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MgO crystals from five sources were thermochemically reduced at high temperatures. Optical-
absorption measurements indicated that anion vacancies were present in all of the crystals. In addi-
tion, crystal darkening was observed and was due to a broad absorption in the visible region. The
dark coloration was impurity related. Analytical transmission-electron-microscopy techniques indi-
cated the presence of metallic precipitates that were primarily Fe in content. Microdiffraction pat-
terns indicated that the precipitates possessed the fcc (ay=3.61 A) or the bec (@p=2.89 A) crystal
structure. The fcc precipitates were found to have a matrix relationship of (001),({001),, and
(010),/€010),,. The bcc precipitates were found to have a relationship of {001),(/{001),, and

(110),]/{010),,.

I. INTRODUCTION

Thermochemical reduction (TCR) is one of two viable
methods to produce vacancies in refractory oxides for use
in optical devices, ' the other being particle irradiation.??
This technique involves heating the material at very high
temperatures in an oxygen-deficiency atmosphere to pro-
duce oxygen vacancies. The resulting vacancies have the
advantage in that they are thermally stable and emit
broad luminescence with high quantum efficiencies.
However, TCR can cause precipitation of impurities,
causing attenuation of light in the crystals.*~¢

Whereas precipitates have been observed and studied
in thermochemically reduced MgO crystals doped with
different impurities, nominally pure MgO crystals, to our
knowledge, have not been characterized. There exists a
wide range of impurity contents in nominally pure MgO
crystals. In this work, undoped MgO crystals were ob-
tained from five sources. After TCR, optical characteri-
zation was performed and precipitates in the crystals
were characterized using analytical electron microscopy.
Transmission-electron-microscopy (TEM) studies on
dislocation loops were also performed.

II. EXPERIMENTAL PROCEDURES

Magnesium oxide crystals were obtained from five
sources: Norton Chemical Company (N); Muscle-Shoals
Electrochemical Corporation, Muscle-Shoals, Alabama
(MS); Tateho Chemical Industry Co., Ltd., Hyogen-Ken,
Japan (T); W. C. Spicer Ltd., Gloucestershire, England,
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(S); and Oak Ridge (OR). They were all grown by the
arc-fusion method. The OR crystals were grown by a
variation of this technique that gives large crystals of
high purity.” The starting material was high-purity MgO
powder from the Kanto Chemical Co., Tokyo, Japan.
Typical chemical analyses have been reported previous-
ly.® Crystals from the other four sources were character-
ized chemically (see Sec. III).

Single crystals having {100} faces with typical dimen-
sions of ~1X1Xx0.2 cm® were enclosed in an evacuated
metal chamber bomb containing magnesium vapor, heat-
ed to temperatures of about 2000 K for three hours and
then cooled. The samples for electron microscopy were
prepared by a jet polishing technique using phosphoric
acid at 410 K. Philips EM 400 T and JEOL 100 U
transmission electron microscopes were used in this in-
vestigation.

The x-ray microanalysis and the diffraction studies of
individual precipitates were carried out in a Philips EM-
400T analytical electron microscope. The twin-lens
design results in electron probe diameters as small as 10
nm in microprobe mode. Thus it is possible to obtain
diffraction information (hereafter designated as
microdiffaction) from areas significantly smaller than the
~300 nm diameter required in the selected-area
diffraction technique used in conventional transmission
electron microscopy.’

Near infrared, visible, and uv measurements were
made in a Cary 17D or a Perkin-Elmer, Lambda 9 spec-
trophotometer. Luminescence experiments were per-
formed in a Spex Fluorometer model 212.
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III. RESULTS AND DISCUSSION

A. Chemical analysis

Neutron activation analyses were made on Norton,
Muscle-Shoals, and Tateho samples. The impurity
analysis is given in Table I; the values for Spicer and Oak
Ridge samples were taken from Ref. 8.

