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Oxygen diffusion coefficients in the YBa,Cu;O,_, superconducting compound are calculated by
employing the pair approximation of the path probability method. The results show that the
diffusion of oxygen in this compound is significantly dependent on the oxygen density and the de-
gree of long-range order. It was found that the oxygen diffusion rate in the tetragonal phase is faster
than that in the orthorhombic phase, with activation energies for diffusion of 0.8 and 1.2 eV, respec-
tively, with the rate changing abruptly when the phase transformation takes place. We discuss the
relationship between oxygen diffusion and each pair probability in connection with each pair’s in-
teraction energy values. The kinetics of oxygen diffusion obtained from the present model is dis-
cussed in the context of experimental values in the literature and with respect to twin boundary

diffusion.

I. INTRODUCTION

The understanding of the kinetics of oxygen diffusion
in YBa,Cu;0,_, is important from both scientific and
technological points of view. It is essential that
YBa,Cu;0,_, be produced with predictable microstruc-
tures and tailored compositional homogeneity in order to
obtain the expected superconducting properties. It is al-
ready known that the tetragonal (semiconducting) to the
orthorhombic (superconducting) phase transition temper-
ature depends on the value of x in the formula of the
compound’? and that x can be varied during the process-
ing of the material.>~* Furthermore, the properties of
both the normal and the superconducting states of
YBa,Cu;0,_, strongly depend on the oxygen concentra-
tion and the degree of oxygen ordering in the orthorhom-
bic phase.!”*®~7 It seems, therefore, that the mecha-
nism of superconductivity in these high-T. oxides is relat-
ed to the behavior of oxygen (ordering, interaction with
Cu, etc.) in the lattice.?

It is now clear that just varying the “bulk” value of ox-
ygen is not sufficient in predicting unique properties; but
the gradient and distribution of oxygen within single
crystals or grains of polycrystalline samples are impor-
tant for understanding the properties of YBa,Cu;0;_,.
It is well established that the spatial distribution of oxy-
gen is related to the local variation in Aa/a (where
Aa=b—a, and b and a are the lattice parameters of the
orthorhombic phase in the [010] and [100] directions) in
single crystals and polycrystals.” ! Other inhomo-
geneities, such as “shell” formation within the grains,'?
variations along the twin'>~!* and grain boundaries,'* ™16
secondary ordering,17 and transition oxide formation'®"
within YBa,Cu;0,_, grains have also been measured
and some of their effects on the properties have been es-
tablished.?%2!

In the orthorhombic lattice, the oxygen variations take
place in the @ —b pldne and in the O(I) sites.! %7 The
kinetics of oxygen diffusion is also found to be different
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on heating to and cooling from the formation (or anneal-
ing) temperature.?? The kinetics varies depending on the
type of gas environment (air, oxygen, or other)> 2% and
the value of the oxygen partial pressure.

Systematic studies on the kinetics of oxygen diffusion
in YBa,Cu;0,_, under various conditions have been
performed both theoretically?® and experimental-
ly.2272%27=2 1p all these studies, a total bulk diffusion is
taken into account and the resultant kinetic behavior of
oxygen in each situation is found to be scattered. In ac-
tuality, diffusion of oxygen may take place in a hierarchi-
cal order: (i) diffusion along the surface (and surface lay-
ers), (i) diffusion along the grain boundaries, (iii) diffusion
along the twin boundaries, and (iv) lattice diffusion. The
first two cases, surface and grain boundary diffusion, may
greatly affect the kinetics of “in” and “out” diffusion
rates which are closely related to porosity of the poly-
crystalline samples. These cases will not be studied in
this paper. The third case may be an important mecha-
nism for diffusion since transformation twins form in the
lattice to accommodate stresses created as a result of the
shape change during the tetragonal to orthorhombic
transformation.”»>!! Twin boundaries may, therefore, act
as easy diffusion paths (just like “pipe diffusion” along
dislocations in metals and alloys).*° This case is studied
by us in an accompanying paper>! and a short analysis of
its consequences will be given in Sec. V of this paper.
The main emphasis of the present paper is, however, the
lattice diffusion of oxygen in YBa,Cu;0,_, as basedon a
model that shows a relationship between the oxygen
diffusion rate and oxygen content. Since the structure of
the oxide is quite dependent on the oxygen content and
ordering, as shown in our phase diagram calculation,*?
the model describes the variation of the oxygen diffusion
rate with respect to the structural features.

