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High-temperature treatment in a reducing atmosphere of Ni-doped MgO crystals result-
ed in the formation of colloids with an average size of about 50 nm. The colloids are co-
herent nickel precipitates having a fcc structure (2=0.352 nm), and occasionally a bce
structure (¢ =0.288 nm). Tie ratio of magnetic to nuclear scattering amplitudes for the
(111) precipitate reflection was about 17% below the value for nickel. Optical absorption
measurements indicate that a broad optical band centered at ~ 2.2 eV is associated with

the colloidal precipitates.
PACS numbers:

Colloidal precipitates with diameters in the
range 1-200 nm in ionic crystals lead to interest-
ing modifications of physical properties of these
materials.’ Mechanical properties (yield stress
and ductility), selective absorption of solar ener-
gy, cathodochromic, photochromic, and data-
storage applications represent a few examples of
effects produced by colloids.! Since these col-
loids are formed by a nucleation and growth proc-
ess inside a given lattice, their shape, structure,
and properties could strongly be influenced by the
crystal structure of the host lattice. Most of the
previous studies on metal colloids were concen-
trated on halides.”? Potassium, sodium, and
lithium colloids have been reported in the near-
surface regions of MgO after ion implantation and
subsequent heat treatment.** Detailed informa-
tion on colloidal precipitates has been lacking be-
cause of the inadequacy of conventional techniques
of electron microscopy, which were used in the
previous experiments. In the present investiga-
tion, analytical electron microscopy and neutron-
magnetic scattering techniques were used, pro-
viding detailed information on the structure, mor-
phology, and chemical composition of small pre-
cipitates.>® This Letter has a twofold purpose.
First, we provide direct evidence of the presence
of colloids in reduced (additive coloration™®) nick-
el-doped MgO. Second, we show that these are
metallic nickel precipitates with a normal fcc
structure, but under fast-quenching conditions a
fraction of them have a new bcc structure.

Nickel-doped (100) magnesium oxide crystals
were prepared by an arc-fusion technique® with
use of MgO powder (obtained from Kanto Chem-
ical Company) mixed with NiO powder to about
5% in weight. Spectrographic analysis showed
that the resulting crystals contained about 0.4
at.% nickel impurity. As-grown crystals exhibit-
ed a slightly greenish color associated with Ni®*
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81.10.Fq, 61.12.Dw, 61.16.Di, 61.70.Dx

ions in substitutional sites. Clustering of nickel
into precipitates (formation of colloids) was
achieved by heating the Ni-doped crystal at ~2100
K in a strongly reducing atmosphere and subse-
quently cooling these crystals rapidly. The re-
ducing atmosphere used in the present work was
magnesium vapor (pressure ~6 atm) in a tanta-
lum capsule (bomb). Recently, some clustering
of nickel has also been obtained in CO, or N, at-
mosphere in a graphite capsule.

The diffraction analysis of individual precipi-
tates was carried out with use of the STEM (scan-
ning transmission electron microscope) attach-
ment in a Philips EM-400 analytical electron mi-
croscope, the electron optics of which results in
electron probe diameters <5 nm. Thus, it is pos-
sible to obtain diffraction information from areas
of the order of 10 nm in diameter, which is sig-
nificantly smaller than the ~ 300 nm diameter ob-
tainable in the selected area diffraction technique
used in conventional low-voltage electron micros-
copy. The specimens were also analyzed with
use of x-ray dispersive analysis to determine the
chemical composition of individual precipitates.
Magnetic scattering experiments were performed
with a polarized—neutron-beam spectrometer in-
stalled at the Oak Ridge National Laboratory high-
flux isotope reactor. The optical absorption spec-
tra were measured with Cary-17D spectrophotom-
eter,

As-grown crystals of Ni-doped MgO contained
no precipitates down to the microscope resolution
limit of about 1 nm, with the exception of a very
small number of precipitates at subgrain-bound-
ary dislocations. The precipitation at the sub-
boundaries is a normal occurrence'®!! in melt-
grown ionic crystals due to the electric potentials
associated with the dislocations. After reducing
the as-grown crystals in the tantalum bomb, a
high concentration of precipitates or colloids is

1491



VOLUME 46, NUMBER 22

PHYSICAL REVIEW LETTERS

1 JuNE 1981

s (n
.
] .
® 2
s o
j
* 8 s
O5um & a

FIG. 1. Electron micrographs for the analysis of

colloids. (a) Bright-field electron micrograph showing
the size distribution and moiré fringes associated with
the precipitates. (b) (112) fce microdiffraction pattern
from a precipitate near the edge. (c) (112) precipitate
and (100) matrix diffraction patterns superimposed.

