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Optical spectroscopy and theory demonstrate that photon excitation of the positively charged anion vacancies (F ⫹ centers兲 at 5.0 eV in neutron-irradiated MgO crystals releases holes that are subsequently trapped at
V-type centers, which are cation vacancies charge compensated by impurities, such as Al3⫹ , F⫺ , and OH⫺
ions. The concentration of trapped-hole centers was found to exceed that of available anion vacancies. The
disproportionately large amount of holes produced is attributed to a dynamic recycling process, by which the
F ⫹ center serves to release a hole to the V-type centers and subsequently trap a hole from an Fe3⫹ ion. The net
effect was the increase of V-type centers mostly at the expense of Fe3⫹ ions. It was also shown that concurrently there was a component which distributed holes directly from Fe3⫹ to the V-type centers.
关S0163-1829共99兲07829-7兴

I. INTRODUCTION

Magnesium oxide is a simple oxide with fcc structure and
a melting temperature of ⬃3000 K. The band gap is 7.8 eV.
Defects produced in this material can be characterized by
their optical properties.1 Defects in the form of vacancies can
be produced principally by two methods. The first is by irradiation with energetic particles, such as neutrons, electrons,
and ions.2–9 The second is by thermochemical reduction performed under very stringent environmental conditions resulting in stoichiometric deficiency of the oxygen
sublattice.8,10–12
The present communication addresses photoconversion of
the two charge states of the anion vacancies in neutronirradiated MgO: F ⫹ and F centers, which are oxygen vacancies with one and two electrons, respectively. The superscript refers to the net charge on the defect.
Elastic collisions with energetic particles do not produce
cation vacancies, because the cation interstitials are unstable
and quickly recombine with the vacancies.13 However, cation vacancies can be produced by the displacement of protons substituting for magnesium ions via an ionization
mechanism.14,15 This latter mechanism is not reflected in the
present study.
In MgO both the F ⫹ and the F centers absorb essentially
at the same energy, 4.92 and 5.01 eV, respectively.6 In
neutron-irradiated MgO, the equilibrium charge state of the
anion vacancy is the F ⫹ center; that is, at equilibrium anion
vacancies are primarily in the one-electron state.16 Therefore
the present study will address the mechanism of the F ⫹
0163-1829/99/60共6兲/3787共5兲/$15.00
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˜F photoconversion when excitation of the F ⫹ absorption
band results in F center formation. The simplest explanation
is that an electron of the excited F ⫹ center is ionized into the
conduction band and then trapped by another F ⫹ center thus
giving rise to the two-electron F center. If this were true, no
new defects are expected to arise except bare O vacancies.
However, as we demonstrate in this paper both theoretically
and experimentally, trapped-hole centers are produced and
thus the photoconversion probably occurs through another
mechanism.
The plan of the paper is as follows: in Sec. II we present
results on theoretical simulations of the F ⫹ , F centers and
their photoconversion. In Sec. III experiments are presented
which complement the theory, in particular, hole release as a
product of this process. A dynamic charge recycling process
is described to account for the disproportionately larger hole
release than there are F ⫹ sites. In Sec. IV the main results
are summarized.
II. THEORY

In this study we used the semiempirical method of the
intermediate neglect of the differential overlap 共INDO兲
which is a simplified version of the Hartree-Fock
formalism.17 Its modification for ionic solids and oxides is
described in Ref. 18. INDO allows simulations of quantum
clusters containing hundreds of atoms with optimization of
lattice geometry around defects. Recently, this method has
been successfully applied to numerous pure and defective
oxide crystals, including SiO2 , Al2 O3 , Li2 O, ZrO2 .19 More
3787
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FIG. 1. Schematic model of the photoconversion mechanism.
共a兲 Traditional model via F ⫹ center electronic excitation 共1兲 and
electron release to the conduction band. 共b兲 A mechanism based on
the electron transition to the ground state of the F ⫹ center 共2兲 from
the quasilocal states induced by the F ⫹ center which leads to the
hole formation in the VB 共3兲. 共c兲 Tunneling recombination is possible between a closely spaced F center and a hole center 共4兲.

