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A simple defect model is proposed for the variable oxygen content of YBa,Cu;0,. It is based on the
single assumption that YBa,Cu;0g is the stoichiometric composition of a highly acceptor-doped version
of the prototype compound Y;Cu;0;. The acceptor centers, Bay, are compensated by oxygen vacancies
at the stoichiometric composition. The oxidation reaction then involves the filling of extrinsic oxygen
vacancies and creation of holes in accord with the conventional treatment of a wide variety of acceptor-
doped perovskite and perovskite-related oxides. A standard mass-action treatment leads to the expres-
sion (6+y)y2/(1—p)=3.594 X 10~ 4%83 <V/XTp(0,)!/2, where y is defined by YBa,Cu;0¢,, and —0.83
eV is the enthalpy of oxidation per added oxygen, in agreement with calorimetric values. This expres-
sion is in excellent agreement with published thermogravimetric data over the range 300-900°C and
107°~1 atm P(0,). Correction for intrinsic ionization improves the fit to the experimental data at high
temperatures and low oxygen activities, i.e., for low values of y. Linear Arrhenius behavior over four or-
ders of magnitude of the mass-action constant is indicative of ideal behavior. The proposal that
YBa,Cu;0q is a highly acceptor-doped composition is in agreement with its insensitivity to aliovalent
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dopants.

INTRODUCTION

There have been several attempts to develop a defect
model for the variable oxygen content of YBa,Cu,;0,
(YBCO), where 6.0 <x <7.0.!'7° The goal is to fit the ex-
perimentally determined oxygen content as a function of
temperature and oxygen activity. The attempts have in-
volved various definitions of the stoichiometric composi-
tion, a variety of defects such as oxygen vacancies and
oxygen interstitials in different charge states, and
different oxidation states for the Cu content. Because of
the extremely large amount of nonstoichiometry, there
has been concern that the behavior will not be ideal and
that the classical mass-action approach based on dilute-
solution thermodynamics will not be adequate. Most
models have treated the nonstoichiometry in terms of an
essentially pure compound. This paper will review a
model described in part in several publications?™*7 that
treats YBa,Cu;Oq as the stoichiometric composition of a
highly acceptor-doped material. The acceptor centers are
Ba’" ions substituted for Y3 in the prototype oxide
Y;Cu;0,. It will be shown that this model leads to an ac-
curate fit to the extensive thermogravimetric data of
Lindemer et al., which seem to have been collected with
extreme care for full equilibration.!® The fit to the model
covers the experimental range 300-900°C and 107 °-1
atm. The model is also in accordance with the observed
insensitivity of the material to aliovalent dopants.!! It
has not proved necessary to correct this model for
nonideal behavior, but inclusion of intrinsic ionization
across the band gap improves the fit to the experimental
data for small values of y.

STOICHIOMETRIC COMPOSITION

Any discussion of nonstoichiometry must be based on a
definition of the stoichiometric composition. That
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definition is obvious for simple compounds, but for a
complex material like YBCO, it is not so readily ap-
parent. In principle, the stoichiometric composition of a
complex compound corresponds to a combination of
stoichiometric  binary  constituents. Thus  the
stoichiometric composition of SrTiO; is the combination
of the stoichiometric binary oxides SrO and TiO,, for
LiNbO; it is the combination of Li,O and Nb,O;, etc.
However, the situation is not so clear in YBCO, because
Cu,0, CuO, and Cu,0; could all be considered to be
stoichiometric binary constituents. The basic definition
also holds true for doped compounds; e.g., the
stoichiometric composition for SrTiO; doped with
Al, 0, is SrO+(1—x)TiO,+(x /2)Al,0,, ie.,
SrTi,_,Al,O;_, ». The charge of the acceptor centers
Aly is compensated by oxygen vacancies, and charge
neutrality is determined by [Al ]=2[Vg]. At the
stoichiometric composition of semiconducting and insu-
lating compounds, the valence band is nominally filled
and the conduction band is nominally empty, and the
only source of electronic charge carriers is by ionization
across the band gap, so that n =p. For that reason, the
stoichiometric composition is usually located near a
minimum in the high-temperature, equilibrium electrical
conductivity, measured as a function of oxygen activity,
unless the electron and hole mobilities are widely
different.

