
PHYSICAL REVIEW B 1 AUGUST 1997-IIVOLUME 56, NUMBER 6
Electronic structure of Pr12xYxBa2Cu3Oy „x50, 0.5, and 1.0…
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In order to elucidate the reason why PrBa2Cu3Oyis not a superconductor, we examined the Pr valence and
measured the oxygen nonstoichiometry and the conductivity at temperatures up to 1200 K for three kinds of
oxides, PrBa2Cu3Oy , (Pr0.5Y0.5)Ba2Cu3Oy, and YBa2Cu3Oy . The valence of Pr was found to be13. Any
difference was not found in oxygen nonstoichiometry and conductivity among three kinds of oxides. We
analyzed the data of oxygen nonstoichiometry on the basis of defect thermodynamics and calculated the
numbers of Cu1, Cu21, and Cu31 ions in the unit cell as a function ofy. The number of Cu31 ions ~the
amount of holes! was found to be proportional to (Dy)1.6(Dy5y26.0), whereas the conductivity was found
to be proportional to (Dy)3.2 in these oxides. We interpreted the remarkable increase ofs with Dy as an
evidence of the increase of both mobility and hole concentration withDy. At high temperatures, we detected
the conductivity minimumsmin which was found in the log10s2 log10PO2

plot at constant temperatures. From
the slope of the Arrhenius plot forsmin, the band gap was determined to be 1.21, 1.32, and 1.37 eV for
PrBa2Cu3Oy , (Pr0.5Y0.5)Ba2Cu3Oy and YBa2Cu3Oy , respectively. We determined the conductivity of the
same oxygen content as a function of temperature from 4.2 to 1200 K. The energy gapDE between the
acceptor level and the top of the valence band was calculated from the slope of the Arrhenius plot for
conductivity.DE for superconducting YBa2Cu3Oy and ~Pr0.5Y0.5)Ba2Cu3Oy were zero at 300 K but that for
nonsuperconducting PrBa2Cu3Oy was 20 meV at 100 K even fory56.93. It was concluded that the conduc-
tivity of the high-temperature superconducting oxide was found to be strongly dependent on the defects and
was explained using the semiconducting model which was introduced by the impurity level of excess oxygen.
Namely, the existence of the energy gapDE causes the remarkable decrease in carrier density with decreasing
temperature and results in the nonsuperconduction of PrBa2Cu3Oy . @S0163-1829~97!04530-X#
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I. INTRODUCTION

Shortly after the discovery of the high transition tempe
ture in YBa2Cu3Oy , other superconductors of the 90-K cla
were found by substituting Y31 with rare-earth ions in
YBa2Cu3Oy .1–3 Most rare-earth ions give 90-K superco
ductors. Only the Ce, Tb, Pm, and Pr rare-earth ions do
For Ce, Tb, and Pm the reason is clear. Indeed, Ce and T
not form the 123 oxide and Pm is radioactive and unsta
In contrast, PrBa2Cu3Oy is a stable 123 oxide with the sam
crystal structure as YBa2Cu3Oy and undergoes the structur
tetragonal to orthorhombic transition when the oxygen c
tent is increased. So the reason why PrBa2Cu3Oy is not a
superconductor, in spite of its resemblance to YBa2Cu3Oy ,
attracted much attention.4–6 By the conductivity and Hall
coefficient measurements, it was found that in PrBa2Cu3Oy

the carrier density is lower than in YBa2Cu3Oy .7–10 This is
understood to arise from the hole trapping, which is occur
by the existence of a Pr41 ion in PrBa2Cu3Oy . But the va-
lence in PrBa2Cu3Oy is still unclear. The calculation of the
bond valence sum11 gave an average valence between
and 3.4. The magnetic susceptibility measurement12 yielded
3.87 of the Pr ion. But the results of x-ray absorpti
spectroscopy13 ~XAS! and electron-energy-los
spectroscopy14 ~EELS! is 13. Different experiments con
cluded different valences for the Pr ion in PrBa2Cu3Oy .
Therefore, hole trapping could not be concluded to be
reason why PrBa2Cu3Oy is not a superconductor. Further,
560163-1829/97/56~6!/3494~14!/$10.00
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has been argued that pair breaking15,16 occurs due to the
presence of Pr31. According to this theory, the 4f electrons
in the Pr31 ion interact with the spins of the CuO2 plane at
the Fermi level suppressing the superconductivity. Inde
the neutron inelastic-scattering experiment17–20 has shown
that the peaks of PrBa2Cu3Oy are broad whereas those o
YBa2Cu3Oy are sharp. The broadening observed
PrBa2Cu3Oy could arise from the interaction of Pr31 with the
CuO2 spins. But it could not be certified and, at present,
reason why PrBa2Cu3Oy is not a superconductor has n
been clarified yet.

A different approach was used in the present study.
general, the electrical conduction of a metal oxide depe
on the oxygen nonstoichiometry. When the oxide is stoich
metric, it is an insulator. With increasing deviation from st
ichiometry, the oxide becomes more electroconductive. T
oxides with oxygen excess~metal deficit! are ofp type, be-
cause the excess oxygen plays the role of acceptor and
duces holes in the valence band. On the other hand, the
ides with oxygen deficit~metal excess! are n type, because
the metallic ion of the lower valence plays the role of don
and creates conduction electrons in the conduction ba
High-temperature superconductors have large oxygen n
stoichiometry and most of them have an excess of oxyg
Therefore, they arep type. Only a few superconducting ox
ides, such as~Nd12xCex)2CuO4 and (Sm12xCex)2CuO4, are
n type and have conduction electrons. It has been veri
that the critical temperature (Tc) is closely related to the
3494 © 1997 The American Physical Society
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oxygen nonstoichiometry. Accordingly, for the superco
ducting oxides, useful information about the occurrence
superconductivity in the oxide can be obtained from
variation of their physical properties as a function of t
oxygen nonstoichiometry. For this reason, we investiga
the oxygen dependency of conductivity at low and high te
peratures, which yields information on the carrier dens
and mechanism of the carrier formation.

