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Formation of anion-vacancy clusters and nanocavities
in thermochemically reduced MgO single crystals
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An MgO crystal was thermochemically reduced~TCR! under extreme reducing conditions such that the
concentration of anion vacancies (F centers! was exceptionally large, 631018 cm23. Optical absorption mea-
surements demonstrate that in addition toF centers absorbing at 250 nm, anion-vacancy clusters absorbing at
355, 406, 440, 480, and 975 nm were observed. Upon thermal annealing in a reducing atmosphere, a broad
extinction band at 345 nm with a full width at half maximum~FWHM! of 1.25 eV emerged. With further heat
treatment the peak wavelength shifted toward 370 nm and the FWHM varied between 1.25 and 2.25 eV.
Transmission electron microscopy~TEM! showed that concomitantly there exist rectangular defects with
typical dimensions of 3 nm. Microdiffraction, x-ray microanalysis, and high-resolution electron microscopy, in
conjunction with Mie theory, indicate that these rectangular defects are nanocavities with their walls plated
with magnesium. Therefore, both oxygen vacancies and magnesium-rich regions have been observed in a
thermochemically reduced MgO crystal.
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I. INTRODUCTION

Point defects in the form of oxygen vacancies in Mg
crystals can be produced by two methods: irradiation w
energetic particles, such as neutrons, electrons, or ion1–8

and thermochemical reduction~TCR! performed under very
severe environmental conditions, resulting in stoichiome
imbalance of the oxygen sublattice.5,9–11 These defects can
be well characterized spectroscopically by their optical a
magnetic properties.

In general, irradiation with energetic particles results
vacancies and interstitials in both the anion and cat
sublattice.12 Interstitials are difficult to detect; therefore mo
studies involve vacancies. These vacancies are usually
stable at temperatures not much above room tempera
because they recombine with the more mobile interstitia5

If the irradiating particle is sufficiently energetic, highe
order vacancies involving both sublattices can occur.1–8 In
TCR crystals there are no interstitials and the vacancies
therefore survive at much higher temperatures.5 By virtue of
the mass-action law, the vacancies created nonstoichiom
cally are mostly anion vacancies and their clusters. Howe
if impurities are present, TCR can result in the formation
precipitates containing the impurities.13–22

The irradiation of undoped MgO crystals by energe
neutrons (E.0.1 MeV) produces several optically detec
able defects:~1! single-charged anion vacancies~the one-
electronF1 center!, which absorbs at 252 nm (4.92 eV),3,6
PRB 620163-1829/2000/62~14!/9299~6!/$15.00
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~2! neutral anion divacancies orF2 centers, which absorb a
355 and 975 nm~3.49 and 1.27 eV, respectively!,1,2,5,7 and
~3! an unidentified aggregate defect, which absorbs at
nm ~2.16 eV!.3–5,7,8 Energetic particles displace magnesiu
ions, but the magnesium interstitials are sufficiently mob
near room temperature that they quickly recombine w
magnesium vacancies. In TCR crystals, the anion vacan
prefer to be in the neutralF state~oxygen vacancies eac
with two electrons!, unless stimulated by photons or char
particles. Upon a moderate heat treatment,.450 K, anyF1

centers revert back exclusively toF centers.9 F centers ab-
sorb at 247 nm (5.01 eV), essentially at the same energ
the F1 centers.3

If TCR results in isolated anion vacancies scattered r
domly, the probability of forming aggregate centers in TC
crystals will depend nonlinearly on the concentration
single anion vacancies. The probability forF2 is quadratic in
the concentration of theF centers.12 Thus, the absorption
band of theF2 center can only be resolved in crystals co
taining a very high concentration ofF centers.5 Uniaxial
stress and polarized luminescence measurements at low
perature in TCR MgO crystals suggested that the lumin
cence bands at 375 and 441 nm, attributed toF2 and F2

21

dimer centers, respectively, have excitation peaks at 355
322 nm, respectively.23–25Kinetic arguments suggest thatF3
centers and higher-order defects are formed at much lo
rates thanF2 centers.12,26

TCR implies~a! a deficiency of oxygen, resulting in oxy
9299 ©2000 The American Physical Society
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gen vacancies in the neutralF state~this has been well sub
stantiated in the literature! and ~b! an excess of magnesium
This has not been observed. In the present study, we pro
evidence that there are regions rich in magnesium.

