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It is suggested that the samples studied in recent M6ssbauer experiments on CoO
doped with 57Co included microcrystals as well as polycrystalline bulk. This interpreta-
tion resolves the conflict concerning the temperature reversibility of the interconver-
sion between the observed ferrous and ferric valence states, and is consistent with the
cation«vacancy stabilization model.

A controversy has recently arisen concerning
the origin of ferric ions in CoO doped with ' Co.' '
Mossbauer-effect studies using such samples as
sources showed resonances indicating that the
iron ions following the K-capture decay of the
'VCo existed in both the divalent and the trivalent
states. '~' This observation was originally inter-
preted' ' in terms of metastable chemical charge
states created by the Auger effects following the
decay, and possessing lifetimes comparable
with the nuclear lifetime (r,1, =100 nsec). ' Trift-
shauser and Craig' (hereafter denoted by TC)
combined the delayed-coincidence technique with
Mossbauer-effect measurements. They found no
time dependence of the charge states within the
lifetime of the nuclear level. However, a re-
versible interconversion between the Fe'+ and
the Fe'+ states for varying temperatures was ob-
served, but on a time scale much slower than
the nuclear lifetime. TC interpreted this inter-
conversion in terms of thermodynamic equilib-
rium between ferric and ferrous ions, with the
relative intensities fixed by the amount of devia-
tion of the samples from perfect stoichiometry.
Mullen and Ok' (hereafter denoted by MO) pro-
duced two different forms of CoO. One of these,
labeled CoO(I), showed only Fe'+ resonances,
consistent with similar earlier observations by
Bearden, Mattern, and Hart. ' The other form,
labeled CoO(II), showed only Fe'+ resonances.
When heated above 300'C, CoO(II) goes irrevers-
ibly over into a sample labeled CoO(I, II), show-
ing a mixture of Fe'+ and Fe + ions. MO devel-
oped a model in which CoO(II) consists of CoO
with the normal lattice structure, but with half
of both the cobalt and the oxygen lattice sites va-
cant. This model was based primarily on the
low density and large oxygen absorption of their
CoO(II) sample. MO consider all CoO samples
to consist of various ratios of these two forms.
The irreversibility and the interpretation of the
data as two distinct coexisting "phases" of CoO
appeared to contradict the TC model.

We would like to propose an alternative expla-
nation for the data of MO, which explains the dif-
ference between the TC and MO experiments.
We suggest that the CoO(II) samples of MO actu-
ally consist of microcrystals of CoO, with an
average diameter of about 50 A, and would like
to summarize the evidence supporting this inter-
pretation.

Physical aspects. —The methods of preparation
of the CoO(II) samples of MO can be expected to
produce small microcrystals. One sample prep-
aration technique involves the reaction in liquid:

0 0

'vacuum

Takada and Kawai' carried out a similar reac-
tion with copper, namely

CuSO4+ Na CO3

-CuCO, ~ Cu(OH), = CuO.
200-700'C

in air

This resulted in microcrystals, with the parti-
cle diameter increasing with the reaction tem-
perature: Heating for 40 min at 200 C gave 100-
A-diam particles, 40 min at 410'C -230-A diam,
70 min at 550'C-380-A diam, and 100 min at
700'C-1000-A diam. The second sample prep-
aration technique for CoO(II) used by MO includ-
ed the heating of cobaltous nitrate at 200'C to
give a higher oxide of cobalt, followed by reduc-
tion in a hydrogen atmosphere at about 210'C.
Heating iron nitrate at 250'C for several hours
gives n-Fe, O, microcrystals with a diameter of
50 A.' MO prepared their CoO(I) sample at 800-
900'C, and it therefore is expected to consist of
large polycrystals and to exhibit bulk character-
istics.

MO found the density of the CoO(II) samples to
range down to about half that of their bulk CoO(I)
sample. Microcrystals of this small size tend to
be spherical, as observed in Au and CoFe,04,"
for example. If CoO(II) is made up of small, al-
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most spherical microcrystals, and if these are
packed in small clumps as is usually observed
in such samples, then the fraction of the total
sample volume occupied by them will depend on
the particular packing arrangement. It may be
as low as V(sphere)/V(cube) = [—,'m( —,'d)']/d'= —,'~
=0.52. This is in agreement with the lower lim-
it on the density observed by MO. Since the par-
ticle size varies with sample preparation, and
since larger particles tend to be less spherical,
the observed variations in density are reason-
a.ble.

The broadening in the x-ray spectra of the
CoO(II) samples is consistent with the existence
of microcrystals of about 50 A diam.

MO observed very strong oxygen absorption by
their CoO(II) sample. This may be due to the ox-
ygen settling into the many defect lattice sites at
the surface of the microcrystals. The splitting
into two peaks of the Mossbauer spectrum for
their oxygenated sample corresponds possibly
to a quadrupole splitting due to a lattice distor-
tion transferred throughout the whole microcrys-
tal volume from the oxygen at the surface. The
CC14 liquid used in the density measurements
does not necessarily penetrate into these clumps
of microcrystals because of surface tension,
and because of the much larger molecular size.