Superconductivity occurs at low temperatures, but
samples are usually annealed at a high temperature and
quenched down to low temperatures. For examp
(La12xBax)2CuO4 ~0.04<x<0.07! is a thermodynamic in-
stability below room temperature.21,22 When this sample is
quenched at low temperature, it changes from a stable su
conducting low temperature orthorhombic phase to insta
semiconducting low temperature tetragonal phase. In
phase transition occurs anomalies of conductivity and crit
temperature in this system. This anomaly is called the
anomaly. Therefore, at first, the oxygen no
stoichiometry and conductivity are investigated at high te
peratures, because the equilibrium is easily established
reproducible results can be obtained. The data at high t
perature are useful as a reference for the interpretation o
low-temperature properties.

Finally, we determine the band gap~CT gap! and the gap
between the acceptor level and valence band using the
ductivity minimum smin and thep-type conductivity. From
these results, we propose the model of electronic struc
which uses the acceptor level of excess oxygen in orde
interpret why PrBa2Cu3Oy is not a superconductor.

II. EXPERIMENT

A. Sample preparation

Homogeneous samples were obtained with the coprec
tation method, i.e., by mixing 0.5-mol/l aqueous solutions
Pr(NO3)3, Y~NO3!3, and Cu~NO3!2 and 0.25-mol/l Ba~NO3!2
solutions in the desired ratio. The concentrations of th
solutions were determined by the method of chelate titrat
Oxalic acid was weighted 1.5 times more than metal ions
equivalent measures and was dissolved in ethanol, which
four times larger volume than the mixed aqueous soluti
The oxalic-acid–ethanol solution was mixed with the p
pared aqueous solution to coprecipitate metal oxalates.
pH was adjusted at 3. After aging for one night, the prec
tate was filtrated, dried at 100 °C for several hours, and
nally decomposed into oxides at 400 °C. Calcination w
made at 850 °C for 24 h in air to form 123 oxid
PrBa2Cu3Oy powder was pressed into pellets at 400 kgf/c2

and sintered at 935 °C for 24 h in air. The sintered body w
ground in an agate mortar, and the powder was pressed
sintered at 935 °C for 48 h in air again. In the case
YBa2Cu3Oy and Pr0.5Y0.5Ba2Cu3Oy , a first sintering was
made at 950 °C for 24 h in an oxygen atmosphere. A
being pressed into a pellet, a second sintering was mad
950 °C for 36 h in an oxygen atmosphere.

B. Chemical analysis

The metal composition was determined by the method
ICP ~inductively coupled plasma! spectroscopy~Seiko SPS-
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7000!. The valence of Pr and the average valence of Pr1Cu
were determined using the method of chlorine evolutio23

along with iodmetry.

C. Measurement of oxygen content

The oxygen content has been determined at high temp
tures as a function of the oxygen partial pressure usin
microbalance~TGA-41, Shimadzu! equipped with a gas sys
tem. A powder sample of each kind of oxide was anneale
300 °C or 350 °C for 48 h in air. The oxygen content of the
samples was determined by iodmetry. Next, about 0.5 g
sample was weighed, put in a platinum basket and suspen
from the beam of the balance. The first reading was e
ployed as the reference weight. The weight change was m
sured from the reference as a function of oxygen partial p
sure and temperature. From the result, the oxygen con
y was calculated. The measurement was made in temp
tures between 300 °C and 800 °C for PrBa2Cu3Oy and in
temperatures between 350 °C and 1000 °C
Pr0.5Y0.5Ba2Cu3Oy and YBa2Cu3Oy. The oxygen partial
pressure ranging from 1.0 to 1.031024 atm was adopted.

D. Measurement of the conductivity

A powder sample was pressed into a disk and then
tered. The inner sintered pellet of each kind of oxide w
observed by a SEM to check for porosity. The Archim
des method using benzene as a medium gave dens
5.97, 6.19, and 6.33 g/ cm3 for YBa2Cu3O6.93,
Pr0.5Y0.5Ba2Cu3O6.93, and PrBa2Cu3O6.93, respectively. The
pellet of each kind of oxide was cut into a rectangular sha
~10 mm3 5 mm 3 0.5 mm!. Generally, the stoichiometric
metal oxide is an insulator, the metal deficit~in the case of
oxygen excess! oxide is ap-type one and the metal exces
~in the case of oxygen deficit! oxide is ann-type one. When
the oxygen partial pressurePO2

is increased at high tempera
tures, the semiconducting property of metal oxide chan
from an n type to a p type and the minimum (smin) of
conductivity appears. From the Arrhenius plot forsmin , the
band gap~CT gap! is determined. For this purpose, the hig
temperature conductivity has been determined as a func
of oxygen partial pressure at constant temperatures by
Pt electrodes. The oxygen partial pressure has been adju
by the mixing ratio of oxygen and argon and checked with
oxygen sensor. The conductivity between 4.2 and 523 K w
measured using the sintered pellet which was controlled o
gen content by an annealing technique. The oxygen con
was determined by iodmetry using powder taken from
same batch and annealed under the same condition a
pellet.