B. Optical measurements

1. Absorption spectra

The optical-absorption spectra of a Norton sample be-
fore and after TCR are shown in Fig. 1. The main
feature of the as-grown crystal spectrum is the 290-nm
(4.3-eV) band due to the Fe’* charge transfer band.
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Indeed, neutron activation analysis indicated that there
was about 250 ppm of Fe present.

Defects resulting from TCR of MgO at high tempera-
tures are primarily anion vacancies. Anion vacancies
occur in two charge states, F* and F centers, corre-
sponding to vacancies with one and two electrons, respec-
tively. Both of these defects absorb at about 4.9 eV.!°
The concentration of anion vacancies can be estimated
using the formula'!

n(F)=5%x10%a(F) ,

where n (F) denotes the concentration of anion vacancies
and a(F) is the absorption coefficient of the 4.9-eV band.
The estimated concentration was 2.7 10! cm~3 (Table
ID).

In addition, a broad band centered at about 3.1 eV ap-

TABLE I. Chemical analyses of Norton, Muscle-Shoals, Tateho, Spicer, and Oak Ridge (MgO) crys-

tals.

Norton Muscle-Shoals Tateho Spicer OR
Element (ng/g) (ng/g (ng/g (ng/g (ug/g
Ag <1
Al 21 27 33 41 6
As <0.4
B <2
Ba <0.6 <3
Be <1
Bi <3
Ca 61 14
Cl 18 8
Co <10
Cr 11 21 16 <5 1
Cu <1
Fe 245 112 140 3 2
Ge <5
Hf 4
In 0.2
K 43 <5
Li <1
Mn 31 7 4 0.3 ~0.06
Mo <1
N 9 7
Na 80 74 77 0.3 0.7
Ni 96 77 <5
P 2 5
Pb 0.5 <5
Rb <5
S <2 <5
Sb <5
Si 19 14
Sn <3
Sr <5
Ti 2
\% 1 3 11 <3
Yb 0.3
Zr 114 <6 <4
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FIG. 1. Optical-absorption spectra of MgO (N) crystals be-
fore and after thermochemical reduction.

peared. This broadband appeared to be more pro-
nounced when the crystal was impure. The MgO (MS)
and MgO (T) crystals also have large absorption bands at
290 nm (Figs. 2 and 3). After TCR, bands at 4.9 and 3.1
eV appeared. The corresponding anion vacancy concen-
trations are given in Table II.

The Fe’* concentration in MgO (S) and MgO (OR)
was lower than in the other three crystals (Table II). The
intensities of the corresponding precipitate band at 3.1 eV
were much lower, as is shown in Figs. 4 and 5.

2. Luminescence spectra

All the MgO crystals contained chromium to a greater
or lesser extent (Table I). The absorption band due to
Cr’* peaks at about 440 nm (2.8 eV).'2 In our samples,
the Cr®* concentration was too low to be monitored by
the absorption at 440 nm. However, luminescence is
much more sensitive than absorption. Figure 6 shows the
luminescence spectra of the three samples with higher
Cr’* concentration. The thickness of the samples was
0.4 mm. The luminescence intensity reflects the Cr3*
content in the samples (Table I). The luminescence inten-
sities from MgO (S) and MgO (OR) were much lower
than those of the other three and were not plotted.

4233

WAVELENGTH (nm)
250 300 350 400 500
T T T T T T

700 4000
TT TTT T

MgO:MUSCLE—-SHOALS
60

40

20
AS—RECEIVED

ABSORPTION COEFFICIENT (cm™")

PHOTON ENERGY (eV)

FIG. 2. Optical-absorption spectra of MgO (MS) crystals be-
fore and after thermochemical reduction.

C. Electron microscopy observations

1. Precipitates

As-grown crystals of nominally pure MgO contained
no precipitates down to the visibility limit of about 1 nm
for diffraction contrast imaging. As mentioned before,
after the high-temperature reducing treatment, the speci-
mens darkened. The reduction was found to start from
the surface of the specimens,4 so the reduction time of
three hours was long enough to achieve a uniform distri-
bution of precipitates throughout the entire sample.
Nevertheless, the concentration of precipitates appeared
to be higher in the surface region.