details for its application to MgO crystals can be found in
Ref. 20. In recent studies of the F ⫹ and F centers in MgO
their optical and ESR properties21 as well as activation energy for their diffusion22 were discussed. Good agreement
with a number of experimental data was achieved and several experiments on the luminescence of the F centers and
their diffusion were interpreted. The important aspect of the
present paper is that the positions of the ground state levels
for both F ⫹ and F centers are 3 eV above the top of the
valence band, and their excited states are very close to the
conduction band.
In this work, we have used 125-atom clusters of a cubic
shape having Oh symmetry and embedded into the electrostatic field of the rest of the crystal. The calculated optical
gap is close to the experimental value of 7.8 eV, with the
bottom of the conduction band close to the vacuum level.
Analysis of the F ⫹ results showed the presence of two
quasilocal states induced by the charged F ⫹ center in the
valence band 共VB兲 关labeled A and B in Fig. 1共a兲兴. These
levels are located at 1.2 and 2.0 eV below the top of the VB.
Their molecular orbitals arise mainly from atomic orbitals of
O atoms of the two spheres surrounding the O vacancy at
共1,1,0兲 and 共2,0,0兲 in the Mg-O lattice spacing units 共Table
I兲. Other similar quasilocal states are neither observed in
calculations, nor expected from symmetry considerations,
since the perturbation induced by the F ⫹ center on the surTABLE I. Atomic orbital coefficients of the molecular orbital in
the two quasilocal energy states 关A and B in Fig. 1共a兲兴 induced in
the valence band by the F ⫹ center. Coordinates are in units of the
Mg-O distance in the perfect lattice.
Atom

Level A

Level B

O (1,1,0)

p x ⫽⫺0.204
p y ⫽0.204
p z ⫽⫺0.1374

p x ⫽⫺0.041
p y ⫽⫺0.041
p z ⫽0.0

O (2,0,0)

p x ⫽0.04
p y ⫽⫺0.035
p z ⫽0.0

p x ⫽0.307
p y ⫽0.0
p z ⫽0.0
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rounding crystal decreases rapidly and is negligible at distances exceeding twice the Mg-O spacing. Since the groundstate energy level of the F ⫹ center lies 3 eV above the VB,
the excitation energy of the electron from the quasilocal state
is close to that for the F ⫹ center intrinsic excitation 共5 eV兲.
Based on this observation, we suggest the following interpretation of the F-type center photoconversion: under excitation, some of the F ⫹ centers do not become electronically
excited into the 2p-type state, rather, electrons are photoexcited from the quasilocal states in the VB 关Fig. 1共b兲兴 to the
ground state of the F ⫹ centers; as a result, F centers in the
ground state are produced. Simultaneously, a hole is produced on the quasilocal level. As is well known, in MgO
holes are not self-trapped.23 Since it is degenerate in energy
with the VB, a hole is released into the latter and migrates
until it is trapped by some impurity or defect. There is
evidence24–29 that this model is quite general in alkali halides
and is valid, also, for other oxides, e.g., Al2 O3 . In alkali
halides, positively charged impurities induce local states in
the valence band, and this is why excitation of electrons from
quasilocal states leads to the hole center formation.24–29 Creation of hole centers under photoexcitation is a key feature of
our photoconversion model:
F ⫹ ⫹h  共 5.0 eV兲 ˜F⫹h ⫹ ,

共1兲

where h ⫹ is a hole which migrates through the crystal and is
eventually trapped by a defect. Experimental results complement this finding 共see below兲: after photoexcitation with 5.0
eV light in the F ⫹ absorption band, trapped-hole centers
were observed by optical absorption spectroscopy. Another
manifestation of this mechanism could be the prediction of
the temperature-independent tunneling recombination of the
F centers with holes trapped by vacancies or nearby impurities, probably accompanied by luminescence 关Fig. 1共c兲兴.
Similar processes have long been known in doped alkali halides.
III. EXPERIMENTS

The MgO crystals used were grown at the Oak Ridge
National Laboratory using the arc fusion technique.30 The
starting material was MgO powder from the Kanto Chemical
Company, Japan. To a greater or lesser extent all MgO starting powders contain Fe impurities. Typical chemical analysis
of the crystals has been reported previously.13,30,31 In this
particular sample, the iron concentration was estimated by
optical absorption measurements32 to be ⬃4⫻1017 cm⫺3 .
The neutron irradiation was carried out in the Oak Ridge
Bulk Shielding Reactor to a dose of 5.3⫻1015 neutrons
cm⫺2 (E⭓0.1 MeV兲. The irradiating temperature was estimated to be 320 K. The samples were mechanically polished
using a fine emery paper and the damaged regions were removed by chemical polishing in orthophosphoric acid solution at 360 K. No thermal annealing of defects occurs at this
temperature.8
The spectrophotometer used in the UV-VIS-IR region
was a Perkin-Elmer, Lambda 19 spectrophotometer. Farinfrared data were taken with a Perkin-Elmer FT-IR 2000
spectrophotometer. The errors involved in the optically determined results are ⫾25%. The samples were excited with a
low-intensity 5.0-eV light, the source being a 400-W Xe
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FIG. 2. Optical-absorption spectra of a neutron-irradiated MgO
crystal before and after UV irradiations 共crystal thickness: 3.1 mm兲.

