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In order to elucidate the reason why PyBai;O,is 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, PrBgCw0,, (PrsYo5BaCu0,, and YBgCu;O, . The valence of Pr was found to be3. 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 Cti, CU?*, and Cd" ions in the unit cell as a function of. The number of CE ions (the
amount of holeswas found to be proportional ta\y) % Ay=y—6.0), whereas the conductivity was found
to be proportional to 4y)*? in these oxides. We interpreted the remarkable increase with Ay as an
evidence of the increase of both mobility and hole concentration &thAt high temperatures, we detected
the conductivity minimum,;, which was found in the logo —log;Po, plot at constant temperatures. From
the slope of the Arrhenius plot for,, the band gap was determined to be 1.21, 1.32, and 1.37 eV for
PrBaCu0,, (ProsYosBaCu0, and YBgCu;O,, respectively. We determined the conductivity of the
same oxygen content as a function of temperature from 4.2 to 1200 K. The energyEgaptween the
acceptor level and the top of the valence band was calculated from the slope of the Arrhenius plot for
conductivity. AE for superconducting YB&£u;0, and (Pry5Y o5 Ba,Cu;O, were zero at 300 K but that for
nonsuperconducting PrBau;0, was 20 meV at 100 K even fogr=6.93. 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 ghfg causes the remarkable decrease in carrier density with decreasing
temperature and results in the nonsuperconduction of ga, . [S0163-18207)04530-X]

I. INTRODUCTION has been argued that pair breakintf occurs due to the
presence of Bf. According to this theory, the f4electrons
Shortly after the discovery of the high transition tempera-in the PF" ion interact with the spins of the Cy@lane at
ture in YBgCu;O, , other superconductors of the 90-K classthe Fermi level suppressing the superconductivity. Indeed,
were found by substituting % with rare-earth ions in the neutron inelastic-scattering experintért® has shown
YBa,Cuz0y . 1-3 Most rare-earth ions give 90-K supercon- that the peaks of PrB@u;O, are broad whereas those of
ductors. OnIy the Ce, Th, Pm, and Pr rare-earth ions do notYBa,Cu;O, are sharp. The broadening observed for
For Ce, Th, and Pm the reason is clear. Indeed, Ce and Th d@rB@CugO could arise from the interaction of Prwith the
not form the 123 oxide and Pm is radioactive and unstableCuO, spins. But it could not be certified and, at present, the
In contrast, PrBzCus0, is a stable 123 oxide with the same reason why PrB&Cu;O, is not a superconductor has not
crystal structure as YB&u;0, and undergoes the structural been clarified yet.
tetragonal to orthorhombic transition when the oxygen con- A different approach was used in the present study. In
tent is increased. So the reason why BMa0O, is not a  general, the electrical conduction of a metal oxide depends

superconductor, in spite of its resemblance to YB&0O, , on the oxygen nonstoichiometry. When the oxide is stoichio-
attracted much attentich® By the conductivity and Hall metric, it is an insulator. With increasing deviation from sto-
coefficient measurements, it was found that in B@aO,  ichiometry, the oxide becomes more electroconductive. The

the carrier density is lower than in YBau;O, . ~10This is  oxides with oxygen excedsnetal defici} are ofp type, be-
understood to arise from the hole trapping, which is occurredause the excess oxygen plays the role of acceptor and pro-
by the existence of a Pt ion in PrBaCu;O, . But the va-  duces holes in the valence band. On the other hand, the ox-
lence in PrBaCu;Q, is still unclear. The calculation of the ides with oxygen deficitmetal excessaren type, because
bond valence su?ﬁ gave an average valence between 3.1the metallic ion of the lower valence plays the role of donor
and 3.4. The magnetic susceptibility measureffeyielded and creates conduction electrons in the conduction band.
3.87 of the Pr ion. But the results of x-ray absorptionHigh-temperature superconductors have large oxygen non-
spectroscopy (XAS) and electron-energy-loss stoichiometry and most of them have an excess of oxygen.
spectroscopy (EELS) is +3. Different experiments con- Therefore, they are type. Only a few superconducting ox-
cluded different valences for the Pr ion in PrBasO, . ides, such a¢Nd, _,Ceg),Cu0, and (Sm_,Ceg),Cu0,, are
Therefore, hole trapping could not be concluded to be then type and have conduction electrons. It has been verified
reason why PrB£Lu;O, is not a superconductor. Further, it that the critical temperatureT() is closely related to the
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oxygen nonstoichiometry. Accordingly, for the supercon-7000. The valence of Pr and the average valence af@u
ducting oxides, useful information about the occurrence ofvere determined using the method of chlorine evoldtion
superconductivity in the oxide can be obtained from thealong with iodmetry.