In the present model, the stacking sequence
of YBa,Cu30,_, layers is denoted as Y-CuO,-BaO-
Cu0O-BaO-CuO,. As in the previous studies,?> "2 we can
assume that oxygen diffusion takes place mainly in the
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Cu-O basal plane, and atomic diffusion in the ¢ direction
is negligible. In addition, as it is assumed that the vacan-
cy mechanism is the most likely diffusion mechanism in
this system, the problem of oxygen diffusion is reduced to
that of the oxygen-vacancy migration in a two-
dimensional lattice plane. This model is applicable to the
self-diffusion of the oxygen atoms; hence the pair approx-
imation of the cluster variation method (CVM) (Ref. 33)
and the path probability method (PPM) (Ref. 34) are ap-
plied to the calculations. In these calculations, we con-
sider one first-nearest and two second-nearest interaction
energy parameters. To our knowledge, this is the first at-
tempt to include the second-nearest interaction energy
parameters in the pair approximation of the PPM in or-
der to achieve a more accurate picture of the kinetics of
oxygen diffusion in the YBa,Cu,0,_, lattice, which
would be more consistent with the experimental results in
the literature,'>2272%27:28

II. EQUILIBRIUM CONDITION

To examine how oxygen and vacancies are distributed
over the Cu-O basal plane of YBa,Cu;0,_, in equilibri-
um, we employ the pair approximation of the CVM with
the consideration of two different kinds of second-
nearest-neighbor (NN) interaction energies in addition to
the first-NN interaction as mentioned in the Introduc-
tion. The same interaction energy scheme is applied to
the PPM calculations, which will be described in Sec. III.

A. Energy and state variables

Figure 1 schematically illustrates the Cu-O basal plane
in the YBa,Cu;0,_, superconducting compound. Two
oxygen lattice positions, @ and B, are defined in this
figure. Also, to designate an oxygen and a vacancy, sub-
scripts i (or j)=1 and 2 are used, respectively. The first-
NN i-j interaction energy between a and S positions is
defined as V;; and the second-NN interactions are
defined as V,;; or V3 ;. Here V,;; is the i-j interaction
by superexchange through a Cu atom and V,; is the
direct i-j interaction. Although we use the general sub-
scripts ij, we assume that a vacancy does not contribute

Vajij

o o o 02

FIG. 1. Schematic diagram of the atomic distribution on the
Cu-O basal plane. Three different interaction energies are

defined.
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TABLE I. Point variables.

a Xg,i /;3 ’ Xpg,i

to an interaction. Therefore V' ;=0 when i or j is equal
to 2. A similar comment holds for V, ;; and V3 ;;.

For the CVM formulation, it is necessary to define the
state variables. In the present study, we apply the pair
approximation; the variables are defined accordingly in
Tables I and II. The point variable x, ; is the probability
of finding an « lattice point that is occupied by the ith
species. The pair probability y; is the probability of
finding such a NN a-f pair in which / sits on the a site
and j sits on the (3 site. Other pair variables in Table II
are defined for respective site and species combinations.
Note that in y;; the order of the two subscripts is mean-
ingful. The reduction relations that exist among the state
variables are expressed as '

Xoi= X Vi= U= D Wy »
j j j

Xpi= D Vi= 2 05= X% -
] j ]

2.1)

(2.2)

B. Entropy

Entropy, S, of this system is written in exponential
form as

Sk =W WyWu » (2.3)

where k is the Boltzmann constant, Wy, Wy, and Wy
are expressions for the number of ways of distributing
points, with the first-NN and second-NN pairs over the
lattice points, respectively, and they are written as

[ Nt N7
| {a}N {B}N s (2.4)
{a}y(Bly |
Wy= _““-‘_‘{ a-g} . NA!, , (2.5)
v — [ tedxtaly |7 [ {alnlaly |7
I 1 {a-Cu-a} yN! {a-—a}yN!
BB, | (BB | o
{B-Cu-B} yN! (BB} yN! -

The brace notations are defined in Ref. 33.

TABLE II. Pair variables.

o :
; /jj ) Yij
a-Cu-a U
i j
a-a w;
] i
/‘q’-Cu-LJjJ vy
BB z
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In taking the logarithm of Wy, Wy, and Wy, we use
Stirling’s approximation and write

S/k=IN 3 [Llx, ) +Lixg;)]—2N S[Ly;)]
i ij
__21\1 3 LGy +Loy ) +Lwy) +Lizp)]
ij

2.7)
Here we use the abbreviation of the .L function defined by
L(x)=xInx—x . (2.8)

If there are no second-neighbor pairs to be taken into ac-
count, then

3/2
Sk=w W =({a}N{B}N) (2.9)
m {a-B}N! ’
In addition, if we consider only « sites, then
172
oStk= | ! W
{a}N 11
= ' {0{}?\'/2 (2.10)
({a-Cu-B} y{a-—a}y)' 2Nt ‘

When we compare Egs. (2.9) and (2.10) with the expres-
sions in Ref. 33, we can verify that they agree, thus satis-
fying a necessary condition to support our present deriva-
tion of the entropy expression.