III. RESULTS AND DISCUSSION

A. Chemical analysis

The metal composition was determined by the method
ICP spectrometry. For three kinds of oxides, the compo
tions were Pr:Ba:Cu51.00:2.00:3.00, Pr:Y:Ba:Cu
50.50:0.50:2.00:3.00, and Y:Ba:Cu51.00:2.00:3.00. Trace
of Cl2, which indicated the existence of Pr41 in the
PrBa2Cu3Oy , was not detected. It was concluded that the
valence is13.
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FIG. 1. Oxygen content as a function of temperature and oxygen partial pressure.
th
re

a
h

f

n
ili
su
er

r
n

y

r
s
or

st

h

or

ow
on
io
ty

res-
in a

he

re.
de-
m-

as
th
ed
ly

ed
gh-
ures

ure
ant.
gen
b-
was
he
es-

ver
es
1.
1.7.
pe

r of
en-

cen-
B. Oxygen nonstoichiometry

The oxygen content was determined as a function of
oxygen partial pressure at constant temperature. Figu
shows the result for PrBa2Cu3Oy , Pr0.5Y0.5Ba2Cu3Oy, and
YBa2Cu3Oy , respectively. It took 6 h to reach equilibrium,
after we changed the oxygen pressure stepwise. The m
mum oxygen content for the three oxides was 6.93. T
present result for YBa2Cu3Oy is in agreement with those o
Kishio et al.,24,25 but contrasts with the results26,27 obtained
by the scanning method using a TGA apparatus. This ca
understood by the fact that the present method is an equ
rium procedure while the scanning method is not. Our re
for PrBa2Cu3Oy are almost same from those of Linderm
et al.28

The master curve29,30 is obtained when the partial mola
enthalpy of oxygen (DHO2

)is independent of the oxyge

contenty. For PrBa2Cu3Oy , the master curve is obtained b
taking they-log10PO2

curve for 600 °C~Fig. 1! as a refer-

ence, and shifting the othery-log10PO2
curves horizontally,

i.e., parallel to the log10PO2
axis, towards the curve fo

600 °C. Then, all the data points fall on a single curve, a
shown in Fig. 2. Similarly, the master curves f
Pr0.5Y0.5Ba2Cu3Oy and YBa2Cu3Oy were achieved from the
data shown in Fig. 2, respectively. The analysis of the ma
curve yields the numbers of Cu1, Cu21, and Cu31 ions in
unit cells of three oxides. The result is shown in Fig. 3. T
detail of the calculation is given in the Appendix. The num
ber of Cu1 ions decreases whereas that of Cu31 increases
with increasing oxygen content. The number of Cu21 forms a
convex curve with a maximum aty56.5. The@Cu31# vs y
curve for PrBa2Cu3Oy is almost the same as those f
Pr0.5Y0.5Ba2Cu3Oy and YBa2Cu3Oy . Similarly, the@Cu1# vs
y curve is nearly the same for three kinds of oxides.

C. Conductivity

1. High-temperature conductivity

The authors and their coinvestigators have already sh
that the electrical conductivity of high-temperature superc
ductors is closely related to the oxygen nonstoich
metry.32–41 In this study, the high-temperature conductivi
e
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has been determined as a function of the oxygen partial p
sure and temperature. The results are shown in Fig. 4
log10s-log10PO2

plot. The curve of YBa2Cu3Oy is in agree-

ment with the results of Leonidovet al.42 and by Grader
et al.43 We connected Fig. 4 with Fig. 1 and showed t
result in Fig. 5 as plots ofs vs y. The data points for each
oxide fall on a single curve, independent of temperatu
This fact indicates that the high-temperature conductivity
pends on the oxygen content but it is independent of te
perature. A similar result of YBa2Cu3Oy has been reported
by Yoo et al.44 The conductivity of PrBa2Cu3Oy was found
to be quite similar to the results of Pr0.5Y0.5Ba2Cu3Oy and
YBa2Cu3Oy . These conductivities seem to become zero
the oxygen contenty approaches 6.0. Comparing Fig. 5 wi
Fig. 3, it was found that the conduction was mainly caus
by holes, while the conduction of electrons was relative
small. Probably, the mobility of electrons is small compar
to the one of holes. So far, measurements of hi
temperature conductivity at constant oxygen partial press
were reported by several investigators.45–47As seen in Fig. 1,
the oxygen content of the oxides varies with temperat
even when the oxygen partial pressure is kept const
Therefore, the conductivity measured at constant oxy
partial pressure reflects the conductivity of different su
stances, i.e., different oxygen contents. Consequently, it
difficult to discuss the electrical properties in detail from t
last conductivity data taken at constant oxygen partial pr
sure.

In Fig. 6, we show the log10-log10 plots ofs, @Cu31#, and
the mobility calculated bys/(@Cu31#•e), againstDy (5y
26.0) for the three kinds of oxides. The plots are linear o
most of the part of the oxygen content range, with slop
from 3.1 to 3.3. Neary57.0, the slopes increase to 3.9 to 4.
The plots are straight and the slopes range from 1.5 to
Neary57.0, the slope increases from 2.1 to 2.3. The slo
of the log10s-log10Dy plot is higher than that of the
log10@Cu31# vs log10Dy plot. We find that the mobility de-
pends on the number of excess oxygen, i.e., the numbe
holes. The strong dependence of mobility on carrier conc
tration seems to be the characteristic feature of high-Tc su-
perconductors in a normal state, because the carrier con
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tration is 3 orders of magnitude higher than usu
semiconductors.