The conversion change from CoO(II) to CoO(I,
II) above 300'C indicates fusing inside the sam-
ple. This is typical of microcrystals, and is in-
deed irreversible. ' The fact that in MO's CoO(I,
II) samples at 614'K some Fe'+ goes irreversi-
bly to Fe'+ indicates the presence of some frac-
tion of small particles in those samples as well.

Effects of the particle size. —The Debye tem-
perature in the CoO(II) sample of MO is 8II
=320'K, much lower than that of eI=510'K for
the bulk CoO(I) sample. The apparent Debye
temperature in microcrystals is expected to dif-
fer from the bulk value through modifications in
the lattice vibrational spectrum due to the sur-
face, through the lattice spacing changes ob-
served in such microcrystals, ~" " through in-
complete transfer of the recoil to the neighbor-
ing microcrystals, "etc. The observed reduc-
tion in eII is probably due to a combination of
these effects. Considering only possible lattice-
spacing modifications, the Debye temperature
can be approximated by'

8 = (1-ys V/V) 8,
where y is the Griineisen constant and aV/V is
the fractional change in the volume of the unit

cell of CoO from state I to II. Assuming y = 3
an increase of b, U/V —0.03 (corresponding to a
1% increase in the lattice spacing) would already
decrease the Debye temperature by 9 /p. The x-
ray data of MO appear to indicate shifts of this
order of magnitude. Changes in the Debye tem-
perature of microcrystals from the bulk value
have been observed. "~"~"~" In cy-Fe,O, micro-
crystals with a diameter of 50 A, the unit cell
has expanded by Q 06 s, i3 gan ~ieringeni4 has

0
found the recoilless fraction in 20- to 30-A iron-
oxide particles to be less than half that of the
bulk value and dependent on the packing of the
powder sample. Suzdalev et al."found the De-
bye temperature in tin microcrystals to be low-
er than in bulk. Extrapolating their data to 50-
A-diam particles indicates 8(50 A)/8(bulk) =0.5.

These microcrystals may be expected to exhib-
it the phenomenon of superparamagnetism. '
The magnetic hfs spectrum of the MO bulk CoO(I)
sample goes very abruptly from the single line
above the Noel temperature of 288'K to a defi-
nite six-line spectrum at 283'K. The transition
of the MO CoO(II) (microcrystals), on the other
hand, extends over a much larger temperature
range. It begins below 242'K, goes through spec-
tra in which the peaks are very much broadened
and the central peaks are much larger than the
outer ones, until the transition is finally com-
pleted below 135'K. This same behavior has
been observed in ¹0microcrystals" for exam-
ple (see also Van der Kraan and Van I.oef" and
Schuele, Shtrickman, and Treves"). Such relax-
ation spectra are observed when the I,armor pre-
cession time TL becomes comparable with or
larger than the superparamagnetic relaxation
time ~ (cf. Ref. 18). r can be written as T = (1/f)
x exp(KV/kT), where K is the anisotropy energy
density, V the average particle volume, and kT
the thermal energy, and f is about 10' Hz. We
can quantitatively evaluate the anisotropy energy
constant K for the CoO(II) sample of MO from
their spectra, just as Ando et al. ' analyzed the
data for ¹O.The magnetic hfs spectra of CoO(II)
near 200'K very closely resemble those of 102-
A ¹0particles at 300 K. Since for NiO K= 5
x 10' erg/cm', this means that for CoO K= 3
x 10' erg/cm'.

The Noel transition temperature TN in CoO
rises under direct pressure by 0.6'K/kbar. " If
we assume the compressibility of CoO to be sim-
ilar to that of Fe, namely K = 17 x 10' kg/cm', '3

then an expansion of the lattice on the order of
I%%up would lead to a decrease in the Noel temper-
ature of about 30'K. MO found that the Noel tem-

1243



VOLUME 20, NUMBER 22 PHYSICAL REVIEW LETTERS 27 Mxv 1968

perature in the CoO(II) (microcrystals) is about
20'K lower than in bulk. From the Curie-Weiss
law the Weiss temperature T~ is defined through

TW = [2S(S+I)/3k]p&ZI, J&, where S is the spin
per atom, Zy the number of kth-nearest neigh-
bors of a given atom, and J~ the exchange inter-
action between a pair of kth-nearest neighbors. "
From this expression, taking into account only
nearest-neighbor interactions, a transition tem-
perature T~ of 330'K is derived for CoO, in rel-
atively good agreement with the actually observed
Noel temperature TN of 291 K. Assuming that
the exchange interaction Jy remains the same,
the Noel temperature is directly proportional to
the number of nearest neighbors. " If CoO(II)
has half of its lattice sites vacant, it should
have a T~ about half that of the CoO(I) with the

perfect lattice; the decrease observed by MO

for their CoO(II) sample is only about 6%.
MO's CoO(II) sample exhibits both the magnet-

ic hfs splittings and the isomer shift correspond-
ing to trivalent iron, whereas the normal CoO(I)
bulk sample shows the divalent iron splittings
and isomer shift. In the case of the very analo-
gous compound NiO, the Mossbauer studies of
Ando et al. ' indicate that the iron following the
"Co K-capture decay in 102-A NiO particles al-
so shows exclusively Fe'+ properties. In bulk
NiO on the other hand, both Fe'+ and Fes+ coex-
ist, with complete reversibility of interconver-
sion between them as a function of temperature. '~"