C. Grand potential
The grand potential Q) is expressed as
Q=E—TS—up, 2.11)
where S is the entropy shown in Eq. (2.3), and E is the to-
tal energy written as

Vij
2V,’ijyij + -—2 (vl-j +u,-j)

E=NY
i

+—Vﬂ( +z,,) 2.12)
) w,'j zij . .

Here, 1 and p are the chemical potential and the density
of oxygen, respectively.

The equilibrium distribution can be obtained by
minimizing €2, and to do this, it is convenient to use the
natural iteration method (NIM).*

III. DIFFUSION FORMULATION

To calculate the oxygen diffusion rate in the Cu-O
basal plane of the YBa,Cu;0,_, structure, we apply the
path probability method, which is an extension of the

CVM to the time-dependent processes. The PPM follows
]

NP =13 L(Xgy,)+] LXKy ,)—2 %,z:( Yyup)
a.

i.p bp

=5 2 LUy p ) F LV 11 p VLW 4 ) L(Z 400

all
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TABLE III. Point path variables. An arrow shows an exam-
ple of the jump direction. The broken line means a jump out-
side the cluster.

. B
1,9
o{—\ 3t Xaijp2
2 (p=1.2.3)
X p=1.
. B
B
4
B
0‘\1 : o
\\‘
(2
) ,/B . XB.'I-P( n)
/7
;2 (p=1.2.3)
O.’ >3
g

the same statistical principles as the CVM, except that it
includes the time axis. For example, analogous to the
state variables in the CVM, the path variables are the
basic variables in the PPM. Also, the path probability is
maximized in the PPM to find the most probable path, in
the same sense as the grand potential is minimized in the
CVM to determine the most probable cluster configur-
ations.

A. Path variables

The path variables are defined to specify the change
occurring in the system during a time interval At and are
written as f(¢,¢+At) in which ¢ and ¢ + At stand for the
initial and the final time, respectively. In the present
study, we introduce two levels of the path variables, i.e.,
the point and pair variables, which are defined in Tables
IIT and IV. In these tables, arrows show possible jump
directions. The reverse jumps are also allowed. A solid
line represents a jump inside the cluster, and a broken
line indicates a jump outside the cluster. Since the atom-
ic configuration changes only when an oxygen jumps into
a vacancy, the cases Yy, and Yy, of Y ; are for
atomic migration. Other cases Yy 1; and Y, ,, are also
included in the formulation, but they represent the prob-
ability for no change. In Yj; ; ,, i (=1 or 2) remains the
same at ¢ and ¢+ Az, while j (=1 or 2) at ¢ changes into &
at t+At. Similar comments hold for the other variables
also.

B. Path probability function

The path probability function P is composed of three
factors, i.e., P="P,P,P;, as written in the following:

(3.1



and

P, =3 Y, ;[In(6,At)— U /kT 1+ 3 (W, ; +Z
i ij
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TABLE IV. Pair path variables.

(3.3)
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Here P, is the number of ways of arranging paths; P, is
the probability of atomic jumps to the neighboring sites
within a time interval At; U; and Uy are the activation
energies for the first- and the second-NN jumps, respec-
tively; 0; and Oy are the number of atomic attempts to
jump to the first- and the second-NN sites, respectively;
and P, is the probability of atomic bonds being broken
before oxygen atoms jump to the neighboring sites.

C. The most probable path

The most probable path can be obtained by maximiz-
ing the path probability function. In doing so, we keep
the variables consistent with each other. This is achieved
by maintaining the reduction relations among the vari-
ables and by choosing the independent variables in such a
way that the reduction relations are always satisfied. Ap-
pendixes A and B describe the reduction relations and the
derivation of the auxiliary variables. Here, we notice that
auxiliary variables «, f8, ¥, 8, and § are defined for the
sake of convenience.

