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Self diffusion coefficients of “Co and impurity diffusion coefficients of “Mn and *Zn 1n single crystalline CoO have
been measured by applying different radioactive isotopes simultaneously. To compare the residual activity method
and the tracer sectioning method we analyzed our tracer diffusion experiments hy using bath methods simul-
taneously. According to our experimential results, the diffusion coefficients obtained from both methods are iden-
tical within expervimental errer, demonstrating the reliability of our experimental procedures. The diffusion coef-
ficients of all the isotopes cobtained during these iest experiments [or the methodology are sumilar in magnitude
and show similar dependences on oxygen partial pressure. These first ahservations indicate that impurity diffusion
of Mn and Zn occur via a vacancy mechanism as known for self diffusion of cobalt.
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1. Introduction

here have been many studies™ of the defect structure

and transport properties in CoQ, ie. on the types,
concentrations and mobilities of defects, e.g. by analy-
zing self- and impurity diffusion in this oxide. Due to
this knowledge, CoO has often been used™™ as a model
system to verify theoretical concepts for the trangport
properties of transition metal oxides. Nevertheless, still
many unsolved problems remain in ihis system, espe-
cially related with the defect inleractions. Thus pure or
doped CoO is still being used as one main system for ex-
perimental and theoretical studies.”™ Many
perimental methods have been developed and used to
characterize the transport properties of materials™"*
up to now. Among these methods, the tracer diffusion
technique with radicactive tracers iz known' as a
very uselul one to investigate the role of impurity iong in
the host matrix. This is possible because the high spe-
cific activity of radioactive tracers enables us to perform
diffusion experiments al very low concentrations of
diffusing species which do not disturb the intrinsic defect
nature of the matrix. Two methods are known to analyze
a tracer diffusion experiment, the tracer sectioning
method and the residual activity method. In the tracer
sectioning method the activity of thin slices which are
ground off the sample are counted yielding dirvectly the
tracer penetration profile. In the residual activity
method the activity of the remaining sample (alter grind-
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ing off a slice) is counted from which the penetration pro-
file can be obtained by a derivation with respect to po-
sition. In the former method very small activities have
to be counted while in the latter method counting is no
problem due to the high residual activities, but cor-
rections for self absorption and geometrical effects du-
ring counting are necessary. Normally, both methods
have not been used simultaneously and the results have
not been cross-checked. Therefore we focus in this paper
on a comparigon of both methods by applying both of
them simultaneously to study self and impurity diffusion
in CoQ. ¥Co, *Mn and *Zn (Du Pont) all of which are v
emitiers were selected for the self- and impurity dif-
fusion study respectively. They are representatives of
the host cation {Co), an aliovalent impurity (Mn) and a
homovalent impurity (Zn) with a known tetrahedral site
prelerency.

II. Experimental Setup

To count the activities in both the tracer sectioning
and the residual activity method a very sensitive ra-
diation detecting aystem (EG & G GEM-25185F) was
used with a high purity germanium single crystal eooled
by liquid nitrogen. Due to its high atomic valence and
large cross sectional area for photon absorption™ ger-
maniuwm is the proper maierial [or delecting gamma ra-
diation. The schematic diagram ol the whole detecting

system is given in Fig. 1.
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Fig. 1. Schematic diagram of the experimental setup for ra-
diation detection.

For the heat treatment of the samples, a high tem-
perature electric furnace was used which can be heated
up to 1500°C by a sgpiral type 8iC-heating element. The
temperature of the furnace is controlled by a multistep
programmable controller (Hurotherm 902P). A closed
water cooling system for the furnace was used in order
to ensure the safety against radioactive contamination.
The oxygen partial pressure in the furnace was con-
trolled by mixing air and N; with high accuracy gas
flowmeters (Matheson Co)). The oxygen partial pressure
was measured with & concentration cell type oxygen sen-
sor (YSZ). To analyze the penetration profiles of the
diffusing tracer ions very aceurately, we designed a spe-
cial zsample-prinding gystem by which the grinding thick-
ness could be controlled down to a few pm.

