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YBa2MJ0+s (M: Fe, Co) systems with composition similar to the YBarCu,O, superconductor were 
synthesized. Two types of Y, ,Ba,FeJO, (orthorhombic, a = b = 4.06 A, c = 4.04 A) and YBazFe,Og-, 
(tetragonal, a = 3.94 A, b = 3.92 hi, c = 3.90 A) with perovskite-type structure were obtained for the 
iron oxide system, while YBazCo@-s perovskite (cubic, a = 4.14 A) was obtained for the cobalt 
oxide system. The conductivities and the Seebeck coefficients were measured in the temperature range 
from 650°C to room temperature. The carrier densities and the mobilities were calculated by using a 
small pohuon happing model. Ail the samples were p-type semiconductors and showed hopping 
conduction. The mobility of holes was much larger for YBazCorOg-s than for YBa2Fe309-6, although 
the unit cell is larger for the former oxide than for the latter. This is explained through the larger 
overlapping integral of the u* hopping band formed in YBazCo,OB_s than the V* hopping band formed 
in YBa,Fe109-8. a 1991 Academic Press, Inc 

Introduction 

It is well known that YBa,Cu30,-, is a 
high-T, superconductor with perovskite like 
structure. Partial substitutions of many 
kinds of metals for Cu in this oxide were 
carried out for the purpose of improving su- 
perconducting properties, but no improve- 
ment has been found. Co and Fe can be 
easily substituted for Cu, although the criti- 
cal temperature shifts to much lower than 
90 K by these substitutions (1-4). This sug- 
gests that oxides completely substituted by 
Co and Fe for Cu, i.e., YBa2M30, (M: Co, 
Fe) can be easily prepared. Studying the 
electrical conductivities of these oxides 
seems to be very important for the elucida- 
tion of contribution of Cu ion to the super- 
conduction. Y(Ba,K)$Zo30,, which has a 
structure similar to YBa,Cu,O,-, , has been 
synthesized already, and is a semiconductor 

(5). However, single phases of YBa, 
Co,O, and YBa*Fe,O, have not been pre- 
pared until now. 

We have found that the electrical conduc- 
tivities of iron and cobalt perovskite oxides 
are based on the hopping mechanism, and 
that the carrier mobility depends on the 
M-O-M distance and the amount of oxygen 
vacancy in the structure (6). Since it can be 
expected for YBa,M,O, to have perovskite- 
type structure, their conductivities will also 
be controlled by the hopping mechanism. In 
this paper, we report on the synthesis of 
YBa,M,O,(M : Fe, Co) and their electrical 
conductivities and discuss the difference be- 
tween their conduction mechanisms. 

Experimental 

Fe,O,, Co&&, BaC03, and Y,O, were 
used as the starting materials for the prepa- 
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rations of YBa2M30y(M : Co, Fe). The stoi- 
chiometrical mixtures were heated at 
1100°C for several hours in air. The samples 
were reground and then pressed into a tablet 
(1600 kg/cm*), followed by sintering at 
1100°C for 7 hr in air. The crystal structures 
of the sintered samples were analyzed by an 
X-ray diffraction method. The structure of 
all the samples were perovskite type, i.e., it 
differed from the Y Ba,Cu30,-, supercon- 
ductor in structure. However, various anea- 
lings were necessary for the preparation of 
a single phase of perovskite, as stated in a 
later section. The thermogravimetric analy- 
sis (TG) was carried out in 0,) air, and N, 
in order to determine the oxygen vacancy in 
the oxides. The conductivities were mea- 
sured by the four-probe method using Ag 
leads under a constant current of 0.01 mA. 
The conductivities and the Seebeck coeffi- 
cients of the samples, whose sizes was 8 
x 4 mm and thickness was 2 mm, were 
measured in the temperature range from 
650°C to room temperature. The tempera- 
ture difference between both edges of the 
sample was kept at 4-6°C for the case of the 
measurement of the Seebeck coefficient. All 
the measurements were carried out under 
a slow cooling rate (about l”C/min) after 
heating for 1 hr at 650°C in each atmosphere. 