2. Temperature dependence of conductivity in a wide
temperature range

Since the conductivity strongly depends on the oxyg
content, the conductivity was studied as a function of oxyg
content and temperature in the high- and low-tempera
ranges. Figure 7 shows the temperature dependenc
conductivity of PrBa2Cu3Oy , (Pr0.5)Y0.5Ba2Cu3Oy, and
YBa2Cu3Oy , respectively. The dotted lines above 573

FIG. 2. Plot of oxygen content vs log10PO2
2 log10K.
l

n
n
re
of

represent the conductivity at constant oxygen partial pr
sures. The solid lines above 573 K are the conductivity
constant oxygen contents, constructed by the combinatio
y-log10PO2

and s-log10PO2
relations in Figs. 1 and 4. The

conductivity below 573 K was measured by samples w
controlled oxygen content. In particular, during the measu
ment of conductivity from 300 to 573 K, we checked th
absorption and desorption of oxygen do not occur. The b
ken lines between 573 and 625 K are the connection betw
high- and low-temperature data. The high-temperature c

FIG. 3. Numbers of Cu1, Cu21, and Cu31 ions in a unit cell as
a function of oxygen content. Equilibrium constants were listed
Table I.
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FIG. 4. Plot of log10s vs log10PO2
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ductivity is smoothly linked with the low-temperature one
the same oxygen content and is independent of tempera
As described in Fig. 5, the high-temperature conductivity
nearly independent of temperature. The fact indicates
both carrier density and mobility are independent on te
perature. Leonidovet al. determined the high-temperatu
conductivity at constant oxygen content by changing
oxygen partial pressure.48 They reported that the conductiv
ity minimum was observed at 600 °C to 750 °C f
YBa2Cu3Oy with oxygen content smaller than 6.7, whic
was attributed to the change in transport mode. Howe
such a minimum was not observed in the present work.
considered that the method by Leonidovet al. has been dif-
ficult in keeping the oxygen content constant. Freitaset al.
determined the conductivity of YBa2Cu3Oy by sweeping the
temperature at a rate of 0.1–0.5 K/min.49,50 Utilizing the
oxygen content data by Jorgensen51 they obtained the depen
dence of conductivity at constant oxygen content. Accord
to them, the conductivity is independent of temperature w
y.6.6, while it increases with increasing temperature wh
y,6.6. In the present study, the independence of conduc
ity on temperature has been observed even wheny is 6.4.
Probably, the difference between two results would be du
the method of measurement. It seems that the equilibr
method employed in the present study is more accurate
the sweep method employed by Freitaset al. for the deter-
mination of conductivity as a function of oxygen conten
Comparison of Fig. 6 shows that the conductivities
PrBa2Cu3Oy and YBa2Cu3Oy above 600 K are nearly th
same when the oxygen content is the same. However,
decreasing temperature, the conductivity of YBa2Cu3Oy in-
creases while that of PrBa2Cu3Oy decreases remarkably. Th
conductivity of (Pr0.5Y0.5)Ba2Cu3Oy shows the intermediate
temperature dependence between YBa2Cu3Oy and
PrBa2Cu3Oy. From the result, it is concluded that the nons
perconducting characteristics of PrBa2Cu3Oy are due to the
remarkable decrease in conductivity below 600–700 K.

D. Carrier density and mobility

The carrier density of semiconductors, such as Si, is u
ally determined by the measurement of the Hall coefficie
re.
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Although the determination of carrier density from the H
coefficient was tried on high-Tc superconductors shortly af
ter the discovery,52–56 the reproducibility of data was poo
until the present time. One cause is the poor quality of
sample. Since the carrier density of oxides is governed by
oxygen nonstoichiometry as well as the metal compositi
fine control of composition and accurate chemical analy
are required to obtain good quality. The second cause is l
tation of the Hall coefficient measurement. Namely, the c
rier density of high-Tc superconductors is on the order
1021 cm23 and is 102– 103 times larger than that of semicon
ductors, such as doped Si. This fact means that the
coefficient of superconductors is 102—103 times smaller
than that of semiconductors. The data of high accuracy
rather difficult to attain. Accordingly, in this study the carri
density and mobility are calculated from the conductiv
and the content of excess oxygen. The majority carrier
PrBa2Cu3Oy ,(Pr0.5Y0.5)Ba2Cu3Oy, and YBa2Cu3Oy is hole
wheny is larger than 6.2. At high temperatures, the cond

FIG. 5. Plots ofs vs oxygen content at high temperature.
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FIG. 6. Plots of log10s, log10@DCu31#, and log10m vs log10@Dy# at high temperature.
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tivity of these oxides is temperature independent as see
Figs. 5 and 7. This fact indicates that both carrier density
mobility are temperature independent. Using the numbe
holes in a unit cell@Cu31# and the lattice constantsa, b, and
c obtained in a previous paper, the carrier density is ca
lated by

n5
@Cu31#

abc
. ~1!

At low temperatures, the negative temperature coefficien
conductivity, namely the metal-like behavior, is observed
(Pr0.5Y0.5)Ba2Cu3Oy and YBa2Cu3Oy when y is large. The
temperature dependence of the conductivity is well int
preted as the increase of mobility with decreasing temp
ture at constant carrier density, rather than the increas
carrier concentration. The carrier concentration was ca
lated assuming that the low-temperature carrier concen
tion is the same as the high-temperature one. In the cas
PrBa2Cu3Oy and the case wherey in (Pr0.5Y0.5!Ba2Cu3Oy
and YBa2Cu3Oy is small, the temperature dependence
conductivity is positive, in other words, the conduction
semiconducting. Usually, the temperature depende
of the semiconduction is interpreted in terms
in
d

of

-

of
r

-
a-
of

u-
a-
of

f

ce

exp(2DE/kT), whereDE is the energy gap between accept
level and the top of the valence band in the case o
p-type semiconductor. The term of exp$2DE/(kT)% indicates
that the carrier density and the conductivity tends to satu
as the temperature rises. Such a saturation is seen in Fi
Accordingly, assuming that the mobility is constant, the c
rier concentrationn is calculated by

s

s0
5

n

n0
, ~2!

wheres is the low-temperature conductivity correspondi
to n, and s0 is the high-temperature conductivity corre
sponding ton0. The mobilitym is calculated by

m5
s

n•e
, ~3!