III. Experimental Procedure

In order to avoid grain boundary diffusion and to ob-
tain real bullk diffusion coefficients we used single cry-
gtalline samples of Co0. First we performed a precise
grinding of the sample (66 mm in cross sectional area)
with a diamond wheel and then polished both sides of
the sample down to 1 pm with diamond paste. We could
get very flat and paralle]l surfaces with a roughness less
than 1 pm. In order to annihiliate any residual stress in
the samples which might be formed during sample pre-
paration and to establish the equilibrvium defect struc-
ture, the samples were pre-equilibrated under the same
experimental conditions used later in the tracer diffusion
experiments. The pre-equilibration time was at least dou-
ble the tima of the diffusion time in order to give enough
time for the sample to be equilibrated. After heat treat-
ment, we checked the flatness of the sample surfaces
again. Then the thin film tracer source was applied by
placing drops of selution containing the radinactive trac-
er onto one surface of the sample and careful drying. In
this way, we applied thres isotopes, "Co, “Mn and *Zn,
onto one sample at the same time. The initial thickness
of the samples was around 1.5-2.0 mm and the initial ac-
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tivities of the sources were 2.62 pCi (Co), 4.77 pCi
(*Mn), 3.97 nCi (®Zn). We estimaled the necessary ini-
tial activity of each izotope by considering the sample
ihickness and a presumed value of the diffusion coeffici-
ent. After applying the diffusion source, we performed a
diffusion anneal under pre-determined experimental con-
ditions. We chose 1100°C as diffusion temperature and
performed the experiments at three different oxygen par
tial pressures (Po.=0.21, 1.4 10% 2.2 - 10" bar). The dif-
fusion time was fixed to obtain a diffusion length around
500 pm and the heating and cooling rates were set as
high as possible in order to prohibit any disturbance of
the diffusion profile during temperature change.

After the diffusion anneal, we attached the sample to
a glass plate which can be installed dirveclly to the sam-
ple holder of the grinding machine. We normally kept
the thickness of one ground section around 10 pm throu-
gh the whole sectioning procedure. For sample grinding
we used SiC grinding paper (Carbimet, Buehler Co., 600
grit). After each sectioning step, we cleaned out the sam-
ple with methyl alcohol and collected all the remaining
powder on the sample surface with plastic tape. We used
all products including grinding paper, plastic tape and so
on for detection by the tracer sectioning method and
used the remaining bulk sample for the residual activity
method. The contribution of each isotope to the measur-
ed aclivity can be separated by measuring the y-spec-
trum with the yray detector and the multichannel a-
nalyser. We analysed two characterisiic peaks (122.06,
136.48 keV) for “Co, one peak (834.83 keV) for “Mn and
one peak (1115.52 keV) for “Zn, respeclively.

Counting was performed till the net numbher of counts
would be at least 100000 in order to reduce the counting
error below 0.3%. The duration for each detection was
different with respect to the sectioning techmique and
the pogition of the section in the sample. As expected
due to the high counting rate, the necessary time for the
residual activity method was sharter than for the tracer
sectioning method. After compiling all the results from
each sectioning step, we could get the penetration profile
of each tracer.

IV. Experimental Results and
Discussion

Typical examples of diffusion profiles from the tracer
sectioning method and the residual activity method are
given in Pigs. 2 and 3. To exiract the diffusion coef-
ficients from the penetration profiles normal mathemat-
ical fitting procedures were used : In the case of the trac-
er sectioning method we could use the infinile thin film
solution of diffusion (Fq.1)

¢ {x1)=

M*
— — 1
\ﬁ—@ oxp 4D“° ) (

where D* is the tracer diffusion coefficient, x the pene-
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Fig, 2. “Co tracer diffusion profile from the tracer sec-
toning methaod.
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Fig. 3. “Co tracer diffusion profile from the residual ac-
tivity method.

tration distance, M* the initial tracer amount per area
and t the time of the diffusion anneal. As one can see in
g1, the infinite thin film solution for the tracer sec-
tioning method has a normal Gaussian functional form
without any correction factor, i.e. a plot Inle) vs. x* yields
a straight line (see Fig.2) the slope of which gives the dif-
fusion coefficient D,

However, the residual activity profile which normally
has an error funetional form (integral of the Gaussian
from the sectioning method) must he corrected by iwo

Table 1. Do.* (cm®sec”) in CoO at 1100°C

Vol4, No.2

correclion factors, a geometrical correction lactor (3) and
the sell ahsorption coefficient (), both of which should
be determined before the main diffusion experiment. As
a result the residual activity can be written as™ (K is a
constant)

A}{(x)zKexp(ax){]ﬂerf[(ﬁ+a)\fﬁ'—t+ 2\}%?]} (2)

Now, the tracer diffusion coefficient must be caleulated
by a nomlinear least sguare fit of BEq(2) to the ex-
perimental data (see Fig.3).