II. EXPERIMENTAL PROCEDURES

The MgO crystals used were grown at the Oak Rid
National Laboratory using the arc fusion technique.27 The
starting material was MgO powder from the Kanto Chemi
Company, Japan. TCR was performed in a sealed tanta
chamber at'2400 K and greater than 7 atmospheres of m
nesium vapor, followed by rapid cooling. This process p
duces anion~oxygen! vacancies, due to a stoichiometric e
cess of cations. A crystal with a very high concentration oF
centers ('631018cm23) was cleaved into several sample
Subsequent reducing heat treatments of the TCR sam
were made inside an enclosed graphite chamber inserted
horizontal furnace with flowing high-purity nitrogen gas.

Optical absorption measurements in the uv-visible
wavelengths were made with a Perkin-Elmer Lambda
spectrometer. Infrared absorption data were taken wit
Perkin-Elmer 2000 FT-IR spectrometer. Irradiations with
light were made either with a Mineralight lamp~model
UVGL 25! or a 500-W Xe~Hg! lamp in conjunction with a
7200 Oriel monochromator. Specimens for transmiss
electron microscope~TEM! studies were prepared by me
chanical grinding, dimpling, and argon ion-milling with a
acceleration voltage of 5 kV and an incident angle of 1
TEM, x-ray microanalysis, and electron diffraction studi
were carried out in a Philips CM200 field-emission analy
cal electron microscope operated at 200 kV and equip
with a beryllium specimen holder.

III. RESULTS AND DISCUSSION

A. Optical absorption and extinction measurements

Defects resulting from TCR of MgO crystals at high tem
perature are primarily isolatedF centers that absorb light a
about 250 nm. If hydrogen impurities are present in the cr
tal, they can be trapped at these vacancies, forming H2 ions
that absorb in the far-infrared region at about 1000 cm21.10

The more hydrogen the crystals contain, the more H2 ions
are formed. Thus the balance between the anion vacancy
the H2 ion concentrations depends on the concentration
hydrogen in the crystal. In order to maximize the anion v
cancy content and minimize the H2 concentration, a clea
crystal with a low hydrogen concentration was thermoche
cally reduced. From the experimentally derived relation11

n~H2!52.731017a~1053!, ~1!

where a(1053) is the absorption coefficient of th
1053 cm21 peak, the resulting H2 concentration was esti
mated to be<1016cm23.

Figure 1@spectrum~a!# is the optical absorption spectrum
of the crystal after TCR. The most prominent feature is
very high anion vacancy absorption at 250 nm. Using
experimentally derived relation28

n~F !5531015a~F !, ~2!
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where n(F) denotes the concentration of anion vacanc
anda(F) is the absorption coefficient of the 250-nm ban
the concentration of isolatedF centers was estimated to b
'631018cm23. In addition, other bands at about 355 n
~3.49 eV!, 406 nm ~3.05 eV!, 440 nm ~2.82 eV!, 480 nm
~2.58 eV!, and 975 nm~1.27 eV! are also present~the
975-nm band is not shown in Fig. 1!. These bands becam
more pronounced after uv excitation for 15 min@spectrum~a!
in Fig. 1#. Spectrum~b! reverted to spectrum~a! when the
sample was heated at 773 K. For comparison, the spec
of a neutron-irradiated crystal with a similar concentration
anion vacancies~mostly F1 centers! is also shown@trace
~c!#. Only the bands at 250, 355, and 975 nm appear in b
TCR and neutron-irradiated crystals. The bands at 335
975 nm are different transitions of theF2 centers.1,2,5,7Also,
the excitation spectrum for the luminescence at 375 nm
TCR crystals peaks at 357 nm and was associated with t
centers,24 which agrees very well with our absorption me
surements. Table I summarizes the optical absorption ba
in both TCR and neutron-irradiated crystals.

Next, we will discuss the effects of thermal anneals of t
sample in a reducing atmosphere. It was isochronally
nealed for 5 min at increasing temperatures of 50-K interv
starting at 1173 K. Figure 2 shows the absorption spectr
several selected temperatures. After the annealing at a
1373 K, the sample started to develop a brown coloration
to a broad extinction band covering most of the visible
gion and centered at about 345 nm~3.59 eV!. As the tem-
perature was raised this band shifted in wavelength and
came more intense. The maximum intensity occured a
annealing at 1673 K@Fig. 2~a!#. Meanwhile theF band de-
creased. Annealing treatments atT.1673 K decreased the
intensity of the extinction band. At 1873 K the band disa
peared and the sample became transparent@Fig. 2~b!#; the F
band also annealed out. The isochronal annealing data o

FIG. 1. Optical absorption spectra of~a! MgO crystal after TCR
and ~b! after subsequent uv irradiation for 15 min;~c! neutron-
irradiated MgO crystal up to a dose of 6.
31018 neutrons cm22 s21.
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TABLE I. Optical absorption bands in thermochemically reduced and neutron-irradiated MgO crystals.