The most probable path can be derived by following
the procedure described in the following: (i) Differentiate
In? with respect to the variables a, B, v, 6, and §. (ii)
Using the results obtained in (i), differentiate In? with
respect to the independent variables Y,J ji» Zijji» and
le], Ji ) -

In order to treat the problems of directional oxygen
flux under a chemical potential gradient, Vu, and thus
derive the diffusion properties, it is necessary to index the
variables to show the position perpendicular to the chem-
ical potential gradient as defined in Fig. 2. The expres-
sions for the most probable path are written as follows:

Y5 =(At0)exp( — Uy /kT )y 5K s, 4 » (3.4)
(o] o
B ® B L4 B
o o,
1 | | 1
B € | B | @ | B
| | | | 1 | | I I
! 1 | ! | | | | i
| 2v-1 I 2v | 2v+l | 2vi2 |
] l 1 | |
2n-2 2n-1 2n 2n+1 2n+2

FIG. 2. Schematic illustration of the positions of the lattice
planes. The chemical potential gradient is applied perpendicu-
lar to the lattice planes.
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Y3, =(A26)exp(— U /KT 5K 39, - (3.5
W, =(At0y)exp( — Uy /kT W3R 5, 1y, (3.6)
and
wam, =(Atbyexp( — Uy /kTwi™ R, -y . 37

These are probabilities for oxygen atoms jumping into ad-
jacent vacancies and are the key kinetic probabilities in
describing oxygen diffusion. Another path variable
Z\, 1 does not contribute to the net flux in the direction
of the chemical potential gradient and, thus, is neglected.
Also, we assume that the atomic jump through the Cu
atom does not take place.

In the preceding expressions for ¥’s and W’s, the last
factors are the probabilities of atomic bonds being broken
before an oxygen atom jumps to neighboring sites, and
they are defined as follows:

— A2 2
Ky, +y=AGv—1,18u, Tan—1,alan -2,  2n),r »

K, (3.8)

—_ A2 2
_A(2v+1),rA(2v),1F(2n),aF(2n—l),Ir(2n +1),1

— A2 2 2
R(Zn,+ ) —A(Zv—l),lA(Zv),rr(Zn —1),aF(2n =2)1 >

and
R —= A(2v+2)rA(2v+1)lr(2n+l), r(Zn 20,0 >
where -
A= 3 exp(Vy ;i /KT W /% o 2u—1),1 »
i
A= ZexplVy,y, /KT /% g myt >
J
A(2v+1),r=ZeXP( Vl,lj/kT)y}lzv+1)/xB,(Zn),l >
J
A(2v+1),l= ECXP( Vl,ij/kT)}’(li'v+l)/xa,(zn+1),1 ’
- ) : (3.92)
F(Zn)a ECXP(V3 1,/kT)Z1, /xB,(Zn),l s
Com,r= ECXP(Vz /KT W /% 2n— 1)1 5
j
Cam= EGXP(V:; /KT W /% o ant 1)1 5
F(2n+1),a=26xp Vz,nj/kT)"%n+l)/xa(2n+1),1 ’
Cons),r= ECXP Vo /kTWE /xg 01
and

Coan+n,i= Eexp Vz 1//kT)U(2"+1)/x,3,(2n+2),1 .

As was mentioned in Sec. II A only oxygen-oxygen
pairs contribute to the interaction energy, so that, for ex-
ample, one of the expressions of Eq. (3.9a) can be explicit-
ly written as

=[u}"*Vexp(V,, /kT)

2n+1)
Ful T/ X g ane -

r(2n +1),a
(3.9b)



This expression has an easy interpretation. That is, on
one end of a bond, we know an oxygen exists. The factor
w3+ /x, Gusn, is the conditional probability of
finding an oxygen next to the known oxygen. The ex-
ponential factor by which it is multiplied is the probabili-
ty that the energy needed to break the bond is concen-
trated on the bond. Note that V,,; <0, so that the
stronger the bond, the smaller this exponential factor be-
comes. The second term, u{3" *" /x (2,411, is the con-
ditional probability of finding a vacancy next to the
known oxygen.

The A’s are for the first-NN bonds and are similarly in-
terpreted. When we know the meaning of A’s and I'’s,
we can understand the structure of the K and R factors in
Eq. (3.8). The first quantity K(,,, +, in Eq. (3.8) is for a 2v
NN bond, and the subscript + indicates that an oxygen
jumps to the + direction, namely from the a end point
on 2n —1 to the B end point on 2n. As the oxygen jumps
from the a, bonds may be broken on the two 2v—1 bonds
and on one 2v bond. The jump occurs at one of the 2v
bonds and, thus, does not contribute to the bond-
breaking factor. The number of second-NN bonds to be
broken is four: two a-Cu-a bonds at 2n—1, one a-a
bond whose center is at 2n —2, and another one with the
center at 2n. These four second-NN bonds contribute to
the four I factors in K(;, +). Other K and R’s can be
similarly interpreted.