lamp in conjunction with a 7200 Oriel monochromator set at
250 nm.
The neutron-irradiated crystal had an anion vacancy concentration of ⬇8⫻1016 cm⫺3 as determined13 from the absorption coefficient at 5.0 eV. This crystal was excited with
5.0 eV light. These photons in principle will excite both F ⫹
and F centers, since their absorption bands peak at 5.0 eV.
Given that in neutron-irradiated crystals the anion vacancies
at equilibrium are primarily in the paramagnetic F ⫹ charge
state, photoconversion will primarily involve the release of a
hole from a F ⫹ center, according to Eq. 共1兲.
A. Trapped-hole centers

We shall use optical-absorption measurements to determine where the holes are ultimately trapped. The result of
photon excitation with 5.0 eV light is shown in Fig. 2. With
continued excitation, an absorption band centered at 2.3 eV
increased. Some activity, albeit small, occurred at 5.0 eV.
Photoconversion resulting in F centers would still have absorption at 5.0 eV. The 2.3-eV band is known to be due to
holes trapped at centers compensated primarily by Al3⫹ , F⫺ ,
or OH⫺ ions.14,33,34 The resulting defects, referred to as V Al ,
V F , or V OH centers, are due to:
V ⫺Al⫹h ⫹ ˜V Al ,

共2兲

V F⫺ ⫹h ⫹ ˜V F ,

共3兲

⫺
⫹h ⫹ ˜V OH ,
V OH

共4兲

where the linear configurations are Al3⫹ –O2⫺ –关Mg
vacancy兴–O⫺ ; Mg2⫹ –F⫺ –关Mg vacancy兴–O⫺ ; and Mg2⫹ –
OH⫺ –关Mg vacancy兴–O⫺ , respectively.34 The O⫺ represents
an O2⫺ ion with a trapped hole. The trapped holes at these
centers are metastable and have a half-life of several hours at
room temperature.34
Infrared spectroscopy can be used to monitor the trapping
⫺
, to form V OH
of holes by one of the V-type centers, V OH
35–37
centers. It is well established
that the OH⫺ stretching
⫺
occurs at 3296 cm⫺1 and for the V OH
frequency for the V OH
⫺1
is at 3323 cm . The bands at 3340 and 3375 cm⫺1 have
⫺
centers perturbed by nearby
been attributed to V OH
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FIG. 3. Top: Infrared optical-absorption spectra of a n-irradiated
MgO crystal before 共solid line兲 and after UV irradiation for 1 h
共dotted line兲. The differential spectrum 共bottom兲 is enlarged by a
factor of 3.

impurities.35,36 The infrared spectra before and after excitation with 5.0 eV light is shown in Fig. 3. The differential
spectrum is shown at the bottom. It is clear that during ex⫺
citation, V OH centers are formed at the expense of V OH
centers, indicating that holes had been trapped.
The increase in concentration of trapped-hole centers during irradiation can be estimated14 from the optical-absorption
coefficient using the equation ⌬N⫽1.4⫻1017⌬ ␣ max , where
⌬ ␣ max is the increase in the absorption coefficient at the
peak of the 2.3-eV band. The value for ⌬ ␣ max was obtained
after computer deconvolution of the spectrum. The resulting
value after 75 min of UV irradiation was 4⫻1017 cm⫺3 .
This value is five times the total concentration of anion vacancies. Even assuming that all the anion vacancies were in
the F ⫹ state and all the F ⫹ centers were converted to F
centers, there are still not enough holes to account for all the
holes trapped at V-type centers.

B. Dynamic hole recycling process

Where did the holes come from? How are the holes processed to form trapped-hole centers? One possibility is that
an aliovalent impurity, such as Fe, also absorbing at 5.0 eV,
directly transfers holes to the V-type centers under 5.0 eV
excitation. The results we will present later in Figs. 4–6
show that this possibility can occur concurrently with another mechanism, which we shall refer to as a dynamic hole
recycling process. In this process we propose that the F ⫹
centers serve as the main recycling depot to provide holes for
distribution and that Fe3⫹ ions serve as the main source of
holes. Cheng and Kemp38 have demonstrated conclusively
from double resonance studies 共electron paramagnetic
resonance-Faraday rotation兲 that the bands at 4.3 and 5.7 eV
are due to charge-transfer bands of the Fe3⫹ ion.38 Figure 2
shows that the absorption in the vicinity of 5.7 eV decreases.
To obtain better resolution in the UV region, we thinned
down a neutron-irradiated crystal to 1.8 mm and excited it
with 5.0 eV light. The results are shown in Fig. 4. The differential spectrum is shown at the bottom. The gain at 2.3 eV
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FIG. 4. Optical-absorption spectra of a n-irradiated MgO crystal
before and after UV irradiation. The differential spectrum is shown
at the bottom 共crystal thickness: 1.8 mm兲.

was unmistakable and the corresponding V-type center concentration was again 4⫻1017 cm⫺3 . A small decrease at 4.3
eV was observed. Mainly a decrease was noted in the neighborhood of 5.3 eV, which can be attributed to activities of
F ⫹ ˜F, and Fe3⫹ ˜Fe2⫹ reactions; the latter can be described according to
Fe3⫹ ⫹h  共 5.0 eV兲 ˜Fe2⫹ ⫹h ⫹ .