(a) MgO (N) crystals. Figure 7 shows a typical elec-
tron micrograph from reduced MgO (N) specimens. The
black spots represent precipitates, the average size and
concentration of which were determined to be 45 nm and
1.2 10" cm ™3, respectively. The structure of the pre-
cipitates was investigated by the microdiffraction tech-
nique. Microdiffraction with a finite incident beam diver-
gence produces diffraction patterns that consist of disks.

TABLE II. Crystal designation, optical characterization, and TEM results on the five TCR crystals.

Sample MgO (N) MgO (MS) MgO (T) MgO (S) MgO (OR)

source Norton Muscle-Shoals Tateho Spicer Oak Ridge
a(4.3 eV) 25.1 9.0 3.0 2.6 0.6
n(Fe**) (ppm) 70 27 9 8 1.5
a(4.9 eVv) 53 42 49 28 28
n(F) (cm™3) 2.7x 10" 2.1x 10" 24x107  1.4x10" 1.4x 10"
a(3.1 eV) 21 10 5 <2 <1
Precipitate 45 35 45 <10 <10

size (nm)
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FIG. 3. Optical-absorption spectra of MgO (T) crystals be-
fore and after thermochemical reduction.

A pattern of this type is shown in Fig. 8, which was ob-
tained from a precipitate embedded in the matrix. It
therefore contained matrix as well as precipitate
reflections, and from a number of such patterns the crys-
tallographic relationship between the matrix and the pre-
cipitate was determined. Using the MgO matrix spots as
an internal calibration, the precipitate reflections were
found to correspond to a fcc crystal structure with a lat-
tice constant of a;=3.6110.02 A, essentially the same as
that of bulk fcc iron in the ¥ phase. The following crys-
tallographic relationship between the matrix and the fcc
precipitates was found:
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FIG. 4. Optical-absorption spectra of MgO (S) crystals be-
fore and after thermochemical reduction.
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FIG. 5. Optical-absorption spectra of MgO (OR) crystals be-
fore and after thermochemical reduction.

(001),<001),, ,

(010),]|<010},, .

A few precipitates exhibited moiré fringes (such as the
precipitate next to the arrow in Fig. 7). The moiré fringe
spacing of 63 A was not consistent with a fcc precipitate
structure, but was consistent with a bcc precipitate hav-
ing an orientation relationship with the matrix of

(011),][{001),, .

X-ray microanalysis was also performed on precipi-

®

o

H

INTENSITY (arb. units)

N

| 1
650 700 750
WAVELENGTH (nm)

FIG. 6. Chromium luminescence spectra in (a) MgO (MS),
(b) MgO (T), and (c¢) MgO (N) samples.
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FIG. 7. Electron micrograph showing the iron precipitates in
a MgO (N) specimen.

tates embedded in the matrix using the small convergent
probe. Figure 9 shows a typical x-ray fluorescence spec-
trum from the precipitate with Fe Ka and Fe KB lines.
The very intense line on the low-energy side corresponds
to K lines of the Mg in the matrix. In some of the precip-
itates a Cr concentration of ~ 1% was also determined.
(b) MgO (MS) crystals. Electron microscopy observa-
tions in MgO (MS) crystals after TCR indicated that the
distribution of precipitates was very inhomogeneous, and
areas with a concentration of about 10'® precipitates/cm?

FIG. 8. Microdiffraction pattern from a fcc precipitate in a
MgO (N) specimen, showing the unscattered beam (o), the ma-
trix spots (m), and the precipitate spots (p).
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FIG. 9. Energy-dispersive x-ray fluorescence spectrum from
an Fe precipitate in MgO (N) showing the Fe Ka and Fe K
peaks and a very intense peak of Mg from the matrix.

were separated from regions which were almost free from
precipitates [Fig. 10(a)]. For this reason, the total precip-
itate concentration was not measured. The average size
was determined to be 35 nm. Occasionally, larger precip-
itates with a size of about 70 nm were also imaged [Fig.
10(b)]. Thickness fringes were observed in these large
precipitates.