(d (111) fcc nickel convergent-beam diffraction pattern
where 1, 2, and 3 represent (539), (359), and (771)
HOLZ lines, respectively.

observed as shown in Fig. 1(a), which is a bright-
field micrograph obtained with use of the [200]
diffraction vector (g). The average size (first
moment) of the precipitates was determined (foil
thickness ~0.5 um) to be 50 nm with number den-
sity 1.0x 10'® m~3, With use of both stereomicro-
scopy and tilting experiments, the precipitates
were analyzed to be cubes with truncated corners.
Fig. 1(b) shows a microdiffraction pattern from
a precipitate with the electron-beam direction be-
ing close to the MgO matrix normal [001]. This
precipitate was located near the edge of the spec-
imen so that we could obtain diffraction informa-
tion from the precipitate only. The diffraction
pattern shown in Fig. 1(c) was obtained from a
precipitate which was inside the matrix. In this
case precipitate diffraction spots (p) are similar
to those in Fig. 1(b) and matrix spots () corre-
spond to the (001) orientation. When this speci-
men was tilted 19.5° around the [010] axis of the
matrix, a spot diffraction pattern from the pre-
cipitate near the edge of the specimen exhibited
a threefold or a sixfold symmetry. However, a
convergent-beam diffraction (CBD) pattern from
this precipitate contained only threefold symme-
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TABLE I. dj,; values from diffraction patterns in
different orientations.

Colloidal precipitate MgO matrix
hkl Ay (nm) hkl dpp, (am)
111 0.204+0.001 111 0.242+0.001
200 0.176 200 0.210
220 0.124 220 0.148
311 0.106 311 0.126
222 0.102 222 0.121
400 0.083 400 0.105
331 0.096

try. The CBD patterns provide information on
the three-dimensional symmetry of materials

and are very useful for unequivocal determination
of symmetry and space groups. The indexed CBD
pattern showing (539), (359), and (771) higher-
order Laue zones (HOLZ) lines in Fig. 1(d) is
similar to the (111) pattern for fcc nickel.!™!2
Lattice spacings of planes (d,,,) corresponding to
various diffraction spots were determined by the
relation »d,,; =C, where # is the distance in the
diffraction pattern between the central and the dif-
fracting beams, and C is the diffraction contrast
measured with use of matrix spots or by a stan-
dard Au specimen. Precipitate d,,; values ob-
tained from diffraction patterns in different ori-
entations are given in Table I. These d,,, corre-
spond to a simple fcc structure with a lattice con-
stant (a,) of 0.352 nm, the same as that of bulk
nickel, From the symmetry and the d,,, corre-
sponding to various precipitate diffraction spots
in Figs. 1(b) and 1(c), we could uniquely index
them to be the (112) pattern of fcc nickel. From
these patterns we deduced the following precipi-
tate (p) and matrix (n) orientation relationships
for a given precipitate: [11T],([100],, and [1T0],
Il lo10],,

The precipitates exhibited black-white contrast
under dynamical diffraction conditions indicating
the presence of unrelaxed coherency strains.
Moiré patterns resulting from the interference
between {111} precipitate and {200} matrix
planes are shown in Fig. 1(a), which was obtained
with use of the [200] matrix diffraction vector
(2). With z=[020], precipitates with [11T],
| [020], showed similar moiré fringes. These
moiré or interference patterns represent peri-
odicity with which the planes at the interface of
the precipitate and the matrix go in and out of
register.” From a moiré spacing of 7.0 nm, and
with use of a value of 0.210 nm for the matrix
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dsg, the dy;, for the precipitate is calculated to
be 0.204 nm, which is in good agreement with the
value obtained from the diffraction patterns.

X-ray fluorescence studies performed on indi-
vidual precipitates indicated mostly the presence
of nickel. The fluorescence studies were per-
formed on precipitates near the edge of the spec-
imen where there was no MgO present. Integrat-
ed intensity counts on these precipitates, after
subtracting similar counts from a hole, to obtain
the background (the microscope specimen con-
tained a hole with a surrounding area transparent
to electrons), gave a ratio for nickel of 99, indi-
cating that the precipitates are composed of (99
+ 1)% nickel.*!