The equilibrium conductivity of YBCO as a function of
oxygen activity is shown in Fig. 1.1? There is a minimum
in the conductivity for temperatures above 700°C, just
before the compound decomposes below 10~ * atm. Com-
parison with compositional data, e.g., that of Lindemer
et al.,'° shows that the minima occur very close to the
composition YBa,Cu;0¢. Therefore this will be taken as
the stoichiometric composition, in agreement with the
opinion of most other authors,”® and the system will be
treated as YBa,Cu30¢, ,, withO<y <1.
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FIG. 1. Equilibrium conductivity of YBa,Cu;0¢., as a func-
tion of oxygen activity (Ref. 12).

PURE OR DOPED?

If YBa,Cu;04 were an undoped compound and if the
structure at this composition were the reference structure
from which lattice defects are defined, the added oxygen
would have to be placed in interstitial positions, i.e., in
some of the sites that would have been occupied in a filled
perovskite structure (assuming that cation vacancies are
unfavorable defects by comparison). Our attempts to
model the defect chemistry with oxygen interstitials have
not been successful, and so we have taken the view that
YBa,Cu;0q is the stoichiometric composition of a highly
acceptor-doped compound and that the extra oxygen is
filling oxygen vacancies that are present as compensating
defects for the acceptor impurities.

MODEL

It will be assumed that YBCO is an acceptor-doped
version of Y;Cu;0,, a possibly hypothetical prototype.
The rest of the defect model develops naturally from the
single basic assumption that this is the composition of the
stoichiometric, undoped prototype. Its structure should
be the same as that of YBa,Cu;0,, except for the replace-
ment of two Ba?t by Y?*. The unoccupied oxygen sites,
relative to the filled perovskite lattice, are not vacancies,
but part of the structure. Therefore this is the structure
from which lattice defects are defined. Ba’* substituted
for Y37 serves as the acceptor, and the incorporation re-
action can be expressed as

(Y,05)
2BaO ——2Bay +20,+ Vg , (1)
where it is understood that the two units of BaO replace

the amount of Y,0; shown in the parentheses above the
reaction arrow. Charge neutrality is controlled by

[Bay,1=2[V5]. (2)

The stoichiometric composition of the acceptor-doped
composition is thus YBa,Cu;0, as defined above, and it
contains one fillable oxygen vacancy per formula unit.
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Both the prototype and the acceptor-doped version con-
tain one monovalent and two divalent copper ions, and
this is not changed by the addition of oxygen to the
doped composition. As seen in Fig. 1, at high tempera-
tures YBa,Cu;0q4 acts as a semiconductor with a modest
band gap; the undoped prototype Y;Cu;0,; would be ex-
pected to have a similar electronic structure.

The oxidation reaction can then proceed by the filling
of some of the oxygen vacancies that are compensating
the acceptor centers. Holes are introduced into the
valence band as the incoming oxygen atoms pick up elec-
trons to become oxygen ions:

Vo +10,=0o+2h" . 3)

This is the standard oxidation reaction proposed for a
wide variety of acceptor-doped perovskite and
perovskite-related compounds.!*»!* Since the holes are
assumed to be in the valence band, where they are all
equivalent charge carriers, the formal oxidation states of
the Cu ions do not change.

The mass-action expression for Eq. (3) can be rear-
ranged to give

[0olp? _
(Vo]

where p =[h "], AHyx is the standard enthalpy of the ox-
idation reaction per added oxygen, and P (O,) is the oxy-
gen activity or partial pressure in atm. In spite of the
large variation in oxygen content of YBCO, it will be as-
sumed that the system behaves ideally and that Eq. (4) is
a complete and accurate description of the system. (It will
be shown in the Appendix that for small values of y it is
necessary to take into account intrinsic ionization across
the band gap.) This assumption is based on the philoso-
phy that ideal behavior will be considered valid as long as
it appears to work.

Because of the very high defect concentrations, it is
necessary to take explicit account of the increase in [Og]
and the decrease in [V ] as oxygen is added to YBCO.
For the representation of the system by YBa,Cu;0¢,,
and with concentrations in terms of the number of a
given species per formula unit, the addition of y oxygen
atoms to the stoichiometric composition will result in the
addition of 2y holes to the valence band, according to Eq.
(3). The six oxygens per unit cell in the stoichiometric
composition are increased by y to give a total of 6+,
and the one fillable oxygen vacancy per unit cell is de-
creased by y to 1—y. Equation (4) can then be replaced
by

~AHqgy /kT 172
’

Koxe P(0,) @

(6+y)(4y?)