Results and Discussion 

YBa,Fe,O,-, Perovskite 

Figure 1 shows the X-ray diffraction pat- 
terns of YBa2Fe,0g_, . An as-grown sample 
sintered at 1100°C in air (A in Fig. 1) was a 
mixture of perovskite (orthorhombic, a = b 
= 4.06 A, c = 4.04 A), BaFe,04, YFeO,, 
and Y,03. The composition of this perov- 
skite phase was determined to be Y,.,Ba, 
Fe,O, by EDX analysis. The unit cell of this 
perovskite is close to that of BaFeO,-, (a 
= 4.01 A) in size, suggesting that the Ba ion 
rather than the Y ion contributes important- 
ly to the formation of perovskite structure. 
Some of the excess Y ion in Y,,,Ba,Fe,O, 
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FIG. 1. X-ray diffraction patterns of Y-Ba-Fe oxide 
system: (A) as-grown sample sintered at 1100°C in air, 
(B) heat-treated sample (A) at 1100°C in Nz. 

perovskite will exist in the Fe site and the 
other will exist in the Ba site in its structure. 
The single phase of perovskite (tetragonal, 
a = 3.94 A, b = 3.92 A, c = 3.90 A) was 
obtained by heat treatment of the above 
sample at 1100°C in N, (B in Fig. 1). The 
formation of a single phase of perovskite 
and the decrease in the unit cell by annealing 
in N, is based on the release of Ba ions from 
the Y1,2Ba3Fe30z perovskite phase together 
with the production of an oxygen vacancy. 
However, we could never prepare the oxide 
with the same structure as YBa,Cu,O,-,. 
Probably, it will be very difficult that the 
Fe ion is situated at a square planar or a 
pyramidal coordination site in the oxide 
such as YBa2Cu,0,-, . 

From the following reaction and the TG 
measurements, the oxygen vacancy concen- 
tration 6 in YBa,Fe,O,-, annealed in N2 was 
determined to be 1.15 at room temperature 

9Y20, + 2BaC0, + $Fe,O,z 

Y,.,Ba3Fe30,, BaFe20d, Y,O,, YFeO, 

1 IOOT, N, 
----+ YBa2Fe30,-, (1) 
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FIG. 2.6 in YBazFe309-,as a function of temperature 
in N,. 

When YBa,Fe,O,-, was heated in air and 
0, at temperatures higher than about 65o”C, 
Y ,,zBa3Fe30z was formed again. Figure 2 
shows 6 in YBa,Fe@_, calculated from the 
TG curve as a function of temperature. This 
measurement was done at a cooling rate of 
l”C/min, which was enough for the sample 
to attain an equilibrium state in oxygen reac- 
tion, because the weight loss of the samples 
by the production of oxygen vacancies be- 
came immediately constant (~1 min) after 
keeping at various temperatures higher than 
about 250°C and no weight loss was ob- 
served at temperatures lower than this 
point. The increase of oxygen vacancy con- 
centration at temperatures higher than 
about 300°C is based on the release of oxy- 
gen from the perovskite structure. This is a 
characteristic phenomenon for the oxides 
with perovskite-type structure, which has 
been already observed in other iron perov- 
skites such as BaFeO,-, and SrFe0,-8 (6). 

The electrical measurements were done 
for YBa,Fe,0gU8 and Y ,,,Ba,Fe30,, al- 
though the latter oxide had a small amount 
of Y,03, YFeO, , and BaFezOd as the impuri- 
ties. Figure 3 shows conductivity, c, and 
Seebeck coefficient, Q, as a function of tem- 
perature for YBa,Fe,O+, in N,. As seen, 
YBa,Fe,O,-, was a p-type semiconductor. 
From the conductivity and the Seebeck co- 
efficient, hole density and mobility can be 
calculated by using a small polaron hopping 
model as represented by the equations 

10-l - 

T 
E -2 
UlO - -. 

‘E 
b 

10-3- 

- 0.3 

L 
i 
cd 

- 0.2 

IO4 \, / 
1.0 2.0 3.0 

T-‘X103 

FIG. 3. Conductivity and Seebeck coefficient of 
YBazFe,Og-, as a function of temperature in Nz. 

Q = -(kle)ln(n,ln,) (2) 

m = epP, (3) 

where n, and n2 are the electron vacant and 
the electron occupied site numbers, respec- 
tively, which have been explained in detail 
in Ref. (6). P and p are the majority carrier 
density and the mobility, respectively. 

