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Optical and transmission-electron-microscopy characterization of metal precipitates
in doped thermochemically reduced magnesium oxide
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MgO crystals doped with Co, Cu, and V were thermochemically reduced at high temperatures.
Changes in coloration were observed in all these crystals due to broad optical extinction bands in

the visible region. These bands are impurity related. Analytical transmission-electron-microscopy
techniques indicated the presence of metallic precipitates consisting of Co in the Co-doped sample,
Cu with some precipitates of Fe in the Cu-doped sample, and a V-Fe-Cr alloy in the V-doped sam-

ple. MicrodiFraction patterns indicated that the Co precipitates possessed the fcc (ao ——3.54 A)
O

crystal structure and V-Fe-Cr alloy precipitates showed a bcc {ao——2, 89 A) crystal structure.

I. INTRODUCTION

Metallic precipitates or colloids with particle sizes of
1-200 nm in ionic crystals are known to produce impor-
tant modifications of mechanical, electrical, and other
properties, making them suitable for high technology ap-
plications. ' Selective absorption of solar energy, and
cathodochromic, photochromic and data storage applica-
tions are a few examples of the modification of physical
properties produced by colloids in insulators. '

Recently, a method based on thermochemical reduc-
tion (TCR} has been developed to produce a fairly uni-
form concentration of metal precipitates or colloids in ox-
ides. Other methods which result in precipitates involve
ion implantation with subsequent heat treatment. , 3 and
electrolytical coloration at elevated temperatures. After
TCR, the appearance of precipitates is a general feature
in nominally pure and doped MgO crystals. This pa-
per describes our optical and analytical transmission-
electron-microscopy (TEM} studies of precipitates in

MgO single crystals each doped with Co, Cu, and V.

II. EXPERIMENTAL PROCEDURES

Magnesium oxide crystals doped with cobalt or copper
were grown at the Oak Ridge National Laboratory by an
arc-fusion technique using high-purity MgG powder
from Kanto Chemical Chemistry, Tokyo, Japan. Mag-
nesium oxide crystals doped mith vanadium mere grown
by the Tateho Chemical Company, Japan. The dopant
concentration was determined by neutron activation
analysis, with an accuracy of +5%, to be -2100 ppm of
cobalt, -40 ppm of copper, and -350 ppm of vanadium
for the three doped crystals. The total background im-
purity of undoped MgO crystals is about 50 ppm for the
Oak Ridge National Laboratory crystals 'o and higher
for the Tateho Chemical Company crystals.

Single-crystal samples having I 100[ faces with typical

dimensions —1&1&(0.1 cm were enclosed in an evacu-
ated tantalum chamber containing magnesium vapor,
heated to temperatures of about 2000 K and then cooled.
The samples for electron microscopy were prepared by a
jet pohshing technique using phosphoric acid at 410 K.
Philips 420 and JEOL 100 U transmission-electron mi-

croscopes were used in this investigation.
The x-ray microanaiysis and the di8'raction studies of

individual precipitates were carried out in a Philips 420
analytical electron microscope. The twin lens design re-
sults in electron probe diameters as small as 10 nm in mi-

croprobe mode. Thus, it is possible to obtain diffraction
information (hereafter designated as micro-micro
diffraction} from areas significantly smaller than the
—300 nm diameter required in the selected-area
diff'raction technique used in a conventional
transmission-electron microscope. "

Near-infrared, visible, and uv measurements were
made in a Perkin-Elmer, Lambda 9 spectrophotometer.
Luminescence experiments were performed in a Spex In-
dustries Fluorometer Model 212. High-temperature heat
treatments were performed in a Lindberg 5400 Series fur-
nace.

III. RESULTS AND DISCUSSION

A. Optical measuremeats

1. Absorption spectra

Thermochemical reduction of doped MgO crystals re-
sults in a dark coloration in the crystals due to extinction
in the visible region. These broad extinctions have been
associated with Mie scattering from precipitates generat-
ed during the TCR process. %e characterized the optical
spectra before and after TCR for each of the three types
of doped crystals.

a. Mgo:Co Crystals. The optical-absorption spectrum
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of a Co-doped MgO sample before thermochemical
reduction is shown in Fig. 1(a). In the as-grown crystal,
two bands appear at -2.4 and -4.3 eV. Their full
widths at half maximum (FWHM's) are -0.3 and -0.5

eV, respectively. The former band has been attributed to
d~d transitions of Co + ions, ' and the latter to the
Fe + charge transfer band. ' ' As evidence for the latter
identification, oxidation for 30 min at 1773 K increased
the band intensity [Fig. 1(b}]and reduction for 30 min at
1773 K almost annealed out the 4.3-eV band [Fig. 1(c)],
indicating that Fe + ions::were converted into Fe + ions
during the reduction treatment. The Fe + concentration
in the oxidized state can be estimated' to be -60 ppm,
as compared to the 2100 ppm of Co + ions. In contrast,
the 2.4-eV band remains almost unchanged after oxida-
tion and slightly diminished after reduction.