—AHgy /kT
e P
(1—y)

=Kox (0,172, (5)

The thermogravimetric data of Lindemer et al.'° are ac-

curately fit for values of y above 0.25 by Eq. (5) with the
following values for the adjustable parameters:
(6+y)y?
(1—y)

Lines calculated from this expression are compared with

=3.594 X 104 *83/kKTp(Q,)!/2 . (6)
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FIG. 2. Excess oxygen y in YBa,Cu;O¢,, as a function of
temperature and oxygen activity (Ref. 4). Data points from (10),
lines calculated from Eq. (6).

the thermogravimetric data in Fig. 2, and values of the
mass-action constant K gy, calculated from the experi-
mental data according to

. (6+yp?

= oty 7
X (1—yp)P(0,)2

are plotted in Arrhenius form in Fig. 3. It is seen that
the data are consistent with a single enthalpy of oxidation
of —0.83 eV, which is close to values obtained from
calorimetry,'>!¢ and the term P(0,)'/? proves to be an
accurate normalizing factor for the effect of oxygen ac-
tivity.

The line in Fig. 3 is calculated from Eq. (6). In four
cases on the Arrhenius plot, multiple data points overlap
so strongly that they are represented by a single symbol,
with the component data points for each indicated to the
right of the plot. Five data points (out of 55 total) deviate
significantly from the calculated line. As indicated, the
three at high temperatures and low oxygen activities cor-
respond to (6+y)=6.03, 6.08, and 6.10; i.c., the data are
very close to the stoichiometric composition where in-
trinsic electronic ionization becomes important. It will
be shown in the Appendix that inclusion of the latter
effect is a rational correction for the discrepancies at low
values of y. The other two points, at low temperatures
and P(O,)=1 atm, correspond to (6+3»)=6.992 and
6.997, so that (1—y), the denominator of the mass-action
expression, is the difference between two nearly equal
numbers, and the accuracy of the calculation is greatly
reduced. The fit of the calculated line to the experimen-
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FIG. 3. Arrhenius plot of the mass-action constant K ox for
the oxidation reaction, Eq. (3), calculated from Eq. (7), using
the data from Ref. 10. Oxygen activities in atm: O, 1; X, 0.1;
0,001; 00,1073 @,107% Multiple overlapping data points
shown as @, with component points shown on the right. Select-
ed data points labeled with (6+y).

tal data over the range 300-900°C and 1071 atm is su-
perior to that of any other proposed defect model. The
two adjustable parameters that define the slope and inter-
cept of the Arrhenius plot are the minimum possible
number. The ideal Arrhenius behavior demonstrated in
Fig. 3 indicates that, for whatever reason, corrections for
nonideality are not needed. This defect model is the sim-
plest of all those proposed and follows well-established
models for related systems.

DISCUSSION OF THE MODEL

If YBa,Cu;0O¢4 were a pure compound, as has been as-
sumed to be in most defect models, it should be sensitive
to aliovalent doping. Figure 4 shows the equilibrium
conductivity of YBa,_,La,Cu;0,, with z=0, 0.1, and
0.2;!! the latter two compositions correspond to a 5%
and 10% replacement of Ba?' by La®**. It is seen that
the dopant has essentially no effect on the equilibrium
conductivity. This is consistent with the assumption that
YBa,Cu;0q is already a highly acceptor-doped composi-
tion, so that the addition of La®** is only reducing the net
acceptor excess by 5% and 10%, respectively.

Figure 5 shows the concentrations of holes and oxygen
vacancies as a function of P(0O,), as calculated from Eq.
(6). The usual experimental range is indicated by the ver-
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FIG. 4. Equilibrium conductivity of YBa,_,La,Cu;Oq, yasa
function of oxygen activity at 800°C (Ref. 11).

tical lines. This clearly shows the replacement of oxygen
vacancies by holes as the compensating defect as the oxy-
gen content is increased. It also shows that the experi-
mental data are taken in a transitional region where the
limiting dependences on P(O,) are not fully developed.
The flattening out of the equilibrium conductivity toward
higher values of P(O,), as shown in Fig. 1, is seen to re-
sult from the near saturation of the available oxygen va-
cancies with added oxygen. The lines for the hole con-
centration in Fig. 5 look very much like the equilibrium
conductivity lines in Fig. 1, except that no lines for elec-
trons that would cause the conductivity minima at higher
temperatures have been included. However, the model
predicts that the maximum slope of log,qp vs log,,P(O,)
should be 4, ie, Eq. (4 with [Ogy]=6 and
[V 1=1[Bay], whereas the observed slopes for the con-
ductivity at lower values of y are closer to 4. This could
be understood if the hole mobility were also proportional
to P(0,)!* but there is no obvious reason for such a
dependence. This remains an unexplained discrepancy
between the defect model and the observed electrical con-
ductivity. It has been stated that this model *‘is incapable
of fitting the electrical properties.”!” That is correct, as

ok
2 | so00°c

2

o
2
5 | so00

< !
2. | 700

o
g | oo

- 1 1 1

2 -6 -4 -2 o 2

10g0 [P(O2) (bars)]

FIG. 5. Oxygen vacancy and hole concentrations in

YBa,Cu;04., as a function of oxygen activity and temperature,
calculated from Eq. (6).
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described above, and it is also true of other proposed
models, all of which require some ad hoc assumption to
connect the compositional data with the electrical con-
ductivity.