where e is the elementary charge. The carrier density a
mobility of three kinds of oxides are shown in Figs. 8 and
The carrier density of YBa2Cu3Oy with y larger than 6.43 is
constant over the whole temperature range, while that
FIG. 7. Plot of conductivity vs temperature.
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PrBa2Cu3Oy decreases remarkably with decreasing tempe
ture. The carrier density of (Pr0.5Y0.5!Ba2Cu3Oy decreases
below 100–200 K. Summarizing these results, it is co
cluded that the carrier density of PrBa2Cu3Oy is too low to
form a Cooper pair even when oxygen contenty is equal to
6.93. The Hall coefficient of YBa2Cu3Oy has been measure
by Yoo et al.57 and of PrBa2Cu3Oy by Parfinovet al.58 re-
spectively, at room temperature. The carrier density
YBa2Cu3Oy calculated from the result is shown in Fig. 10 b
open squares. For comparison, our result given in Fig.
plotted in the same figure by open circles. Two results

FIG. 8. Carrier density as a function of temperature.
a-

-

f

is
e

very similar. A similar comparison of carrier density fo
PrBa2Cu3Oy is shown in Fig. 10. Since the Hall voltage d
creases with increasing carrier density, the accuracy of
Hall coefficient seems to decrease as the oxygen conten
creases. The mobility of YBa2Cu3Oy with y.6.4 and
(Pr0.5Y0.5!Ba2Cu3Oy with y.6.8 increases with lowering
temperature and these oxides exhibit superconductivity.
mobility of PrBa2Cu3Oy and nonsuperconductin
(Pr0.5Y0.5!Ba2Cu3Oy and YBa2Cu3Oy are 0.01–0.04
cm2 V21 s21.

FIG. 9. Mobility as a function of temperature.
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E. Electronic structure

1. Determination of CT gap from the conductivity minimum

When a metal deficit~oxygen excess! oxide is kept at high
temperature and the oxygen partial pressure is raised,
oxide also absorbs oxygen, which dissociates into holes
oxide ion. The overall reaction is represented, for examp

O2�2Oi914h1, ~4!

where Oi9 is interstitial divalent oxide ion andh1 is a hole.
Therefore, the metal-deficit oxide is essentially ap-type
semiconductor. In the physical picture, the hole creation
interpreted as follows. The excess oxygen plays the role
acceptor, which is ionized to form holes in the valence ba
as a result of thermal excitation of electrons from the vale
band to the acceptor level. The mass action law for Eq.~4! is

Ka5n~O
i9!2•p4. ~5!

n(O
i9) represents the concentration of interstitial oxygen i

p is the hole density,PO2
is the oxygen partial pressure, an

Ka is the equilibrium constant. When the formation of d
fects represented by Eq.~4! is predominant,

2n~O
i9!5p, ~6!

insertion of Eq.~6! into Eq. ~5! yields

p}PO2

1/6. ~7!

Since the conductivitys is proportional top, s is propor-
tional to PO2

1/6. Generally, the conductivity of the meta

deficit oxide is proportional toPO2

1/n wheren is characteristic

of the mechanism of defect formation. Accordingly, the p
of log10s-log10PO2

has a positive slope.

FIG. 10. Plot of carrier density vs oxygen content.
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On the other hand, metal excess~oxygen-deficit! oxide
loses oxygen and creates conduction electrons as the ox
partial pressure is lowered. The reaction is represented
example, by

2OX�O212VÖ14e2, ~8!

where OX represents oxide ion on the anion site,VÖ is the
oxide ion vacancy ande2 is the conduction electron. Ac
cordingly, the metal excess oxide is ann-type semiconduc-
tor. In the physical picture, the formation of conduction ele
trons are interpreted as follows. Loss of oxygen results in
formation of a lower valence metal ion, such as a Cu1 ion in
cuprate superconductors. Such a lower valence metal
plays a role of donor and provides conduction electrons,
example, by such an excitation:

Cu1�Cu211e2. ~9!

At high temperature, the chemical equilibrium given in E
~8! is easily reached. The mass action law is

PO2
•n~VÖ!

2
•ne

45Kb , ~10!

wherene is the density of conduction electrons. If the rea
tion ~8! is predominant for the formation of defects,

n~VÖ!5~1/2!ne . ~11!

Insertion of Eq.~11! into Eq. ~10! gives

PO2
•ne

65const. ~12!

Accordingly

ne}PO2

21/6. ~13!

Generally, the conductivity of metal excess oxide is prop

tional to PO2

21/n8andn8 depends on the mechanism of defe

formation. The plot of log10s vs log10PO2
has a negative

slope. When the oxide has both the oxygen deficit and o
gen excess composition range, log10s changes the sign with
increasing log10PO2

as shown in Fig. 11. The conductivit

minimum smin appears in the middle ofn-type andp-type
regions, and

~1/2!smin5sp5sn , ~14!

wheresp and sn are conductivities due to holes and ele
trons, respectively. Denoting the mobilities of holes a
electrons bymh andme , we obtain

sp5pemh , ~15!

sn5neme . ~16!

If mh5me, n is equal top at the conductivity minimum. The
combination of Eq.~14! with Eqs.~15! and ~16! yields

$~1/2!smin%
25sp•sn5~n•p!e2~mhmn!. ~17!

If we represent the effective densities of state for conduct
and valence bands byNc andNv, the band gap byEg and the
Boltzmann constant byk, respectively, we get

n•p5Nc•Nvexp$2Eg /~kT!%. ~18!
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Insertion of Eq.~18! into Eq. ~17! gives

smin52e~mhmnNcNv!1/2exp$2Eg /~2kT!%. ~19!

Accordingly,

log10smin5 log10s02Eg/~2.303•2kT!. ~20!