D. Oxygen diffusion flux

The flux expression is derived for a system in which a
small chemical potential gradient, Vyu, is imposed on the
steady state, and where the state variables do not change
in time. When the chemical potential gradient, Vyu, is
small, we expect that Y,; ; and W ; deviate from the
equilibrium value Y, and W,, respectively, by the
amounts proportional to Vu. We can express the net flux
toward the right direction as

(2n) —r yi(2v) __ y(2v) __y(2v+1) (2v+1)
‘IYn _(YIZ:,ZI Y211,,12 YIZ:/ZI +Y211,,12 )/At

P i
=Y851n W (3.10)
21,124 12,21
and
T =W — Wi /At
Wi
=W.8ln | iz (3.11)
21 12

In the preceding expressions, the subscript e indicates the
values in the equilibrium condition and § is a quantity
proportional to the magnitude of V.

To expand the parts in large parentheses in Egs. (3.10)
and (3.11), we use the following relationship:

(n)
(n+9)—= rin) d .
forn=gn g
and apply the definition of the chemical potential u, writ-
fen as

-(3.12)
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_OF

dp

_OF

3.13
x4 4 B.13)

The relations in Egs. (3.10) and (3.11) then transform into
the following:

VY g
JyAt=Y, |81 & /kT) (3.14)
Yy
and
(2n) d
JWAt— [81 (Zn) E(‘u/kT) (3.15)

The total flux J, is written by using these two equations
as

Tt Ar=(2J "+ T3 )At

—27,8 + Wesw—(2Ye+We)%(p/kT) ,
(3.16)
where
(2v), 2v+1)
Yi2 Ya
y=8In———r (3.17)
Vg
and R
w‘lz")
S =8In—=— . S (3.18)

(Zn)

In order to convert the § notation to the gradient of
chemical potential, it is convenient to approximate a pair
variable expressed as the product of two point variables.
For example, p{3"” ~x21~Vx 22, Then, if we apply Eq.
(3.12) again and use the relationship pdu=kT dp, each
of 89 and 8@ can be transformed into —(2/kT)du/dn.
Therefore, the expression of the total flux can be written
as
4
dn
To compare this expression with the experimental
data, it is necessary to convert the chemical potential gra-
dient, du/dn, to the concentration §radient dC /dx,
where C is the number of atoms per cm”. As this conver-
sion does not require high accuracy, we follow the rela-
tionship between the chemical potential gradient and the
concentration gradient as derived in our previous calcula-
tion,*” which is now written as

ﬁl:‘___m—m 1 dC
dn Xoy dx

T At=—3Q2Y, + W,) 2 (u/kT) . (3.19)

(3.20)

Then, we can write the diffusion coefficient expressions
(in cm?/sec) of oxygen by combining Egs. (3.19) and
(3.20) as

D=3X10""*2Y,+W,) /(x4 At)
=3X107"*[20,exp(—U;/kT)y 3 K,
Up/kTwpy R/ %y -
(3.21)

+ Oyexp(—
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IV. RESULTS

A. Interaction energy parameters

For the equilibrium calculation in Sec. II, we adopted
the interaction energy ratios obtained from Sterne’s first
principle calculation.®® Figure 3 represents the phase dia-
gram showing oxygen ordering in the Cu-O basal plane of
YBa,Cu;0,_,. Open circles in this figure represent the
experimental data obtained by Specht et al.? and the bro-
ken line is calculated by the CVM. By fitting the broken
line obtained from the equilibrium calculation to the
open circles, we can determine the interaction energy pa-
rameter, V;, between oxygen atoms. Here we assume
that oxygen-vacancy and vacancy-vacancy interactions
are negligible. The chosen values are V=(V, )
=0.12, V,=—0.04, and V;=0.017 eV. In addition to
these values, we may also consider a different set of ener-
gy parameters used in our previous phase diagram calcu-
lation,* ie., ¥;=0.09, V,=—0.2, and V;=0.05 eV.
For the sake of convenience, we call the former set V-1
and the latter V-II. It is notable that V, is the largest
value in the V-I set whereas ¥, is the dominant value in
the V-II set.

