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the microstructure on 18O diffusion. In this work we have
studied the effect of the microstructure on 18O diffusionOxygen tracer diffusion in the b direction in single-crystal

CaTiO3 has been investigated in the temperature range 1121– profiles, as well as being given direct evidence by the SIMS
1313 K. The diffusion coefficients determined from penetration imaging technique.
profiles measured with secondary ion mass spectrometry
(SIMS) are DV 5 9.9 3 1022exp(2384.5 [kJ/mol]/RT) [m2/s]
and Dgb 5 1.8 3 106exp(2369.2 [kJ/mol]/RT) [m2/s], respec- 2. EXPERIMENTAL
tively. The tailing region in the 18O diffusion profile arises from
twin boundaries in CaTiO3 .  1996 Academic Press, Inc. Single crystals of CaTiO3 were grown by the floating

zone method and oriented using the X-ray technique. Sam-
ples were cut such that the diffusion direction was parallel

I. INTRODUCTION to the b axis and polished using diamond paste to a 1-em
finish. Finally samples were cut to a 3 3 3 3 2 mm sizeThe perovskite structure is of great importance in certain
by using a low-speed diamond saw. The prediffusionaltechnological applications such as ferroelectrics and super-
anneal was carried out at 1373 K for 10 h in air.conductors. Hence, defect chemistry and oxygen diffusion

Immediately after polishing and cleaning, the sampleare vital in controlling their physicochemical properties.
was loaded into the exchange apparatus. The system was

Consequently, the importance of understanding ion trans-
then closed and evacuated, and enriched 18O2 was intro-

port behavior in these materials has resulted in numerous
duced into the manifold at 130 Torr. After diffusion an-

studies of 18O diffusion, employing a variety of tech-
neals, the samples were quenched by rolling back the fur-

niques (1–8). nace and pouring water over the quartz tube. The 18O2 was
The ideal structure of perovskite (CaTiO3) is cubic and recovered by opening the manifold to the sorption pump.

consists of corner-sharing TiO6 octahedra that form a regu- The 18O diffusion profiles were measured using a SIMS
lar three-dimensional framework, with Ca occupying the (CAMECA IMS-4F) instrument with 133Cs1 as the primary
large cuboctahedral sites. At room temperature, Ca is ion, an accelerating voltage of 10 kV, and a beam current
slightly too small for its site, causing the TiO6 octahedra of 10 nA. To suppress the sample charging, an electron
to tilt and rotate slightly, thereby reducing the symmetry gun was used. The intensities for the negative ions (16O
from cubic to orthorhombic (9). This transition results in and 18O) were monitored, and the depth of the sputtered
microtwinning on the major pseudocubic axes, as the struc- crater was measured using a Dektak 3030 profilometer to
ture loses symmetry on cooling through the transition tem- determine the sputter rate.
perature. The microstructure, such as twinning (10, 11) The 18O concentration at any sample depth was deter-
and dislocations (12) in CaTiO3, has been studied by optical mined from the ion intensities
and electron microscopy and plays an important role in
diffusion. Oxygen diffusion in CaTiO3 has been reported
by Gautason and Muehlenbachs (13). However, there is

C 5
I(18O)

I(18O) 1 I(16O)
, [1]no direct evidence concerning the enhancement of oxygen

diffusion by these microstructures.
An investigation of 18O diffusion in single-crystal

CaTiO3 was carried out by means of secondary ion mass and each concentration profile was fitted to the equa-
tions below.spectrometry (SIMS), in order to investigate the effect of
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FIG. 2. The diffusion profile of 18O along the high diffusivity pathFIG. 1. Diffusion profile of 18O obtained from a single-crystal CaTiO3

annealed at 1121 K for 900 s. The circles show the experimental data, obtained from a single-crystal CaTiO3 annealed at 1121 K for 900 s. The
circles show the experimental data, while the solid line is the least-squareswhile the solid line is the least-squares fit to Eq. [2].
fit to Eq. [3].

3. RESULTS AND DISCUSSION Dv 5 9.9174.2
28.7 3 1022 exp(2384.5

6 21.9 [kJ/mol]/RT) [m2/s]. [4]A typical oxygen diffusion profile in CaTiO3 annealed
at 1121 K for 900 s is shown in Fig. 1. This profile was

For the diffusion along twin boundaries,divided into two regions: the lattice diffusion contribution
near the surface, and the tailing region at the deeper side.

Dgb 5 1.811.1
20.7 3 106 exp(2369.2The lattice diffusion contribution was analyzed using the

6 4.9 [kJ/mol]/RT) [m2/s]. [5]equation (14)

The values of Dgb are 6 to 7 orders of magnitude larger
C 2 Cbg

Cs 2 Cbg
5 erfc S x

Ï4Dt
D, [2]

where C is the 18O concentration at depth x, Cbg is the
natural abundance of 18O 5 0.00204, and Cs is the surface
concentration of 18O. Equation [2] assumes equilibrium
between the gas phase and the crystal surface and, hence,
a constant Cs value. The curve calculated from Eq. [2] is
shown in Fig. 1.

The tailing region in the 18O profile was analyzed using
the equation (15)

dDgb 5 0.66 S2
d ln C
dx6/5 D25/3S4Dv

t D1/2

[3]

where d and Dgb are the grain boundary width and the
grain boundary diffusion coefficient. The curves calculated
from Eq. [3] are shown in Fig. 2.

The Dv and Dgb are plotted in Fig. 3 as a function of
FIG. 3. Arrhenius plot of the diffusion coefficients from 18O diffusionthe reciprocal temperature. It is assumed that the effective

in the b direction in single-crystal CaTiO3 . The Dv and Dgb are the
width d of the twin boundaries is equal to 3 3 10210 m diffusion coefficients obtained from volume and high diffusivity path
(16). The temperature dependence of 18O diffusion is calcu- diffusion. The solid and dotted lines are the least-squares fit to Eqs. [4]

and [5]. The large solid line shows the previous result (13).lated as follows. For lattice diffusion,
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FIG. 4. Optical micrograph, 18O2 image, and schematic diagram of the CaTiO3 surface. (A) is an optical micrograph of the CaTiO3 surface.
(B) is 18O2 image at a depth of 2 em obtained by SIMS, and its crater is shown in (A). The view field is about 100 em. (C) is the schematic diagram
of the CaTiO3 surface. M.D. and T.B. show the mechanical damage and the twin boundaries.

than those of Dv at the same temperature. The calculated that the twin boundary acts as the high diffusivity path of
18O diffusion at this depth. This result suggests that theactivation energies for Dv and Dgb are in good agreement

with each other. The values of Dv are in good agreement tailing region in the 18O diffusion profile occurs by diffusion
along twin boundaries.with those previously cited (13), but the activation energy

is slightly larger than that previously published.
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