If mh andmn are temperature independent, we can determ
the CT gap from the slpoe of the plot of log10smin vs
1/T.66

The dependence of conductivity on oxygen part
pressure for PrBa2Cu3Oy , (Pr0.5Y0.5!Ba2Cu3Oy , and
YBa2Cu3Oy is given in Fig. 12 and the Arrhenius plot fo
smin is given in Fig. 13, indicating a good linearity. A
shown in Fig. 9, the mobility at high temperatures is ind
pendent of temperature. Therefore, from the slope of
Arrhenius plot one can determine the band gap, which is a
given in Fig. 13. Although the CT gap becomes a lit
smaller as the Pr content increases, the gap for three kind

FIG. 11. Schematic drawing of log10s vs log10PO2
plot and

electronic structure of metal oxides.
e

l

-
e
o

of

oxides is considered to be nearly the same. As to the CT
of high- Tc superconductors, the optical reflectivity measu
ment has given 1.5 eV for YBa2Cu3Oy ,59 1.7–1.9 eV for
YBa2Cu3Oy ,60 2.0 eV for La2CuO4,

61–63 1.2 eV for
(La12xSrx)2CuO4,

64 and 1.5 eV for Bi2Sr2Ca12xYxCu2Oy.
65

Most of the values are in a range 1.2–2.0 eV, which are
good agreement with the values given in Fig. 13. Ifmh is
equal to mn , smin should appear aty56.5, becausen is
equal top at the oxygen content. However,smin for three
kinds of oxides was found not aty56.5 but aty56.2, as
mh is larger thanmp . Equations~20! and ~21! still hold in
this case, andEg can be determined.

2. Arrhenius plot of conductivity over the whole temperature
range

Figures 4 and 11 indicate that the high-temperature su
conductors are regarded as a kind of semiconductor do
with impurity, as well as other kinds of metal oxides. Th
temperature dependence of conductivity of a semicondu
containing a definite amount of dopant is schematica
shown by I and II in Fig. 14. I is the case of low dopa
concentration. With the temperature rise the conductivity
creases in accordance with exp(2DE/kT) as shown by
I-~a!. If the mobility is temperature independent,DE is the
gap between the acceptor levelEa and top of the valence
bandEv for the case of ap-type semiconductor and is th
gap between the bottom of the conduction bandEc and do-
nor level Ed for the case of ann-type semiconductor. In a
high-temperature region wherekT.DE, the conductivity is
constant irrespective of temperature, as shown by I-~b!. In
the extremely high-temperature region, the direct excitat
of electrons from valence to conduction bands is predo
nant and the conductivity increases in accordance w
exp$2Eg/(2kT)%, as shown by I-~c!. As the dopant concentra
tion becomes high,DE becomes small. IfDE is small
enough compared tokT in a wide temperature range, th
temperature-independent conductivity is observed as sh
by II. The dependence represented by III is not found in
case of the semiconductor, but found in the case of the h
Tc superconductor which gives theT linear dependence o
resistivity. the Arrhenius plots of conductivity fo
PrBa2Cu3Oy ,(Pr0.5Y0.5!Ba2Cu3Oy , and YBa2Cu3Oy with
constanty are given in Fig. 15. The broken line with ope
triangles on the left was transferred from Fig. 13. The plot
PrBa2Cu3Oy is similar to I in Fig. 14. In
~Pr0.5Y0.5)Ba2Cu3Oy and YBa2Cu3Oy , the plots for super-
FIG. 12. Plot of log10s vs log10PO2
. The dotted lines represented the tangent ones. Eachsmin was denoted by the point of contact.
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conduction are similar to I in Fig. 14, whereas the plots
superconductor are similar to II and III.

3. Electronic structure model

The gapDE between the acceptor level and the top of t
valence band was roughly estimated from the slopes at
and 100 K of the Arrhenius plot for conductivity. The resu
is given in Fig. 16. The gap for each oxide decreases with
oxygen content.DE~100 K! of YBa2Cu3Oy becomes 0 at
aroundy56.38 above which the oxide becomes superc
ducting. When the oxygen content of (Pr0.5Y0.5!Ba2Cu3Oy is
above 6.56,DE ~100 K! becomes 0 as seen in Fig. 16. In t
case of PrBa2Cu3Oy , DE~100 K! is 100 meV higher than
that of YBa2Cu3Oy with the samey and is always positive
over the whole oxygen content range. Therefo
PrBa2Cu3Oy is nonsuperconducting. From the results
DE~100 K! and Eg, the following electronic structure is
proposed for PrBa2Cu3Oy , (Pr0.5Y0.5!Ba2Cu3Oy , and
YBa2Cu3Oy . When (Pr0.5Y0.5!Ba2Cu3Oy and YBa2Cu3Oy
are superconducting, the acceptor level originated from

FIG. 13. Arrhenius plot for conductivity minimumsmin .

FIG. 14. Schematic drawing of the Arrhenius plot for condu
tivity.
r

50

e

-

,
f

e

excess oxygen is incorporated into the valence band
shown in Fig. 17~b!. The excess oxygen is completely ion
ized to O22. Accordingly, the hole density is temperatu
independent and is high enough to form Cooper pairs. Ho
ever, in the case of PrBa2Cu3Oy , DE is always positive, as
shown in Fig. 17~a! over the whole range of oxygen conten
Therefore, the density of holes in the valence band decre
with decreasing temperature. The hole concentration in

-

FIG. 15. Arrhenius plot for conductivity.
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valence band is too small to form Cooper pairs. Holes se
to reside not on Pr31 ions but in the acceptor originated from
the excess oxygen.