B. Diffusion coefficient

In the present calculation we assume that the atomic
flux of the first-NN jump, Y, ,;, provides the main con-
tribution to the total flux, J,,;, and the flux component of
the second-NN jump, Wy, ,; is negligible. Figure 4
shows the variation of the oxygen diffusion coefficient
with respect to the oxygen content when we apply the V-I
energy set. To make the calculated values comparable

1200
d
/
1000 tetragonal P
o’/
<
—~ 800 |- P
e ’, orthorhombic
2 J
: S
g 600 [~ /
(5]
-
400
200 -
1 | I ]
0.0 0.1 0.2 0.3 0.4 0.5

Oxygen Concentration

FIG. 3. Phase diagram showing oxygen ordering in the Cu-O
basal plane. The calculation was done by employing the pair
approximation of the CVM. The chosen energy parameters are
V,=0.12, V,=—0.04, and V;=0.017 eV. Open circles are ex-
perimental data obtained by Specht et al. (Ref. 25).
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Oxygen Concentration

FIG. 4. Variation of the oxygen diffusion coefficient with
respect to oxygen content when the V-I energy set is applied.

with the experimental data obtained by Tu et al.,?> we as-

sume 6;=10° and U;=0.9 eV. Even though the lattice
parameters change during the phase transformation and
thus affect the values of 6; and Uj, the qualitative proper-
ties of this curve may not be substantially affected. In
this figure, we note that the derivative of the diffusion
coefficient with respect to the oxygen content is not con-
tinuous at the phase transition point and the left- and the
right-hand sides of the transition point represent the
tetragonal and the orthorhombic regions, respectively.’
The oxygen diffusion coefficient increases with a decrease
of oxygen content in the orthorhombic region. But in the
tetragonal region, the oxygen diffusion coefficient changes
with an opposite trend, i.e., it decreases slowly as the oxy-
gen content decreases.

In Eq. (3.21), 6; and U; are independent of the oxygen
content but y;, , and K, are dependent. Figure 5 shows
the variation of y;,,, Yy, for the NN pairs and u;, ,
for the O-Cu-O superexchange pairs with respect to the
oxygen content at kKT'=0.07 eV. From this figure, it can
be noted that the bond-breaking factor, K,, plays a dom-
inant role in determining the diffusion coefficient in the
orthorhombic region.

The number of O-Cu-O pairs, which have an attrac-
tive interaction energy, decreases rapidly with a decrease
in oxygen content making the u,,, for the oxygen-
vacancy pair more important in I'(y, +;),a of Eq. (3.9a);
thus, the K, value increases sharply. In the tetragonal re-
gion, however, oxygen atoms are more randomly distri-
buted and the bond-breaking factor does not change very
much in this region because of the small value of V, in
the V-1 energy category. Hence, the oxygen-vacancy pair
probability, y,, , plays an important role in this region
and the oxygen diffusion coefficient follows the trend of
Y1, variation.
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FIG. 5. Profiles of the pair probabilities with respect to oxy-
gen content when the V-I energy set is applied (kT =0.07 eV).

When the V-II energy set is applied, the oxygen
diffusion coefficient with respect to oxygen content
displays a different trend as shown in Fig. 6. In this
figure, oxygen diffusion values are plotted on a relative
scale and we notice that, even in the tetragonal region,
the diffusion coefficient increases with decreasing oxygen
content.

Figure 7 represents yi,., Y11, and uy, plotted
against the oxygen content when the V-II energy set is
applied. In the V-II energy parameter, it is noted that
the absolute value of the ¥,/V, ratio is larger than 1.0
and the bond-breaking factor is more sensitive to the
number of O-Cu-O pairs rather than that of the first-NN
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FIG. 6. Variation of the oxygen diffusion coefficient with
respect to oxygen content when the V-II energy set is applied.
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FIG. 7. Profiles of the pair probabilities with respect to oxy-
gen content when the V-II energy set is applied (kT=0.08 eV).

O-O pairs. For this reason, the trend of the oxygen
diffusion coefficient is determined by the variation of
uy. in both the tetragonal and orthorhombic regions.
The general feature of the oxygen diffusion coefficient is
that the oxygen diffusion in the disordered phase is faster
than that in the ordered phase, and the oxygen diffusion
coefficient increases sharply as the second-order transi-
tion point is approached from the orthorhombic phase.

In Fig. 8, the logarithm of the diffusion coefficient is
plotted against the reciprocal temperature at a fixed
chemical potential value (¢ =0.12 eV), using the V-I en-
ergy set. We note that the curves roughly correspond to
two linear potentials, and the activation energies, ob-
tained by measuring the slope of each linear portion, are
0.8 and 1.2 eV for the tetragonal and orthorhombic
phases, respectively.
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FIG. 8. Logarithm of the diffusion coefficient plotted with
respect to the reciprocal temperature when the V-I energy set is

applied (y is fixed at 0.08 V).
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FIG. 9. Schematic diagram of the oxygen diffusion coefficient
plotted against oxygen content. The broken line represents a
possible contribution of the Jy component to the total flux.