Figure 4 shows the hole density and the 

r 

1020. 
1.0 2.0 3.0 

T-‘~10~ 

FIG. 4. Hole density and mobility of YBazFe,0g-8 as 
a function of temperature in Nz. 
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FIG. 5. Conductivity and Seebeck coefficient of 
Y,,,Ba3Fe30, as a function of temperature in Oz. air, 
and N,. 

mobility as a function of temperature. The 
mobility depends strongly on temperature, 
but not the hole density. This indicates that 
the conductivity of YBa2Fe,0g-8 is deter- 
mined by the hopping mechanism. The acti- 
vation energy was 0.32 eV in the tempera- 
ture range from 150 to 400°C. The small 
decrease in the hole density at temperatures 
higher than about 400°C is due to the produc- 
tion of an oxygen vacancy as shown in Fig. 
2. These phenomena are similar to those of 
BaFeO,-, and SrFe03-, (6). 

We have also measured the electrical con- 
ductivities and the Seebeck coefficients of 
Y,,,Ba,Fe,O, in 0,) air, and N,, although 
these values may be relatively rough be- 
cause of the presence of a small amount of 
the impurities stated above. This oxide was 
also a p-type semiconductor with conductiv- 
ity and its activation energy was similar to 
those of YBa,Fe30,-,. Thus, the effect of 
impurity on the conductivity measured in 
this study was not very large. The conduc- 
tivity and the Seebeck coefficient of this ox- 

ide as a function of temperature are shown 
in Fig. 5. 

The oxide shows a typical p-type semi- 
conductivity, that is, its conductivity de- 
creases in N, and increases in 0,. The 
Seebeck coefficient showed that this oxide 
is also a p-type semiconductor. A strange 
phenomenon is that the conductivity of 
YBa,Fe,O,-, (Fig. 3) is higher than that of 
Y,,,Ba,Fe,O, in N, and is about same as 
those in 0, and air (Fig. 5). According to 
the same analysis using conductivity and 
Seebeck coefficient as stated above, the cal- 
culated mobility of Y,,,Ba,Fe30, is smaller 
than that of YBa,Fe,O,-, by about three 
times, as shown in Fig. 6. This is the main 
reason of the above phenomenon. The 
larger mobility of YBa,Fe,O+, compared 
to that of Y,.2Ba3Fe30, is based on the dis- 
tance of Fe-O-Fe being smaller for the for- 
mer oxide (3.92-3.94 A) than for the latter 
oxide (4.04-4.06 A). 

YBa2Co,0,-s Perovskite 

Figure 7 shows the X-ray diffraction pat- 
terns of YBa,Coj0,,8 samples produced by 
various heat treatments. The final product 
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FIG. 6. Hole density and mobility of YI,2Ba3Fe30, as 
a function of temperature in 02, air, and N2. 
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FIG. 7. X-ray diffraction patterns of Y-Ba-Co oxide 
system: (A) as-grown sample sintered at 1100°C in air, 
(B) heat-treated sample (A) at 1100°C in N2, (C) heat- 
treated sample (B) at 650°C in 0,. 

(C in Fig. 7) is a YBa,Co,0g-8 perovskite 
(cubic, a = 4.14 A). Consequently, the sin- 
gle phase of YBa,Co30,-, perovskite was 
obtained by the following annealing: 

tYz03 + 2BaC0, + @Zo20,z 

1100°C. NZ 

Y,03, perovskite, unknown A 

650°C. o2 
perovskite, unknown - 

YBa,Co,OgMB (perovskite). (4) 

Considering that the ionic radii of Co ions 
are a little smaller than those of Fe ions, the 
much larger unit cell of YBa,Co,O,-, (4.14 
A> compared to that of YBa,Fe,Og-g (about 
4.0 A) is anomalous. Probably, a small 
amount of Y3+ may exist in the Co site. 

Figure 8 shows 6 in YBa,Co,0g-8 as a 
function of temperature. Oxygen in the 
structure releases at temperature higher 
than about 250°C. Figures 9 and 10 show the 
temperature dependences of conductivities 
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FIG. 8.6 in YBa$o,O,-, as a function of temperature 
in O,, air, and Nr. 

and Seebeck coefficients, respectively. 
YBa,Co30,-., is also a p-type semiconduc- 
tor. Since the band structure is not exactly 
known, the number of electron vacancies, 
n, in Eq. (2), is not presumed. However, 
the carrier density and the mobility can be 
estimated by the following equation in a 
hopping mechanism, 
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FIG. 9. Conductivity of YBa2Co,0,-B as a function 
of temperature in 02, air, and N,. 
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FIG. 10. Seebeck coefficient of YBa2C0309-, as a 
function of temperature in 0, , air, and Nz. 

Q = (kle)ln(N,lP), (5) 

where Np is the density of state which is 
assumed to equal the density of Co ions in 
the structure (1.41 x 1022/cm3). 