Microdiffraction patterns (Fig. 11) indicate that the
reflections associated with the precipitates in general

FIG. 10. Electron micrograph showing the iron precipitates
in (a) a MgO (MS) specimen, and (b) large precipitate showing
thickness fringes.
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FIG. 11. Microdiffraction pattern from a bcc precipitate in a
MgO (MS) specimen, showing the unscattered beam (o), the ma-
trix spots (m), and the precipitate spots (p).

correspond to a bec crystal structure with a lattice con-
stant of a;=2.8910.06 A, essentially the same as that of
bulk bce iron (the a phase). Precipitates with a fcc struc-
ture and a lattice constant of a;=3.61 A were occasional-
ly found. This latter value is close to that of the fcc iron
(y phase). The following crystallographic relationship
between matrix and precipitates was found:

(001),]{001),,, (110),]{010),,
(001),<001),, (010),[{010),,

for bee ,
for fcc .

X-ray microanalysis of the precipitates indicated the
presence of Fe as well as Cr. Figure 12 shows a typical
x-ray fluorescence spectrum from the precipitates. It ex-
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FIG. 12. Energy-dispersive x-ray fluorescence spectrum from
an Fe-Cr precipitate in MgO (MS) showing the Fe Ka and Fe
KB lines together with the Cr K a line.
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hibited the Fe Ka and Fe Kf lines together with the Cr
Ka and the Cr KB lines. The small peak on the right of
the Mg K matrix line is a Ta M line due to the specimen
support ring. The relative Fe and Cr concentrations were
analyzed using x-ray generation constants computed by a
standardless method.!* The concentration of iron in the
precipitates ranged from 90% to 75% and that of
chromium from 10% to 25%. All the precipitates with a
fce structure had a Cr content smaller than 18%.

The Fe-Cr precipitates with bcc structure can corre-
spond to the a phase of the Fe-Cr alloy. This phase ap-
pears on cooling down the alloy from the melt.'*'* Its
lattice constant has a value of a;,=2.86 A, close to our
value of a;=2.891%0.06 A. The closed fcc loop of the
Fe-Cr solid solution is thought to extend to about 12
at. % Cr. "

(c) MgO (T) crystals. In thermochemically reduced
Tateho crystals, precipitates appeared concentrated at
the subgrain boundaries (Fig. 13). The formation of pre-
cipitates at the sub-boundary dislocations is a normal oc-
currence in ionic crystals because of the elastic and elec-
tronic potentials associated with the dislocations. The
average size of the precipitates was determined to be ~45
nm.

Microdiffraction patterns indicated that the precipi-
tates possessed a bec crystal structure with a lattice con-
stant of ay=2.8910.06 A. The crystallographic relation-
ships between matrix and prec1p1tates were the same as
those found for bee precipitates in MgO (MS) crystals.
From a Moiré fringe spacing of 53 A [Fig. 13(a)], using a

FIG. 13. Electron micrographs showing (a) the precipitates
at a subgrain boundary in a MgO (T) crystal, (b) moiré pattern
from precipitate and matrix planes.
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matrix {200} spacing of 2.107 A, the {110} spacing of
the precipitate was calculated to be 2.026 A. This corre-
sponds to a,=2.865 A, in good agreement with the value
obtained from the diffraction patterns. These values also
agree with those of the bcc precipitates in MgO (MS)
crystals.

X-ray microanalysis of the precipitates again indicated
the presence of Fe and Cr. Quantitative microanalysis
gave a Cr concentration smaller than 6%.

(d) MgO (S) and MgO (OR) crystals. In TCR crystals
from Spicer or Oak Ridge, the precipitate concentration
was very small, <10'? precipitates/cm®. The average
size of the precipitates was also small, about 10 nm. The
microdiffraction patterns could not be obtained. X-ray
microanalysis indicated that the precipitates were Fe pre-
cipitates with a Cr concentration of less than 0.1%.

2. Dislocation loops

Dislocation loops were found in all TCR crystals. In
this section, we report our TEM studies on dislocation
loops in a sample thermochemically reduced for one hour
at ~1900 K and fast cooled.