When we compare the present results obtained through
modeling with the experimental data published in the
literature, it is appropriate to consider the effect of trans-
formation twins in the lattice and their orientations with
respect to the diffusion direction chosen. This is because
our recent calculation®! shows that the oxygen diffusion
rate near and at the twin boundary is much faster than
that in the bulk orthorhombic region.

C. Comments on atomic flux of the second-NN jump

In the calculation of the diffusion coefficient, we as-
sumed that the J, component provides the main contri-
bution to the total flux. This assumption seems reason-
able in the orthorhombic phase where Jy, has values from
Jy/10 to Jy /100 when we apply the same values of 6;
and Uy for those of 0y; and Uy, respectively. But in the
tetragonal region, especially toward the lower oxygen
content, the Jy, component has values comparable with
the Jy component. Even though it is hard to imagine
that O and Uy are comparable with 6; and Uj, we
should consider the possibility that the oxygen diffusion
coefficient curves in the tetragonal region may need to be
adjusted to the higher positions, as shown schematically
in Fig. 9. In order to confirm that the role of the Jy
component in oxygen diffusion is negligible in the ortho-
rhombic structure, it is necessary to measure the rate of
oxygen diffusion experimentally for both a and b direc-
tions. If oxygen diffusion rates are equal in each direc-
tion, we can conclude that Jy, has little effect on J,,.

V. DISCUSSION AND SUMMARY

The physical properties of materials are sensitive to
variations in the microstructure. Polycrystalline
YBa,Cu;0,_, samples are no exception to this rule, and
both the superconducting and the mechanical properties
should be heavily dependent on the microstructural vari-
ations. These features exist on scales in micrometer (such
as phase assemblages, grain morphologies, etc.) and ma-
crometer ranges (such as grain and twin boundaries,
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point defects, and ordering). Although considerable-
research has been reported in the literature since the
discovery of superconductors above 90 K,* as yet, there
is not a well-established correlation between the macro-
structure and the superconducting behavior of
YBa,Cu;0,_,. Nevertheless, the behavior of oxygen in
these materials, in modifying microstructures on many
scales, appears to have the most dramatic effect.
Foremost, as proposed, the high-T, superconductivity in
these compounds is related to the orthorhombic form of
YBa,Cu;0;_,.!”* The behavior of oxygen in the mi-
crostructure during heat treatment varies depending on

" the heating, annealing, cooling, and post annealing cycles

(with changes in the rate and cooling, nature of the atmo-
sphere, the partial pressures of gases, and holding
times).>'222=%5 These different conditions result in the
inhomogeneous distribution and ordering of oxygen
within the grains and grain boundaries of the samples. It
appears, therefore, that in order to achieve predictable
superconducting properties in YBa,Cu;0;_, an under-
standing of the behavior of oxygen in the compound is re-
quired. Along these lines, many theoretical and experi-
mental studies have been performed on the kinetics of ox-
ygen diffusion with considerable variation in activation
energies and diffusivities. In this paper, we reported a
theoretical study of oxygen diffusion in both the tetrago-
nal and the orthorhombic forms of YBa,Cu;O0,_, in
which experimental and theoretical information was used
to carry out the calculations. The intent of the study was
to find the parameters related to the oxygen diffusion in a
“homogeneous” lattice which would provide a common
base for further studies.

In summary, the pair approximation of the PPM was
applied to calculate the oxygen diffusion rate in the
YBa,Cu;0,_, superconducting compound. One first-
NN and two second-NN interaction energies were used
for the calculation and we assumed that oxygen diffusion
occurs mainly in the Cu-O basal plane. It was noted that
even when we included the second-NN interaction energy
parameters in our calculation, the bond-breaking factor
could be expressed analytically, as was done by including
only the first-NN interactions in Ref. 36.