Figure 11 shows the carrier densities and 
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FIG. Il. Hole concentration and mobility of YBaz 
CO,O~_~ as a function of temperature in 02, air, and 
Nz. 

the mobilities estimated by using Eqs. (3) 
and (5), as a function of temperature. The 
strong dependences of mobility on temper- 
ature indicate that the conduction of YBa, 
Co30,-, is also based on the hopping 
mechanism. The activation energies of mo- 
bility are listed in Table I. The activation 
energies change at 250°C where the hop- 
ping conduction changes its mechanism. 
On the other hand, the carrier density 
decreases strongly at temperatures higher 
than about 500°C. Probably, two types of 
oxygen anion will be present in YBa, 
Co,O,-, in the temperature range of our 
measurements. One type, which begins to 
release from the structure at about 250°C 
(Fig. S), will mainly affect the mobility, 
while the other type, which begins to re- 
lease at about 5Oo”C, will mainly contribute 
to the hole density. Figure 12 shows the 
mobilities and the hole densities as a func- 
tion of oxygen vacancy at 100 and 200°C. 
The mobility rather than the hole density 
is more affected by oxygen vacancy. The 
mobility decreases with an increase in oxy- 
gen vacancy, especially in the range of 6 
values larger than about one. These results 
are similar to those for the cases of iron 
perovskite oxides (6). 

Estimation of Band Structure 

Table I lists various electrical properties of 
YBa,Fe,O,-, and YBa2Co0,0,-,. Carrier 
densities are almost the same forbothoxides, 
while the mobility of YBa2Coj0,,& is larger 
than that of YBa,Fe,O,-, by about two or- 
ders. Considering the unit cell for the former 
oxide is larger than that for the latter oxide, 
the above result for mobility seems strange, 
because the mobility of the carrier in perov- 
skite oxide is primarily determined by over- 
lapping integral between transition metal 
ions and oxygen ions which increases with a 
decrease in the distance of M-O. Probably, 
the difference in the mobilities of these ox- 
ides will be based on that in the d orbitals of 
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TABLE I 

ELECTRICAL PROPERTIES OF YBa,FejO,-, AND YBajZo,O+, 

Oxide 

Conductivity 
at 100°C 

(a-’ . cm-‘) 

Activation 
energy of 

conductivity 
@VI 

Mobility 
at 100°C 

(V-’ set-’ cm2) 

Activation 
energy of 
mobility 

(eV) 

Hole density 
at 100°C 
(cm-‘) 

YBa2Fe30g-G 

YBa2C0309-, 

4.6 x 1O-4 
in N2 
1.2 
in O2 

6.1 x 10-l 
in air 

2.2 x 10-l 
in N2 

0.42 
(150-400°C) 

0.06 
(50-200°C) 

0.11 
(250-650°C) 

0.09 
(50-200°C) 

0.14 
(250-650°C) 

0.12 
(SO-200°C) 

0.18 
(250-650°C) 

5.4 x 10-h 0.32 5.4 x 10” 
(150-400°C) 

1.5 x 10-j 0.08 4.8 x 102’ 
(50-200°C) 

0.18 
(250-650°C) 

9.0 x lo-4 0.11 4.1 x 102’ 
(50-200°C) 

0.18 
(250-650°C) 

4.5 x 10-4 0.13 3.0 x 102’ 
(50-200°C) 

0.21 
(250-650°C) 

Fe and Co ions contributing to the hopping 
band in the oxide. The d orbital in YBa, 
Fe309-s contributing the conduction will be 
tzg and will form the rr’*@ hopping band with 
the P, orbital of the 02- anion, like the cases 

/‘@ 

FIG. 12. Hole concentration and mobility of YBa2 
Co,O,-, as a function of 6 at 100°C (circle symbol) and 
200°C (triangle symbol). 

of iron perovskite oxides, while that in YBa, 
Co,O,-, will be eg and will form the (T* hop- 
ping band with the P, orbital of the 02- anion 
(7). According to Goodenough (7)) the over- 
lapping integral is larger for the (T* band than 
for the r* band. This will be the main reason 
for the above difference in the mobility for Fe 
and Co perovskite oxides. Schematic energy 
diagrams of the band structures of YBa,. 

FIG. 13. Band structures of YBa2FeSOp-8, Y,,,Ba3 
Fe,O,, and YBa2C030+, 
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Fe,09-s and YBa2Co,09-8 are illustrated in 
Fig. 13. 
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