IV. DISCUSSION

On the basis of the results, we discuss the character
feature of conduction of high-Tc superconductors in a nor
mal state. The conductivity of superconductors in a norm
state is in a range from 102 to 103 S cm21 and is located in
the middle of a normal metal and semiconductor. Acco
ingly, there are two approaches for the elucidation of c
duction. One is the approach from the normal metal and
other is that from a semiconductor. The first approach
sumes the occurrence of a free carrier. To verify this,
optical conductivity has been calculated from the reflectiv
using the Kramers-Kro¨nig transformation. If free carriers ex
ist, the plasma frequency determined from the Drude te
should be proportional to the square root of carrier conc
tration. However, it has become apparent that the pla
frequency is independent of carrier concentration for mos
the high-Tc superconductors in the normal state.67 This fact
seems not to support the occurrence of free carriers. We
the second approach, namely, the approach from the s

FIG. 16. Energy gapDE plotted against oxygen content.
m
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conductor, and the conduction was studied on three kind
oxides, superconducting YBa2Cu3Oy, nonsuperconducting
PrBa2Cu3Oy , and their intermediate (Pr0.5Y0.5!Ba2Cu3Oy .
The conductivity of the semiconductor containing a defin
amount of dopant changes with the temperature rise.
temperature dependence of conductivity is classified i
three regions, an impurity~extrinsic! one, an exhausting one
and an intrinsic one. PrBa2Cu3O6.9 is a semiconductor and it
conductivity rises steeply with increasing temperature a
reaches the saturation at around 300 °C. This shows
switching over from the extrinsic region to the exhausti
region. Superconducting oxides are always in the exhaus
region. Moreover, the existence of the intrinsic region h
been shown by the determination ofEg from smin , though
the intrinsic region is observed only in high-temperature a
low oxygen pressure.

The excess oxygen is crucial to the high-Tc supercon-
ductor since it acts as the dopant. The increase in oxy
content enhances the conductivity, broadens the exhaus
region, and lowers the activation energy for conduction.
the exhaustion region extended to a temperature lower
Tc, the superconduction would appear. The only differen
between a high-Tc superconductor and a usual semicondu
tor is the dependence of mobility on carrier concentrati
The mobility of the usual semiconductor is considered to
independent on carrier concentration, but that of superc
ductors strongly depends on carrier concentration, as see
Fig. 8. The origin of strong dependence is not clear at
present time. The interaction between carriers would be
cause, because the carrier concentration of supercondu
is 2–3 orders of magnitude larger that of a semiconduc
The concentration-dependent mobility seems character
of a high-Tc superconductor. We summarize that the co
ducting property is interpreted by the semiconductor mo
in connection with the concentration-dependent mobility.

V. SUMMARY

From these data, it was found that the conductivity
Pr12xYxBa2Cu3Oy ~x50, 0.5, and 1.0! was strongly depen-
dent on an oxygen defect. So, we strictly controlled oxyg
partial pressure, temperature, and oxygen content and m
sured the conductivity and oxygen nonstoichiometry
PrBa2Cu3Oy , Pr0.5Y0.5Ba2Cu3Oy , and YBa2Cu3Oy for a
wide range of temperature. From these data, we summar
the conclusion in seven sentences.

~1! The method of chlorine evolution indicates that the
f
f

FIG. 17. Schematic drawing o
the electronic structure o
(Pr12xYx)Ba2Cu3Oy .



a
.
en
a

ha
r

he
7

e
e
g

ge

e

ur

on
la

n
m

th

y
io

c-
s
-

n

e
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valence in PrBa2Cu3Oy and Pr0.5Y0.5Ba2Cu3Oy is 13.
~2! The oxygen content y of PrBa2Cu3Oy ,

Pr0.5Y0.5Ba2Cu3Oy , and YBa2Cu3Oy was determined as
function of the oxygen partial pressure and temperature
was found thaty of the three oxides is nearly the same wh
the oxygen partial pressure and the temperature are the s

~3! In high temperature, all the data points ofs vs Dy
were found to fall on a single curve. It can be concluded t
the high-temperature conductivity is independent of tempe
ture. Moreover,@Cu31# ~hole concentration! and mobility are
not dependent on temperature but on oxygen content.

~4! The CT gap was determined from the slope of t
Arrhenius plot forsmin . The values of 1.21, 1.32, and 1.3
eV were found for PrBa2Cu3Oy, (Pr0.5Y0.5!Ba2Cu3Oy , and
YBa2Cu3Oy , respectively.

~5! The conductivity below 573 K was measured on thr
kinds of oxides with controlled oxygen content. Th
conductivity-temperature curve in a low-temperature ran
was smoothly linked with that in a high-temperature ran
when the oxygen content was the same.

~6! The energy gapDE between the acceptor level and th
top of the valence band was determined from the slope
Arrhenius plot of conductivity.DE~100 K! decreased with
increasing oxygen contenty and become zero aty56.40 for
YBa2Cu3Oy and aty56.55 for (Pr0.5Y0.5!Ba2Cu3Oy . In the
higher oxygen content range,DE~100 K!50 and the super-
conduction was observed.DE(100 K! for PrBa2Cu3Oy was
always positive over the whole oxygen content range.

~7! On the basis of the results, an electronic struct
based on the semiconductor model has been proposed.

I. APPENDIX: ANALYSIS OF THE MASTER CURVE

The analysis of the master curve yields information
both electronic and ionic defects. According to the calcu
tion of he bond valence sum of Brown,31 for the oxygen
content ranging from 6.0 to 6.5, the valence of Cu~II ! @Cu on
the Cu~II ! site# remains12 and that of Cu~I! @Cu on the
Cu~I! site# increases. Instead, both valences of Cu~II ! and
Cu~I! change following the oxygen content between 6.5 a
7.0. Assuming that Brown’s result holds also for high te
peratures, the numbers of Cu1, Cu21, and Cu31 ions in unit
cells of the three oxides were calculated on the basis of
chemical equilibrium of defect formation.

~1! Case A~6.0<y<6.5!. Dissolution of oxygen into ox-
ide results in increasing Cu valence. The reactions are

4CuA
X12VÖ1O254CuA

•12OX, ~A1!