We noted from the calculations that the oxygen
diffusion coefficients are functions of the oxygen density
and the degree of long-range ordering of oxygen-vacancy
distribution in the Cu-O basal plane. Oxygen diffusion in
the disordered tetragonal phase is faster than that in the
ordered phase and it changes sharply near the phase tran-
sition point. This is because the fraction of O-Cu-O
pairs, which have an attractive interaction, decreases rap-
idly when the orthorhombic phase transforms to the
tetragonal phase. Hence, if the orthorhombic region is
kept at a constant temperature, the oxygen diffusion rate
increases as the oxygen concentration decreases. The
trend of oxygen diffusion in the tetragonal region, howev-
er, is dependent on the values of the interaction energy
parameters. If the V| repulsion (NN) is dominant, the
variation in the rate of oxygen diffusion depends on the
probability of finding an oxygen-vacancy pair, because
the probability of finding the first-NN oxygen-oxygen
pair is very small. On the other hand, if the ¥, attraction
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in O-Cu-O is dominant, the trend of the oxygen diffusion
rate with respect to the oxygen content is determined by
the probability of finding the O-Cu-O pair, which con-
trols the bond-breaking factor. In the present study, we
assumed that the first-NN atomic jump provides the
main contribution to the total flux and the second-NN
jump is negligible. But, we cannot exclude the possibility
that the latter jump makes a certain contribution to the
total flux when the structure is tetragonal.

In this study, it is assumed that the lattice is perfect
and, therefore, there are no defects or other micro-
structural variations which would influence the behavior
of oxygen. Therefore, the diffusivities found above are
the average for a or b directions in both lattices, as stated
earlier. In reality, however, there are always transforma-
tion twins in the microstructure. These twins form on
(110) and (170) planes* as a means to accommodate
stresses that develop because of the shape change related
to oxygen ordering during the transformation from the
tetragonal to the orthorhombic phase. It is, therefore,
possible that twin boundaries also act as an easy diffusion
path, similar to “pipe diffusion” along dislocations. In a
planned future paper,*! we perform a theoretical study of
the equilibrium atomic distribution and the oxygen kinet-
ics near the twin boundary in YBa,Cu;0;_,. The calcu-
lations show a large increase in the oxygen diffusion
coefficient as the lattice plane approaches the twin
boundary. Furthermore, the diffusion of oxygen is close-
ly related to the density profile which shows that oxygen
is depleted at the twin boundary region. For a complete
understanding of oxygen behavior in a polycrystalline
material, however, it would be necessary to study the sur-
face (and grain boundary) diffusion of oxygen in addltlon
to the bulk and twin boundary diffusion.
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APPENDIX A: THE REDUCTION RELATIONS

In this appendix, we describe the reduction relations
among the state and the path variables. These reduction
relations are used to differentiate the path probability
function with respect to independent variables such as
Y521 and Wy, 5;. For the sake of simplicity, we consider
the components which include Y, ,; and neglect other
components. Throughout this appendix, the subscript p
denotes the atomic path number 1 or 2 in Tables III and
IV. From Tables III and IV we can easily write

x(2n—l)_X(2n—l)+ EX(ZI_t_—l) ,
p

a,t o, a,lj,p

(2n) — y(2n) (2m)
xgt _XBZ+2XB,?j,p ’
p
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and
29)
y(11V)_Y :'11+Y11 21,1 »
(2v—1) — v (2v
yir- Y11,11+EY1]21,p
(2v) — y(2 2v)
yiz 12"}2‘}‘ 2 Y(12v22,p +Y12 21 » (A2)
and
y(2v+l)—Y(2v+I) + E Y(ZZV;il;Z .

P

The relations between the second-NN pairs are written as
follows:

w n)_W(2n) + 2W1121p ,

(A3)
(2n) — pr(2n) !
wi' =Wzt X WIZ:'Z),Z,p .
P

The relations for other variables can be described in a
similar way.

APPENDIX B: AUXILIARY VARIABLES

We define the auxiliary variables to maximize the path
probability function in a convenient way. In this appen-
dix, we describe how to define the auxiliary variables,
a, B, v, 8, and &, and how they are used. As an exam-

ple, we consider a variable @}, }) which satisfies

(2v—1) — (2v) (2 —1)
Yiia,= Y5+ aiia1,p) s

(B1)
(2v—1) — 1 yv(2v) _ 2v—1)
Y12,22,p—7(Y122 aIIVZI,p)

The differentiation of N~ 'In? with respect to a5,
leads to the following relation:
2v-1 2v=1
Y _ Y35,
exp(V, /kT{~"  yi~Y

=k, =const. (B2)

From Table IV,

Y(122v21 = Y(l?iVZ—ll) + lezvz_z,]; . (B3)
If we substitute Eq. (B2) for Eq. (B3) we get
(2v—1)
2v—1) — exp(V, /kT 1] (2v)
2 exp(V /KTy Dy B0 A
(B4)
(2v—1)
Y(lzzvz_zn_“ 2t Y12 -
P exp( Vl /kT)y (l7iv-1) +y(2v—l)

In a similar way, the relationship between ®;; ; , and
independent variables of which the subscripts are the ij, ji
type can be derived. Here ® represents the Y, W, U, V,
and Z variables.
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