共5兲

The recycling process may be described as follows: 共a兲
F ⫹ ⫹h  (5.0 eV)˜F⫹h ⫹ , the hole is trapped by a V-type
center and becomes thermally metastable; 共b兲 The F center
left behind traps a hole from somewhere, most likely aliovalent impurities such as Fe, and becomes an F ⫹ center, according to F⫹h ⫹ ˜F ⫹ . The cycle proceeds again.
The question now arises whether holes from the Fe3⫹ can
contribute directly to the trapped-hole centers 共without the
presence of anion vacancies兲. F ⫹ centers were completely
annealed out by heating the same sample at 1273 K for 30
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FIG. 6. Optical-absorption spectra before 共solid line兲 and after
UV irradiation 共dotted line兲 of a n-irradiated MgO crystal annealed
at 1273 K for 30 min in flowing Ar and at 1473 K in flowing O2 for
30 min. The differential spectrum is shown at the bottom.

min in flowing argon. The sample was then excited with 5.0
eV light for 75 min. The spectra before and after UV excitation are shown in Fig. 5. It is noted that the Fe3⫹ bands at
4.3 and 5.7 eV are sufficiently broad that 5.0 eV light excites
both of these bands, albeit weakly. The net hole transfer was
nearly half the amount when F ⫹ centers were present. The
concentration of V-type centers became 1.7⫻1017 cm⫺3 instead of 4⫻1017 cm⫺3 . Correspondingly the absorption at
4.3 and 5.7 eV decreased.
Finally, we demonstrate that more intense Fe3⫹ absorption bands enhance hole transfer to the V-type centers. We
know from past studies32 that Fe3⫹ concentration can be enhanced by oxidation at high temperatures. The same sample
was heated in flowing oxygen, instead of argon, at 1273 K.
The trapped-hole concentration after 75 min UV photoexcitation increased slightly to 2.0⫻1017 cm⫺3 , half of what it
was when F ⫹ centers were present 共Fig. 6兲. The decrease of
the 4.3 and 5.7 eV bands was more pronounced 共Fig. 6兲.
The present study indicates that during UV excitation of a
neutron-irradiated MgO crystal there are two different channels which provide holes to create V-type centers. Holes
from Fe3⫹ ions are transferred directly to the V-type centers,
as well as indirectly via the F ⫹ centers.
IV. SUMMARY AND CONCLUSIONS

FIG. 5. Optical-absorption spectra of a n-irradiated MgO crystal, annealed at 1273 K for 30 min in flowing Ar, before 共solid line兲
and after UV irradiation 共dotted line兲. The differential spectrum is
shown at the bottom.

In neutron-irradiated MgO crystals, theory and experiments indicate that the photoconversion mechanism of anion
vacancies probably occurs via electron transfer to the F ⫹
center from the quasilocal states which it induced in the valence band. Thus F centers and holes are produced.
There are two mechanisms by which holes from an aliovalent impurity can be transferred to the V-type centers during photoexcitation at 5.0 eV. 共In MgO the prevalent aliovalent impurity is Fe.兲 The first is the direct transfer of holes
from Fe3⫹ ions, which absorb at 4.3 and 5.7 eV, to the
V-type centers 共cation vacancies charge compensated by
aliovalent impurities such as Al3⫹ , F⫺ , and OH⫺ ions兲. The
second is an indirect transfer of holes via anion vacancies:
The excessively high concentration of trapped-hole centers
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observed during the photoexcitation dictates a dynamic recycling process. In this model the F ⫹ centers serve as a depot
to release holes to the V-type centers and subsequently
to trap holes from Fe3⫹ ions. The conclusion from the
present study is that the increase of trapped-hole centers
occurs mainly at the expense of Fe3⫹ ions, both directly or
indirectly via a recycling process at the anion-vacancy
sites.
In general, the prevalence of charge recycling processes
during photoexcitation in any material with a sufficiently
wide band gap should not be surprising. After all, electron/
hole transfer processes during excitation are dynamic, not
static.
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