Wavelength~nm!

TCR 247 232 355 406 440 480 975
(5.01 eV) (3.85 eV) (3.49 eV) (3.05 eV) (2.82 eV) (2.58 eV) (1.27 e

Neutron-irradiated 252 355 573 975
(4.92 eV) (3.49 eV) (2.16 eV) (1.27 eV)

Assigment F F1 F2
21 F2 ? ? ? ? F2
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250 and ‘‘345’’ nm bands are plotted in Fig. 3. TheF band
decreases with annealing temperature whereas
‘‘345’’-nm band increases.

Both the position and the full width at the half maximu
~FWHM! of the ‘‘345’’-nm band changes with the therm
treatment~Fig. 4!. The 345-nm peak shifted to 370 nm~top!.
The FWHM varied from 1.25 to 2.25 eV~bottom!. These
two behaviors suggest that this band is due to Mie scatte
from metallic colloids.13 Indeed, a similar extinction ban
with its peak at 340 nm and a FWHM of 1.2 eV wa
observed29 in MgO implanted with Mg21 ions after thermal
annealing at 1173 K. These TEM observations showed
this band was due to magnesium precipitates with an ave
size of'77 Å.

B. Mie theory

According to Mie theory~see Ref. 13 and reference
therein!, the extinction coefficient due to a dilute concentr
tion N of spherical particles of radiusR and volumeV em-
bedded in a dielectric medium with a homogeneous distri
tion is given by

g5
6pNV

l8
Im (

y51

`

~21!y
ay2py

2a3
, ~3!

FIG. 2. Optical absorption spectra of a thermochemically
duced MgO crystal isochronally annealed in a reducing atmosph
~a! formation of the 345–370-nm band,~b! destruction of the 345–
370-nm band.
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where l8 is the wavelength of the light in the matrix an
a52p(R/l8). The quantitiesa and p are the electric and
magnetic multipoles of ordery, which are functions of the
colloid radii and of the dielectric constant of both the pa
ticles and the matrix.

For small colloids (R,10 nm), using only the first term
in Eq. ~3!, the extinction maximum occurs at a wavelengthl
given by

l5
2pc

vp
~e012m0

2!1/2. ~4!

Here c is the vacuum speed of light,vp the plasma fre-
quency of the metal,e0'1 the static dielectric constant o
the metal, andm0

251.774 the real part of the dielectric con
stant of the MgO matrix.

Equation~4! indicates that the position of the maximum
independent of the colloid radius. Assuming that the p
cipitates are made of metallic magnesium,vp51.63
31016s21,30 the predicted wavelength of the peak of th
extinction band is 320 nm, in reasonable agreement with
experimental findings of about 345 nm. The discrepancy
tween the theoretical and the experimental values can p

-
re.

FIG. 3. Normalized concentration of~a! F centers, and~b! 345–
370-nm extinction band vs isochronal annealing temperature.
noted that the initialF band was so large that the errors involved
determining theF-center concentration are correspondingly large
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9302 PRB 62M. A. MONGE et al.
ably be partially solved by taking into account the probab
ity of the electrons being outside the colloid. Then Eq.~4!
becomes31

l5~123P!21/2
2pc

vp
~e012m0

2!1/2, ~5!

whereP represents the probability for each electron of be
outside the colloid. The prefactor (123P)21/2 is higher than
unity, which implies that the new predicted position of t
band,l, occurs at longer wavelengths, as was experiment
found.

In order to calculate extinction bands as a function of si
it is necessary13 to use higher-order terms in the Mie equ
tion ~3!. Assuming that the magnesium colloids are sm
compared with the mean free path of the electrons in
bulk, the FWHM of the extinction band,DE, is proportional
to vF /R, wherevF51.5831018cm23 is the Fermi velocity
of electrons andR the mean radius of the precipitate.13 Using
the experimental values forDE, we estimate the colloid
mean radius to range from 2.8 to 5.2 nm. Figure 5 shows
colloid radius as a function of the annealing temperatu
The largest value of 5.2 nm corresponds to colloids after
annealing at 1673 K. The optically suggested precipitates
to be confirmed by TEM observations.