4CuA812VÖ1O254CuA
X12OX, ~A2!

where CuA8 ,CuA
X , and CuA

• denote the Cu1, Cu21, and Cu31

ions in the oxide,VÖ and OX represent the oxygen vacanc
and the oxide ion on the anionic site. The law of mass act
for y between 6.0 and 6.5, provides

@CuA
• #4@OX#2

@CuA
X#4@VÖ#2PO2

5K1 , ~A3!
It

me.

t
a-

e

e
,

of

e

-

d
-

e

n,

@CuA
X#4@OX#2

@CuA8 #4@VÖ#2PO2

5K2 ~A4!

whereK1 andK2 are the equilibrium constants for the rea
tions ~A1! and ~A2!, and @ # represents the numbers of ion
and defects in unit cells. Fory between 6.0 and 6.5, as dis
cussed before, the valence of Cu~II ! is 12 and is constant,
while the valence of Cu~I! increases. The site conservatio
condition for the Cu~I! site yields

@CuA8 #1@CuA
X#1@CuA

• #51. ~A5!

For this oxygen content range, PrBa2Cu3Oy ,
Pr0.5Y0.5Ba2Cu3Oy , and YBa2Cu3Oy are tetragonal with two
oxygen sites per unit cell. Accordingly,

@OX#1@VÖ#52, ~A6!

@VÖ#512d, ~A7!

@OX#511d. ~A8!

Denoting the average Cu valence byz and the oxygen con-
tent by 72d, and using the condition of electroneutrality, on
obtains

3z5722d. ~A9!

Since the valence of Cu~II ! is always12, the valence of
Cu~I! is 3z24, and

3@CuA8 #12@CuA
X#1@CuA

• #5322d. ~A10!

Inserting Eqs.~A6!–~A8! into Eq. ~A3! and Eq.~A4!, one
obtains

@CuA
• #5~K1•PO2

!1/4S 12d

11d D 1/2

@CuA
X#, ~A11!

@CuA8 #5~K2•PO2
!21/4S 12d

11d D 21/2

@CuA
X#. ~A12!

Inserting Eq.~A11! and Eq.~A12! into Eq. ~A5! and Eq.
~A10!, one gets

H ~K1•PO2
!1/4S 12d

11d D 1/2

111~K2•PO2
!21/4S 12d

11d D 1/2J
3@CuA

X#51 ~A13!

H 3~K1•PO2
!1/4S 12d

11d D 1/2

121~K2•PO2
!21/4S 12d

11d D 1/2J
3@CuA

X#5322d. ~A14!

Elimination of @CuA
X# from Eq. ~A13! and Eq.~A14! pro-

vides

2d~K1•PO2
!1/4S 12d

11d D 1/2

1~2d21!

1~K2•PO2
!21/4S 12d

11d D 1/2

50. ~A15!

Setting
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PO2

1/4S 12d

11d D 1/2

5X, ~A16!

one obtains the quadratic equation

2dK1
1/4X21~2d21!X12~d21!K2

21/450 ~A17!

with the solution

X5PO2

1/4S 12d

11d D 1/2

5
2~2d21!1A~2d21!2216d~d21!~K1 /K2!1/4

4dK1
1/4 .

~A18!

Equation~A18! gives the relation between the oxygen part
pressurePO2

and the oxygen content 72d.

~2! Case B~6.5<y<7.0!. In this case, the crystal structur
is orthorhombic, and both Cu~II ! and Cu~I! ions have the
same valence. The mass action law gives

@CuB
• #4@OX#2

@CuB
X#4@VÖ#2PO2

5K3 , ~A19!

@CuB
X#4@OX#2

@CuB#4@VÖ#2PO2

5K4 , ~A20!

where CuB8 , CuB
X , and CuB

• are the Cu1, Cu21, and Cu31

ions on the Cu~II !-O2 plane and the Cu~I!-O chain, andK3
and K4 are the equilibrium constants. Since there are th
Cu ion sites,

@CuB8 #1@CuB
X#1@CuB

• #53. ~A21!

In the orthorhombic phase, there is only one oxygen ion
per unit cell, and

@OX#1@VÖ#51, ~A22!

@VÖ#5d, ~A23!

@OX#512d. ~A24!
L.
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The condition of electroneutrality yields

3z5722d. ~A25!

Therefore,

@CuB8 #12@CuB
X#13@CuB

• #5722d. ~A26!

Inserting Eqs.~A28!–~A30! into Eq. ~A25! and Eq.~A26!
yields

@CuB
• #5~K3•PO2

!1/4S d

12d D 1/2

@CuB
X#, ~A27!

@CuB8 #5~K4•PO2
!21/4S d

12d D 21/2

@CuB
X#. ~A28!

Inserting Eq.~33! and Eq.~34! into Eq. ~27! and Eq.~32!,
and setting

PO2

1/4S d

12d D 1/2

5X ~A29!

yields

X5PO2

1/4S d

12d D 1/2

5
2~2d21!1A~2d21!2216~d11!~d22!~K3 /K4!1/4

4~d11!K3
1/4 .

~A30!

The solid lines in Fig. 2 represent the master curves obtai
using Eq.~A18! and Eq.~A30!. They agree well with the
experimental master curves~symbols!. The equilibrium con-
stants used for the best fitting to the master curves are li
in Table I.

TABLE I. Equilibrium constant for the master curve.

Sample K1 K2 K3 K4

PrBa2Cu3Oy 1.33102 6.031022 3.531022 1.43104

(Pr0.5Y0.5!Ba2Cu3Oy 1.23102 3.031022 8.031022 2.23104

YBa2Cu3Oy 0.93102 1.031022 1.531021 3.53104
.
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