The initial pink coloration of these crystals turned
dark and almost opaque after TCR at -2000 K. A
broad and intense extinction was observed near 3.7 eV
(Fig. 2).

b. Mgo:Cu crystals. Figure 3 shows the optical-
absorption spectra of a cooper-doped MgO sample before
and after TCR st -2000 K. In the as-grown crystal,
substitutional Cu ions produced absorption bands of
about equal intensity at 5.5 and 4.5 eV, with F%HM of
about 0.6 eV. After TCR the intensity of these two bands
increased snd a very broad extinction emerged at 3.0 eV.
The initially transparent crystals acquired a reddish
coloration after TCR.

e. Mgo: V crystals. Figure 4 shows the optical-
absorption spectra of a V-doped MgO sample before and
after TCR. In the as-grown crystal, an intense absorp-
tion band at 5.15 eV is observed [Fig. 4(a)]. This band
has been previously assigned to an electronic transition
from sn orbital predominantly on the oxygen ligands of-
the V + ion to an orbital predominantly on the V +
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FIG. 2. Optical-absorption spectra of MgO:Co crystals (a)
as-grown, (b) after thermochemical reduction at -2000 K.

ion. ' In addition, two weak bands at 2.9 and 2.0 eV ap-
peared (inset). These bands in the visible region were as-
signed to transitions within the Stark-split d shell of the
V + ion. After TCR the V + bands were not apparent.
Instead, a band at 5.0 eV and another very broad band
centered at about 3.5 eV were observed. The former
band is due to anion vacancies. '

In Fig. 5, we illustrate the spectra before and after oxi-
dation at 1773 K for 30 min. Oxidation did not
significantly modify the intensity of the vanadium bands.
However, Fe + absorption bands at 4.3 and 5.7 eV ex-
perienced s large increase. From the absorption
coeScient of the band at 4.3 eV the Fe + concentration
can be estimated to be -80 ppm.
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FIG. 1. Optical-absorption spectra of MgO:Co crystals (a)
as-grown, (b) after oxidation at 1773 K, and (c) after reduction
at 1773 K.

FIG. 3. Optical-absorption spectra of an as-grown MgO:Cu
crystal (bottom) and of a thermochemically reduced MgO:Cu
crystal (top).
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FIG. 7. Electron micrograph of aligned cobalt precipitates in a MgO:Co specimen.

finite incident divergence produces difFraction patterns
which consist of disks. A pattern of this type, shown in
Fig. 9, was obtained from a precipitate embedded in the
matrix. It therefore contained matrix as well as precipi-
tate reAections, and from a number of such patterns the
crystallographic relationship between the matrix and the
precipitate was determined. Using the MgO matrix spots
as an internal calibration, the precipitate rejections were
found to correspond to a fcc crystal structure with a lat-
tice constant of ao ——3.55+0.01 A, essentially the same as

that of bulk fcc cobalt in the P phase. The cobalt hexago-
nal phase was not observed. The following crystallo-
graphic relationship between matrix and precipitates was
found

fcc (001) ii(001)

(010) [i(010)

FIG. 8. Electron micrograph of cobalt precipitates with a
poorly defined shape in a MgO:Co specimen.

FIG. 9. Microdi8'raction pattern from a fcc cobalt precipi-
tate in a MgO:Co specimen.
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X-ray mlcroanalysls was also performed on preclpl-
tates near the edge of the specimen using the small con-
vergent probe. Figure 10 shows a typical x-ray 8uores-
cence spectrum from the precipitate exhibiting the Co
Ka and Co KP lines. No iron signal was detected, in
agreement with the optical observation that the iron con-
centration was much smaller than the cobalt concentra-
tion in the crystals.