C. Transmission electron microscopy

Electron microscopy observations were made in the sa
TCR sample after annealing at 1673 K in a reducing atm
sphere. A brown coloration due to the extinction band, wh
had shifted from 345 to 370 nm@see Figs. 2~a! and 4~a!#, was
observed. The characteristic bright-field images are show
Figs. 6 and 7. Areas with a high concentration of dislocatio
~Fig. 6! were separated by regions in which only small re
angular features are observed~Fig. 7!. In order to investigate

FIG. 4. Peak position and FWHM of the 345-nm band band
isochronal annealing temperature. At temperatures below 152
the deconvolution of the bands was not very accurate; thus,
corresponding values for the peak position and the FWHM were
plotted.
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the structure and composition of these rectangular defe
microdiffraction patterns and x-ray microanalysis spec
were obtained both inside and outside the rectangle defe
No appreciable differences were observed. These result
dicate that the structure and the composition are those
perfect MgO structure in both cases.

To explore further the nature of these rectangular defe
high-resolution electron microscopy~HREM! was used. Fig-
ure 8 shows a high-resolution image along the^001& direc-
tion. The atomic plane structure within the region containi
rectangle defects is the same as that everywhere else.
conclude that the rectangular defects are nanocavities
$100% facets and an average size of about 3 nm. Associa
of cavities with facets parallel to the$100% planes was also
observed.

The TEM results clearly showed that the rectangular
fects were not due to a second phase, but rather to nano

s
K,
e

ot

FIG. 5. Calculated colloid radius vs isochronal annealing te
perature.

FIG. 6. Bright-field electron micrograph showing dislocations
the TCR sample after annealing at 1673 K.
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cavities. The presence of an optical extinction band ass
ated with these cavities suggests that the boundary re
between a nanocavity and the MgO matrix must be rich
magnesium since the characteristics of the extinction b
agree with those predicted by the Mie theory for magnes
colloids. It should be noted that Mie theory can also be
plied to colloids with an empty core.32 In conclusion, the
defects responsible for the 370-nm extinction band are p
ably nanocavities surrounded by a thin magnesium-r
layer.

Unfortunately, additional evidence for the composition
the defects observed here it is not easy to obtain. The c
centration of nanocavities, estimated to be 1011cm23, is too
low to permit meaningful x-ray diffraction studies. Likewis
simulations of high-resolution images with and without M
inside the cavities are not reliable since the images w
obtained in thick areas of the specimen.

In the bigger picture the thermochemical reduction p
cess can have the following consequences:~a! a deficiency of
oxygen ions, resulting in oxygen vacancies and/or cluster
oxygen vacancies, and~b! an excess of magnesium, whic
plates the walls of the nanocavities, as shown in the pre
study.

IV. SUMMARY AND CONCLUSIONS

A nominally pure MgO crystal was thermochemically r
duced~TCR! under extremely stringent conditions such th
the concentration of anion vacancies (F centers! was extraor-
dinarily large, 631018cm23. In addition to the intense ab
sorption of theF centers at 250 nm, other much weak
bands at 355, 406, 440, 480, and 975 nm were observed
nature of the strong thermochemical reduction, these w
bands are likely due to clusters of anion vacancies. Inde

FIG. 7. Bright-field electron micrograph showing rectangu
defects in the TCR sample after annealing at 1673 K.
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the bands at 355 and 975 nm had been identified as du
different transitions withinF2 centers.1,2,5,7

After isochronal anneals in a reducing atmosphere ab
1373 K, the sample exhibited a brown coloration due to
formation of an extinction band at about 345 nm. Both t
peak-extinction wavelength and the FWHM of this ba
changed with annealing temperature. The peak wavelen
shifted from 345 to 370 nm. The maximum extinction inte
sity occurred at 1673 K. The FWHM varied between 1.
and 2.25 eV. After the anneal at 1873 K, the sample beca
transparent, indicating that the defects responsible for
brown coloration were annealed out.

TEM revealed rectangular defects with typical dimensio
of 3 nm. Microdiffraction patterns, x-ray microanalysis, an
high-resolution electron microscopy, in conjunction with t
Mie theory, indicate that these rectangular defects are na
cavities with their walls plated with magnesium.

The two essential implications of thermochemical redu
tion in high-pressure magnesium vapor at high temperatu
have been observed:~a! a deficiency of oxygen vacancie
and their clusters, and~b! an excess of magnesium, whic
plates the walls of the nanocavities.
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