Figure 14 shows a typical electron micrograph taken
under bright field kinematical conditions using the
diffraction vector g ={200). Dislocation loops were ob-
served lying in {100} planes and having a ( 100) Burgers
vectors. Considering all types of loops, the average size
and the density of loops is 150 nm and 2 X 1012 cm 3, re-
spectively. The nature (vacancy or interstitial) of the
dislocation loops was determined by the inside-outside
contrast method. !~ !® Since the lattice rotations intro-
duced by vacancy and interstitial loops are of opposite
nature the inside-outside contrast under the same
geometric circumstances will also be of opposite nature.
All of the analyzed loops were found to be vacancy type.

Vacancy dislocation loops in plastically deformed MgO
have a/2(110) Burgers vectors and lie in {100}
planes;'°~2! their average size is 150 nm. During defor-

FIG. 14. Bright field electron micrograph under kinematical
diffraction conditions dislocation loops in a MgO (OR) speci-
men.
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mation, the loops are formed primarily from dislocation
dipoles which are created by jogging of slip dislocations.
Since at low temperatures only the (110) {110} slip sys-
tem is active, the loops are restricted to have (a /2){(110)
type Burgers vectors. Vacancy dislocation loops of a
(100) Burgers vectors lying {100} planes have been ob-
served in electric-field treated specimens®*?* at tempera-
tures greater than or equal to 1273 K. The average size
of the loops was 35 nm. It has been proposed that these
loops can presumably be formed as a result of condensa-
tion of vacancies that are created during electric-field
treatment.?> Also , precipitates have been observed after
electric-field treatments.?* In TCR crystals there exists a
high concentration of anion vacancies. It is possible that
condensation of these vacancies caused the formation of
the large loops observed in TCR samples.

IV. SUMMARY AND CONCLUSIONS

MgO crystals from five sources, with varying impurity
contents, were thermochemically reduced at high temper-
atures. Anion vacancies were formed, as evidenced by
the presence of an absorption band at 4.9 eV. A broad
extinction in the visible region was also observed. It was
responsible for the dark appearance of the crystals. This
coloration is obviously impurity dependent since impure
crystals were darker in color. A combined optical and
analytical transmission-electron-microscopy study indi-
cated that the dark coloration was due to Mie scattering
from metallic precipitates in the crystals. The precipi-
tates were characterized by using analytical transmission
electron microscopy. These results established that the
precipitates were primarily Fe in content, although Fe
precipitates with a Cr concentration up to about 25%
were also observed. Microdiffraction patterns show that
the precipitates possess the fcc or bee structure with lat-
tice constants of a;=3.711£0.02 A and a,=2.89+0.06
A, respectively. The fcc precipitates exhibit a
(001),(<001),,, (010),({010),,  precipitate-matrix
orientation relationship. The bcc precipitates have a
(001),/¢001),,, (110),]|€010) , relationship. We have
further established from chemical analyses, optical mea-
surements, and transmission electron microscopy that the
greater the transition-metal impurity content the larger
are the dimensions and number density of the precipi-
tates.
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FIG. 10. Electron micrograph showing the iron precipitates
in (a) a MgO (MS) specimen, and (b) large precipitate showing
thickness fringes.



FIG. 11. Microdiffraction pattern from a bcc precipitate in a
MgO (MS) specimen, showing the unscattered beam (o), the ma-
trix spots (m), and the precipitate spots (p).



FIG. 13. Electron micrographs showing (a) the precipitates
at a subgrain boundary in a MgO (T) crystal, (b) moiré pattern
from precipitate and matrix planes.



FIG. 14. Bright field electron micrograph under kinematical
diffraction conditions dislocation loops in a MgO (OR) speci-
men.



FIG. 7. Electron micrograph showing the iron precipitates in
a MgO (N) specimen.



FIG. 8. Microdiffraction pattern from a fcc precipitate in a
MgO (N) specimen, showing the unscattered beam (o), the ma-
trix spots (m), and the precipitate spots (p).