2. Mgo:Cu crystals

In thermochemically reduced MgO:Cu crystals, the
precipitate concentration was very small, in agreement
with the small impurity content of these samples. Figure
11 shows an electron micrograph from one of the regions
of the crystal with the highest concentration of precipi-
tates. The average size of the precipitates was also small,
about 10 nm. Microdiffraction patterns from some of the
largest precipitates showed that these precipitates were
incoherent and have a fcc cr stal structure with a lattice
constant of ao ——3.63+0.03, close to that of bulk fcc
copper. X-ray microanaiysis of the precipitates indicated
that most of the precip&tates were indeed due to copper
(Fig. 12), although some iron precipitates were also
found. Iron precipitates and Fe-Cr precipitates have
been previously found in undoped MgO after TCR. The
fact that individual Cu and Fe precipitates have been ob-
served, but not Cu-Fe precipitates, is probably a conse-
quence of the low solid solubility of Fe in Cu, which is at
most several percent. ' There are no intermediate phases
in the Cu-Fe system. '

3. MgO."Vcrystals

Electron microscopy studies of MgO:V crystals after
TCR showed the presence of precipitates. These precipi-
tates had an average size of about 40 nm and a concentra-
tion intermediate between those of MgO:Co and MgO:Cu

FIG. 11. Electron micrograph showing the copper precipi-
tates in a MgO:Cu specimen.

(Fig. 13). Microdiffraction patterns indicate that the
re8ections associated with the precipitates correspond to
a bcc crystal structure with a lattice constant of
ac=2.89+0.01 A, which is close to that of bulk bcc V-
Fe-Cr solid solutions. ' The following crystallographic
relationship between matrix and precipitates was found:

bcc (100&,ii(100&. ,

(110& (i.(010&

X-ray microanaiysis of the precipitates indicated the
presence of V, Fe, and Cr. Figure 14 shows a typical x-
ray fluorescence spectrum from the precipitates. It ex-
hibits the V Ka and V Kp lines, the Cr Ka and Cr Kp
lines and the Fe Ka and Fe Kp lines. The V Kp line and
the Cr Ka line overlapped. The relative concentrations
of the three impurities were analyzed using x-ray genera-
tion constants computed by a standardless method.
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FIG. 10. Energy-dispersive x-ray fluorescence spectrum from
a Co precipitate showing the Co It a and Co KP peaks.

FIG. 12. Energy-dispersive x-ray fluorescence spectrum from
a Cu precipitate showing the Cu ECa peak.
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FIG. 14. Energy-dispersive x-ray Auorescence spectrum from
a V-Fe-Cr precipitate showing the V Eu and V EP lines, the Cr
Ea and Cr KP lines and the Fe Ka and Fe KP lines.

FIG. 13. Electron micrograph showing the precipitates in a
MgO:V specimen.

The concentration of vanadium in the precipitstes was
-55%, iron -40%, and chromium -5%. The chromi-
um concentration wss not very accurate since its Ea 1ine

overlapped with the V KP line. The large iron content in
these precipitates is not surprising since the optical-
absorption spectrum of an oxidized crystal shows indeed
the presence of iron.

IV. SUMMARY AND CONCLUSIONS

MgO single crystals doped with Co, Cu, snd V were
thermochemically reduced at high temperatures. Broad
optica1 extinction bands in the visible region were ob-
served in all these crystals. They were responsible for the
dark coloration of the sample. The coloration after TCR
depended on the impurity content of the crystal. Optical
and analytical transmission-electron-microscopy studies
showed that the coloration was due to Mie scattering
from metallic precipitates in the crystals. The precipi-
tates were characterized using analytical transmission-
electron microscopy. The greater the transition-metal
impurity content the larger were the dimension snd num-
ber density of the precipitates.

In MgO:Co crystals, cobalt precipitates IOO nm in

average size were observed. The precipitstes possess the
fcc structure, with a lattice constant of ao =3.S4+0.01 A
and a (001) jj(001) and (010) jj(010) precipitate-
matrix orientation relationship.

Incoherent copper precipitates with an average size of
10 nm and s fcc crystal structure were imaged in
MgO:Cu crystals. The lattice constant was determined to
be ac=3.63+0.03 A. In these crystals iron precipitates
were also observed, but no Cu-Fe alloys were found.

In MgO:V crystals, V-Fe-Cr precipitstes were studied.
The precipitates with an average size of 40 nm exhibited
s bcc crystal structure with a lattice constant of
2. 89+0.01 A. The precipitates have a (100)~jj(100)
and (110) jj(010) precipitate-matrix relationship.
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