anneal at 1200 K.

The annihilation of mobile F-centers may occur either at

internal defects, impurities and traps (such as dislocations

and grain boundaries) when the F-center concentration is

low, or at the external surfaces when the F-center concen-

tration is high. The diffusion-controlled kinetics in the ®rst

case is described by a standard rate equation

dCF�t�
dt

� 2KCF�t�CT; �2�

where CF(t) is the F-center concentration, the reaction rate is

K � 4pDr0 (D is the diffusion coef®cient, D� D0 exp(2Ea/

kT ), Ea is the F-center migration energy, r0 is the reaction

radius), and CT is the concentration of traps where the

F-centers annihilate.

If CT q CF ; a ®rst-order kinetics takes place and the

concentration decay is exponential in time. The alternative

kinetics when the F-centers annihilate at the sample surface

has been discussed in Ref. [25]. The F-center concentration

at time t is

CF�t� � 8C0

p2

X1
n�0

1

�2n 1 1�2 exp 2Dtp2 �2n 1 1�2
4d2

 !
; �3�

where C0 is the initial F-center concentration and 2d is the

sample thickness.

After a short transient period, the ®rst term in Eq. (3)

starts to dominate, which again results in the ®rst order

kinetics

CF�t� / exp�2DtB�; �4�
but now with a well de®ned co-factor B � p2

=�4d2�: Using

Eq. (4), the migration activation energy in sample MgO II

was estimated to be 2.5 ^ 0.1 eV.

The normalised F-center annihilation for Samples II

(intermediate F concentration) and III (high F concen-

tration) is shown in Fig. 3, curves (a) and (b), respectively.

The latter shows an unexpected result: after annealing at

1373 K, the sample developed a brown coloration due to a

broad extinction band centered at 3.59 eV (345 nm), shown

in Fig. 4. As the annealing temperature increased, the band

became more intense, as it shifted toward lower energy. The

band ultimately peaked at 3.35 eV (Fig. 4). It reached maxi-

mum intensity at 1673 K. This extinction band has been

attributed to Mie scattering from nano-size cavities with

typical dimensions of 3 nm, coated with magnesium

metal. The normalised growth and decay of the 3.59±

3.35 eV extinction band is shown as curve (c) in Fig. 3.

Both the F centers and the yellow coloration vanished at

1850 K. From curve (c) and assuming a ®rst order kinetics,

an activation energy for F-center diffusion was estimated for

sample III to be 3.4 ^ 0.6 eV, in good agreement with theo-

retical calculations [18,19]. For samples II and III, the pre-

exponential factors of the diffusion coef®cients obtained
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Fig. 3. Normalised concentration of (a) Fcenters in sample MgO II,

(b) Fcenters in sample MgO III, and (c) 3.59±3.35 eV absorption

band in MgO III against isochronal annealing temperature.

Fig. 4. Optical absorption spectra in sample MgO III: (a) TCR, and

after thermal annealings at (b) 1373 K (c) 1573 K and (d) 1673 K.

The peak position of the 3.59±3.35 eV absorption band was

obtained by deconvoluting the corresponding absorption spectrum.



using Eq. (4) are D0 � 1010 and 1012 cm2 s21, respectively,

which are many orders of magnitude larger than the typical

value of D0 � 1023 cm22 s21 for point defects [24]. We

believe this overestimation could be due to the assumption

that the F-centers migrate to the surface over a distance of

the order of the sample thickness (d� 1 mm). Assuming a

D0 value of 1023 cm22 s21 and a migration energy of 3.4 eV,

the mean-square displacement for the F-center can be

estimated from the standard Einstein relation kr2l � 6Dt:

It gives a mean displacement smaller than 1 micrometer at

1500 K and only 10 mm at 1800 K. Thus, F-centers are not

able to reach the external surface during annealing times of

30 min; it takes a much longer time.

The thermal annealing of three samples with very differ-

ent F-center concentrations, all with [H2]1 concentrations

,1017 cm23, permit us to draw certain conclusions. The key

experimental observations are the following: First, the

annealing rates of F centers are drastically different and

are strongly dependent on the F concentration, CF. A higher

concentration has a slower rate of annihilation. Second, the

sample with an exceptionally high CF (6 £ 1018 cm23)

developed a brown coloration, which we have recently

attributed to magnesium-plated nano cavities based on

transmission electron microscopy observations [26].

Although this concentration is higher than that in Sample

II by a factor of 30, we did not observe a correspondingly

less intense coloration in the latter sample.

To explain these two observations, we suggest that a

direct manifestation of the intrinsic diffusion of F centers

is their diffusion-controlled aggregation to ultimately form

nano cavities in the temperature range of 1400±1650 K. The

experimental activation energy for this process determined

in sample MgO III is 3.4 eV which agrees well with the

theoretical energy (3.1 eV) of the F-center elementary

jump [18,19]. The activation energy values of 1.9 and

2.5 eV determined in samples MgO I and MgO II, respec-

tively, are signi®cantly lower and hence can not be attri-

buted to migration of single F-centers. Thus, in samples

MgO I and MgO II oxygen vacancies are annihilated either

by forming dimer centers with selected impurities, which

favours their joint diffusion to internal sinks (such as dis-

locations and grain boundaries) or with more mobile defects

(such as magnesium vacancies). Indeed, a number of theo-

retical calculations (see [18,19,24] and references therein)

agree that the migration energy of the cation vacancies is

2.0±2.4 eV and thus they could be involved in the

F-center annihilation process. Both point defects and

internal sinks are characteristic of the structural quality

of the sample and their concentration, C, can vary from

sample to sample, depending on such factors as sample

growth conditions and past thermal history. Nevertheless,

the results of Samples II and III indicate that C < 1017±

1018 cm23. It is not surprising that when CF p C; the

F-center annihilation characteristics are strongly sample

dependent, giving rise to large variation in activation

energies [14,17].

4. Summary and conclusions

Optical absorption measurements were used to monitor

the thermal annihilation of Fcenters in three TCR MgO

single crystals with concentrations of 5 £ 1016, 2 £ 1017

and 6 £ 1018 cm23. The [H2]1 concentrations in the three

samples were lower than 1017 cm23. The annihilation rate

depends on the F-concentration; the higher the concen-

tration, the lower the rate. We propose that for crystals

with a low or an intermediate F concentration

(,1017 cm23), the thermal destruction is due to more mobile

defects, such as magnesium vacancies and impurities. In a

sample where the F-center concentration is exceptionally

high (.1018 cm23), intrinsic diffusion and aggregation of

these defects results in unusual extended defects: mag-

nesium-plated nano cavities. Detailed theoretical analysis

of these kinetics is now in progress.
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