This defect model for YBCO is virtually identical to
the one proposed earlier for acceptor-doped LaFeOs;,
La,_,Sr,FeO;_,,,."* The equilibrium conductivity
of a sample with x =0.1 is reproduced in Fig. 6. In
this example, the stoichiometric composition is
La, ¢Sry FeO, 45, and it can be oxidized to
Lag ¢Srq 1Fe[h ]y 103, 0- Both systems show an exotherm-
ic oxidation reaction, an endothermic reduction reaction,
and a conductivity minimum that is moving to higher
P(O,) with increasing temperature. The exothermic
(negative) enthalpies of oxidation are to be expected for
acceptor-doped materials that have fillable oxygen vacan-
cies and that have easily oxidized cations, i.e., Cu® and
Fe**. Both compounds also show a leveling out of the
hole concentration as the filling of the oxygen vacancy
content approaches saturation. In the case of
La, ¢Sry ;FeO, g5, the conductivity has the expected pro-
portionality to P(O,)!/*. Otherwise, the strikingly simi-
lar behavior for the two systems strongly suggests that
they share a common defect model.

For La,_,Sr,FeO;_, ,, with x =0.1, the oxygen sub-
lattice becomes completely filled by oxidation, and this is
nearly so for a sample with x =0.25. These two cases
correspond to the filling of oxygen vacancies that amount
to 1.7% and 4.3% of the total oxygen sites, respectively,
and no need was found to correct for nonideal behavior.
This compares with the filling of 16.7% of the oxygen
sublattice in the case of the oxidation of YBa,Cu;O,.

The model for YBa,Cu;0, requires that all of the holes
created by the oxidation reaction be equivalent and dis-
tinct from any other species in the system. This would
not be satisfied if Cu™’ were oxidized to Cu?* or Cu?™, or
if Cu?* were oxidized to Cu®*, since both of these would
result in changes in the concentrations of other species, in
violation of the observed mass-action relationship. The
behavior is resolved if all of the holes are placed in the
valence band and the formal oxidation states of the
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FIG. 6. Equilibrium conductivity of Lag ¢Sr, ;FeO; as a func-
tion of oxygen activity (from Ref. 18, reproduced with permis-
sion of the American Ceramic Society).
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copper ions remain unchanged.

What are the criteria for the ideal behavior of a chemi-
cal system in equilibrium? It should be possible to substi-
tute concentrations for activities; i.e., all activity
coefficients should be unity, and the system should be de-
scribed by a single standard free energy of reaction. The
latter requires that an Arrhenius plot of the mass-action
constant be linear. The proposed model for YBa,Cu;0,
satisfies these criteria.

From the temperature dependence of the conductivity
minima, an approximate value of 1.3 eV can be obtained
for the band gap of YBCO (this is the band gap at 0 K,
Eg, or the enthalpy of the intrinsic ionization reaction).
This can be combined with the enthalpy of the oxidation
reaction to obtain a value for the enthalpy of the reduc-
tion reaction of about 3.4 eV,

nil = 2e'+2h° 2EJ=2.6 eV
—(Vg+10, =  Og+2h’) —AHox=0.8 eV
Oo = 10,tV5+2 AH =3.4 eV

This is a reasonable value for an oxide with an easily re-
ducible cation such as Cu®*.

CONCLUSION

Based on the single assumption that YBa,Cu;Og is the
stoichiometric composition of an acceptor-doped version
of Y;Cu;0,, all major features of the defect chemistry of
YBCO are accounted for quantitatively. Since the exper-
imental results are fit by a single enthalpy of oxidation
over the entire experimental range, the tetragonal-to-
orthorhombic structural transition that has been reported
to occur as a function of oxygen content must be a gradu-
al, evolutionary change. This has been discussed in terms
of local ordering of the variable oxygen content in this
system.* The model indicates that all of the holes created
by oxidation are located in the valence band and that
each formula unit contains one monovalent and two di-
valent copper ions, independent of the oxygen content.
Although the defect concentrations are very high, the
system fulfills all criteria for ideal thermodynamic
behavior.
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APPENDIX: THE EFFECT OF
INTRINSIC ELECTRONIC DISORDER

As described in the text and shown in Fig. 2, the agree-
ment between Eq. (6) and the experimental data decreases
with decreasing y for values below about 0.25. This is
also seen in Fig. 3, where the values of the mass-action
constants calculated from the experimental values for y
fall below the line calculated from Eq. (6) when y is small,
i.e., 0.03, 0.08, and 0.10. This discrepancy was attributed
to the effect of intrinsic electronic ionization. Close to
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TABLE 1. Summary of results for the three discrepant data
points in Fig. 3.