Discussion. —As shown above, the properties
observed by MO for their pure CoO(II) sample
can be explained quite well on the basis that they
consist of CoO microcrystals with a diameter of
about 50 A. The complete stabilization of the
Fe'+ ions in both CoO and NiO microcrystals is
presumably due to the additional cation defects
and excess oxygen ions introduced by the sur-
face of the microcrystals. " Richardson and
Milligan" find an oxygen excess of about 0.490
in NiO microcrystals with a diameter of 80 A,
for example; deviations of this magnitude from
stoichiometry are not large enough to be detect-
ed by MO.

In our interpretation, the CoO(I, II) samples of
MO are not just mixtures of separate CoO(I) and

CoO(II) phases. When prepared at low tempera-
tures they initially contain CoO particles of vari-
ous sizes, including some small enough so that
they exhibit the pure CoO(II) behavior. As the
samples are heated above 300 C, there will be
fusion of these microcrystals into larger per-
fect crystals, so that some of the Fe'+ ions are

no longer stabilized. This fusion process rep-
resents the irreversible conversion observed by
MO. The sample ultimately reaches thermody-
namic equilibrium, and becomes bulk CoO with
enough cation vacancies to stabilize a certain
fraction of the Fe'+ at the various temperatures.
Once this thermodynamic equilibrium is reached,
interconversion between ferrous and ferric ions
as the temperature is varied does become re-
versible as reported in Refs. 1 and 4 for sam-
ples prepared at high temperatures where no mi-
crocrystals are produced. The relative intensi-
ties of these lines is then fixed by the amount of
deviation of the equilibrium samples from per-
fect stoichiometry.

Experiments are in progress to produce CoO
microcrystals of various size, and to study the
ratios of ferrous and ferric ions as a function of
particle size and temperature. These measure-
ments should further clarify the nature and
range of the interaction of the cation vacancies
with the iron ions in CoO and similar oxides.

We acknowledge helpful discussions with P. P.
Craig.
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OBSERVATION OF LOCALIZED VIBRATIONS IN Cu-4%%uo Al BY
COHERENT INELASTIC NEUTRON SCATTERING*
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(Received 4 March 1968)

The localized vibrations of Al in a Cu host lattice have been observed in a Cu-4% Al
crystal by coherent inelastic neutron scattering. Both the local-mode frequency and the

q dependence of the neutron scattering cross sections are in good agreement with a cal-
culation based on a mass-defect theory.

In this Letter we report some preliminary results of coherent inelastic neutron scattering measure-
ments of the localized vibrational modes in a Cu single crystal containing 4.1 at.% Al as a substitu-
tional impurity. The experiments were performed on a triple-axis neutron spectrometer at the High
Flux Isotope Reactor (HFIR). All the measurements were obtained with the spectrometer operating in
the constant-Q mode' and with the scattered neutron energy E' held fixed at 18.9 meV (4. 5&& 10"cps).
Inelastic-neutron-scattering studies of localized vibrations have been reported previously, ' 4 but to
our knowledge there have been no previous coherent-inelastic-scattering measurements of local vibra-
tional mode in single crystals.

The cross section for the coherent inelastic neutron scattering from a concentration c of isolated
light-mass substitutional impurities in a cubic lattice, provided there is no change in the interatomic
force constants, is given by Elliott and Maradudin' as

+
v E v —V. (g)l l j

d'a k cbnv b'/b 1—
, (n +1)b(v—v),e g IQ ~ e.(q)IIMBv2 j

Only energy loss of the neutron is considered.
nl is the equilibrium number of phonons with fre-
quency vl, e is the Debye-Wailer factor,
and b' and b are the scattering lengths of the im-
purity and host, respectively. Q is the wave-
vector transfer of the neutron, ej(j) and vj(q)
are the polarization vector and frequency of the
normal mode in the pure crystal with wave vec-
tor q and branch index j, and e =1-(M'/M), where
M' is the impurity mass andM is the host mass.
vl is given by the solution of

t
g(v)d v 1

"I Jv'-e
l

where g(v) is the frequency distribution function
(normalized to unity) of the unperturbed host lat-
tice, and

"v'g(v)d v
+vI -) (

2 2)2.
l

The concentration of impurities in the sample
studied in the present work may not be sufficient-
ly small for each impurity to be considered iso-
lated. In addition, one might expect changes in
the interatomic force constants, since there is a
tendency toward short-range order in the more
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