The neutron scattering experiment consisted of
measuring the intensity in a (111), peak when the
incident neutrons were polarized parallel and
then antiparallel to the sample magnetization.
The precipitates were magnetically saturated by
applying an external magnetic field of 12 kOe,
The ratio of these intensities, which is called
the flipping ratio, is given by

R=[1+p/b)/ (1 —p/b)F, 1)

where p and b are, respectively, the magnetic
and nuclear scattering amplitudes. The flipping
ratio for the (111) precipitate reflection at room
temperature resulted in a p/b value of 0.099

+ 0.002, which should be compared with 0.119 for
pure-nickel metal.’® This difference implies that
the average nickel moment in the precipitates

is smaller than that in pure-nickel metal by 17%.
This may be attributed to one or more of the fol-
lowing possible causes: (1) impurities in the pre-
cipitates, (2) a magnetically “dead” layer at the
surface of the precipitates, or (3) the presence

of other nickel phases (see below) with different
magnetic properties than the fcc phase. The d,,,
values determined from the neutron diffraction
pattern for (111), (200), and (220) precipitate re-
flections were in excellent agreement with the val-
ues in Table I. These experiments also gave the
precipitate-matrix orientation relationship, which
was the same as that determined by electron mi-
croscopy.

The optical absorption spectra (absorption coef-
ficient, o, versus wavelength, ) at 77K for
specimens similar to those used for electron and
neutron scattering measurements are shown in
Fig. 2. The main features of the spectrum of as-
grown crystals [shown in Fig. 2(a)] are due to the
substitutional Ni** ions. After the reduction,
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FIG. 2. Optical spectra of Ni-doped MgO crystals:
(a) from as-grown Ni-doped MgO crystals at 77 K;
(b) after reduction in a Ta bomb at 2000 K in the pres-
ence of Mg vapor.

these crystals turned dark and almost opaque. A
broad and intense band centered near 2.0 eV is
observed and is attributed to nickel colloids.
The metallic colloids modify the absorption spec-
tra of oxides in such a way that these materials
are ideally suited for efficient solar-energy ab-
sorption, An ideal solar absorber is character-
ized by high o for A < 2.0 um, and low o and
emissivity for x = 2.0 um to retain the absorbed
energy. The optical spectra of these materials
were found to be unchanged after a long (100 h)
time of annealing at 1073 K, thus making them
suitable for high-temperature, solar-absorber
applications. Such materials are not presently
available.

The precipitates frequently contained small re-
gions (10-20 nm wide) with a high density of
stacking faults. The structure of these regions
was determined (with use of “micro”-microdif-
fraction techniques) to be hexagonal-close-packed
(hep). The hep structure of nickel has been re-
ported in the case of certain thin film deposits.*®
Under fast quenching conditions we also found
that a fraction of the nickel precipitates had a
body-centered-cubic structure. The d,,, for the
bce nickel was determined with use of diffraction
and moiré-pattern analyses and it was found to
be 0.204 nm corresponding to ¢,=0.288 nm. It
was interesting to note that the d,,, for the bcce
structure was equal to the d,,, for the fcc struc-
ture of nickel. These precipitates had a follow-
ing orientation relationship with the matrix:
[T10], 1/ [100],,, and [T12],| [010],.

In conclusion, we have established the presence
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of nickel colloidal precipitates in nickel-doped
MgO after a high-temperature reduction. The
structure of these precipitates was determined
to be fee with a,=0.352 nm, and [11T], | [100],,
and [170]|| [010] relationship with the matrix. The
new bcc phase of nickel had a,=0.288 nm with
[T10],1/ [100],,, and [TT2]|| [010] relationship with
the matrix. The ratio of magnetic to nuclear scat-
tering amplitudes (0.099+ 0.002) for the (111) re-
flection of the precipitates is 17% below the value
reported for pure-nickel metal. The optical ab-
sorption spectrum from this material is charac-
teristic of the presence of metallic precipitates.
The optical spectrum containing an absorption
edge at A= 2.0 um makes these materials ideally
suited for efficient solar absorption.
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FIG. 1. Electron micrographs for the analysis of
colloids. (a) Bright-field electron micrograph showing
the size distribution and moiré fringes associated with
the precipitates. (b) (112) fce microdiffraction pattern
from a precipitate near the edge. (¢) (112) precipitate
and (100) matrix diffraction patterns superimposed.

(d) (111) fee nickel convergent-beam diffraction pattern
where 1, 2, and 3 represent (539), (359), and (771)
HOLZ lines, respectively.