T °C) P(O,) (atm) 6+y 2y K, K p
700 1073 6.03 006 7.3X1073® 0.085 0.12
800 1073 608 016 19X1073 0.14 024
900 10~2 6.10 020 25X1073 0.16 0.9

stoichiometry, the oxidation reaction is not the only

significant source of holes; additional holes result from

intrinsic ionization across the band gap, and Eq. (6) does

not take this additional source into account. It is of in-

terest to see if this proposed explanation is reasonable.
The intrinsic ionization reaction is

nil=e'+h", (A1)
for which the mass-action expression is
np=K, , (A2)

where K; has the temperature dependence of the band
gap. Neglecting minority defects, the condition of charge
neutrality is

2[Vs 1+p=n +[Bay] . (A3)

1 | |
% -3 -2 -1

10g,0 [P (02)(bars)]

FIG. 7. Values of y at high temperatures and low oxygen ac-
tivities corrected for intrinsic ionization. Dashed lines
represent the uncorrected model, Eq. (6), while solid lines
represent the corrected version, Eq. (A7). The symbols are
from the thermogravimetric analysis (TGA) data of Ref. 10: O,
696°C; X, 796°C; @, 893°C.



Since [V ]=1—y and [Bay]=2, in the concentration
units used in the test, this can be transformed into

p=n+2y=K;/p+2 . (A4)

This is consistent since at stoichiometry y =0, so that
p =n, while far from stoichiometry n is negligible and
p =2y. Solving this expression for p, substituting the re-
sult into Eq. (4), and solving for K; gives

(1-p)K, 172
(6+y)

=

2
P(02)1/4—y] —y?, (AS5)

where K, is the temperature-dependent mass-action con-
stant,

K,=4K oy =Koye “ox/ T (A6)
For the right-hand side of Eq. (AS), values for y and
P(O,) are obtained from the experimental data for the
three discrepant points, while K, is calculated from Eq.
(6). Values for p for these conditions can then be calculat-
ed from Eq. (A4). The results for the three points are
summarized in Table I. Thus the true hole concentration
D is larger than that attributed to the oxidation reaction,
2y, by 50—-100 %.

A more accurate mass-action expression can now be
given by

(6+y)

(l_y) [y +(y2+K,~)1/2]2=KpP(02)”2 , (A7)

and this can be used to fit the thermogravimetric data for
small values of y. Calculated results obtained from Egs.
(6) and (A7) for 700, 800, and 900 °C are compared with
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the experimental data in Fig. 7 (the actual data points
were taken at the average temperatures of 696, 796, and
893°C). The results corrected for intrinsic electronic ion-
ization are in much better agreement.

The preceding derivation shows that inclusion of in-
trinsic electronic ionization is a reasonable correction for
the deviations from experimental data observed for Eq.
(6) for small values of y. Thus the combined mass-action
treatment of the oxidation reaction and the intrinsic ion-
ization reaction can give quantitative agreement with ex-
periment over the entire range of the thermogravimetric
data. The inclusion of intrinsic ionization implicitly in-
cludes the reduction reaction

Op=10,+Vg +2e’, (A8)

since this can be obtained by subtracting the oxidation re-
action, Eq. (3), from twice the intrinsic ionization reac-
tion, Eq. (7). In fact, Eq. (A7) gives negative values for y
for the most highly reducing conditions, consistent with a
shift to the oxygen-deficient, n-type region seen in the
equilibrium conductivity measurements in Fig. 1.

The derived mass-action constants for the intrinsic ion-
ization reaction, K;, were obtained from single data
points and cannot be considered to be very accurate.
Since y is small in the pertinent region 0.03-0.10, small
experimental errors, e.g., 0.01, will have large effects on
the derived values. However, the results suggest that if
accurate values could be obtained for the mass-action
constants for intrinsic electronic disorder as a function of
temperature, the entire set of thermogravimetric data for
YBa,Cu;0,, with 6 <x <7, could be fit satisfactorily by
the proposed model.
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