The results for the diffusion coefficients, the zelf dif-
fusion coefficient of *Co and the impurity diffusion coef-
ficients of "Mn and *#n from hoth the residual activily
method and the tracer sectioning method are sum-
marized in Tables 1-3. The results for De' and D7
were obtained directly from the diflusion profiles without
any correction for the background activity, But, in the
cage of Zn due o its high velatility, subtraction of the
background activity was needed in the residual activity
method. The dependence of each dillusion coefficient on
the oxygen partial pressure is shown in Figs. 4-6. We
plotted the results from both the residual activity
method and the tracer sectioning method in the same fig-
ure. The results from the two independent methods
agree well within experimental error, demonstrating the
reliability of our experimental methods. Such a good coin-
cidence of the results from both methods is very im-
portant because the concurrent trial of hoth methods at
the same time is gquite unusual in tracer diffusion stu-
dies.

According to the results, the diffusion coefficients of
the aliovalent impurity cation Mn are similiar in mag-
nitude with the host cation Co. But the homovalent im-
purity eation Zn has slightly lager diffusion coeflicients
than the host cation Co. The diffusion coefficients of Co
and Mn show a similar oxygen partial pressure de-
pendence with a slopel/4 {as this is well known for Co™).
This means that the impurity Mn moves also by a nor-
mal vacaney mechanism. On the other hand, the dif-
fusion coefficienl of Zn shows a slighly weaker de-
pendence on logPo,, but still with a positive slope. This
might he an indication for an additional diffusion
mechanism, However, more data are necessary to con-
firm thig result and lo obtain a detailed picture about

Sectionin Residual activity Sectionin Residual activity
Pay/atm g g i

g (122.08 keV) (122,06 keV) (136.48 keV) (136.48 keV)

0.21 (4.9+0.4) % 10° {4.80+0.06) % 10°

0.21 5.1+0.6)x10° (5.0--0.4)% 10" (61)x10° (5.5+0.7) % 107
L4 10% {(3.0+02)% 10" (2.9+0.3)% 10" (2440 2)x 107 (2 5--0.4) % 107
2.2 10" (8=1)x 10" (772025 10" (8L 1)x 107 (7.5+0.1)x 107
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Tahle 2. D' (em®zec”) in CoQ al 1100°C {*Dy,* in ref 10:

43 107 em’sec™)

I T
0.21 (4.6x0.6)x 10 | 4.63+0.05x 10"

1.4% 10 (2.120.4)x 10" (2.23+0.5)x 107

2.2x 10" B+ 10" (7.7£0.2)x 107"

Table 3. D, {cm’sec”) in CoO at 1100°C

Sectioning Residual aetivity
Pa/atm (111552 keV) (111552 keV)
0.21 {1.3--0.2)% 10" | (1.48+0.08)x10*
14x10* 9-+1)x% 10" (1.00+0.04)x 10°
2.2x 10" (3.340.6)x 10" (4.0+0.2)% 10"
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Fig. 4. Tracer diffusion coeffcient of “Co in CoO as a func-
tion of oxygen partlial pressure at T=1100"C.
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Fig. 5. Tracer diffusion coefficient of *Mn in CoQ as a fune-

tion of oxygen partial pressure at T=1100°C.

ihe diffusion mechanism for Zn in CoO.
If we compare our results for D..* with reported data®
we find good agreement. In the case of Mn, only one
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Fig. 8. Tracer diffusion coelficient of *Zn in Cal) as a func-
tion of oxygen partial pressure at T=1100"C.

value in air was reported in ihe literaiure™ which also
agrees well with our data while [or Zn there are no re-
ference data exisling.

VY. Conclusion

We have performed tracer diffusion experiments [or
gelf- ("'Cio) and impurity C'Mn. “Zn) diffusion in CoO at
1100"C and three different oxygen partial pressures. We
have applied the residual activity method and the tracer
sectioning method simultaneously to the analysis of our
diffusion experiments. Concurrent application of hoth
methoeds has not often been used in such diffusion stu-
dies. According to the analysig, the diffusion coefficients
obtained from both methods are identical within ex-
perimental error, demonstrating the reliability of our ex-
perimental methods. The diffusion coefficients of the
aliovalent impurity cation Mn are similiar in magnitude
with the host cation Co. But the homovalent impurity ca-
tion Zn has slightly lager diffusion coefficients than the
host cation Co. All the cations show oxygen partial pres-
suré dependences with a positive slope indicating a va-
cancy mechanism.
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