variation of their physical properties as a function of the

oxygen nonstoichiometry. For this reason, we investigated C. Measurement of oxygen content

the oxygen dependency of conductivity at low and high tem-

peratures, which yields information on the carrier densitytures as a function of the oxygen partial pressure using a

and mechanism of the carvier formation. microbalancg TGA-41, Shimadzpequipped with a gas sys-

Superconductivity occurs at low temperatures, but theé m. A powder sample of each kind of oxide was annealed at
samples are usually annealed at a high temperature and th 0 °C or 350 °C for 48 h in air. The oxygen content of these

quenched - down to low temperatures. For eXarmmeé‘,amples was determined by iodmetry. Next, about 0.5 g of

La; _,Ba),CuQ, (0.04<x<0.07) is a thermodynamic in- ) . :
gtatl)ili)t(y al:’)()eTow rf)o(m temperatt??é'zz When thisysample is sample was weighed, put in a platinum basket and suspended
: from the beam of the balance. The first reading was em-

guenched at low temperature, it changes from a stable SUPELT \od as the reference weidht. The weight change was mea-
conducting low temperature orthorhombic phase to instabl& %Y gnt. g 9

semiconducting low temperature tetragonal phase. In thigured from the reference as a function of oxygen partial pres-

" . L iticar!re and temperature. From the result, the oxygen content
phase transition occurs anomalies of conductivity and critica was calculated. The measurement was made in tempera-
temperature in this system. This anomaly is called the 1/ i P

anomaly. Therefore, at first, the oxygen non-tgﬁse?aetm: :n 382,(\:\/2;?(1 228 :g forarl?gs%i)é,ogrl%in for
stoichiometry and conductivity are investigated at high tem- g( Bu CuO d YBaCwO.. Th tial
peratures, because the equilibrium is easily established adosY 0.582C0, an atughy,. 1he oxygen partia

reproducible results can be obtained. The data at high tenflf €SSUrE ranging from 1.0 to 20" * atm was adopted.
perature are useful as a reference for the interpretation of the
low-temperature properties.

Finally, we determine the band g&PT gap and the gap A powder sample was pressed into a disk and then sin-
between the acceptor level and valence band using the corered. The inner sintered pellet of each kind of oxide was
ductivity minimum o, and thep-type conductivity. From observed by a SEM to check for porosity. The Archime-
these results, we propose the model of electronic structurées method using benzene as a medium gave densities
which uses the acceptor level of excess oxygen in order t6.97, 6.19, and 6.33 g/ dcmn for YBa,CuOg g,
interpret why PrBgCu;0, is not a superconductor. Pry5Y o sBaCus0g 95 and PrBaCu;Og o3, respectively. The
pellet of each kind of oxide was cut into a rectangular shape
(10 mm X 5 mm X 0.5 mn). Generally, the stoichiometric
metal oxide is an insulator, the metal defigit the case of
A. Sample preparation oxygen excegsoxide is ap-type one and the metal excess

Homogeneous samples were obtained with the coprecipil the case of oxygen defigioxide is ann-type one. When
tation method, i.e., by mixing 0.5-mol/l aqueous solutions oft€ 0Xygen partial pressuf,, is increased at high tempera-
Pr(NOy)s, Y(NOs)s, and CYNOs), and 0.25-mol/l B&NO,),  tures, the semiconducting property of metal oxide changes
solutions in the desired ratio. The concentrations of theséom ann type to ap type and the minimum d,) of
solutions were determined by the method of chelate titrationconductivity appears. From the Arrhenius plot iy, the
Oxalic acid was weighted 1.5 times more than metal ions ifband gagCT gap is determined. For this purpose, the high-
equivalent measures and was dissolved in ethanol, which h&&mperature conductivity has been determined as a function
four times larger volume than the mixed aqueous solutionof oxygen partial pressure at constant temperatures by four
The oxalic-acid—ethanol solution was mixed with the pre-Pt electrodes. The oxygen partial pressure has been adjusted
pared aqueous solution to coprecipitate metal oxalates. THey the mixing ratio of oxygen and argon and checked with an
pH was adjusted at 3. After aging for one night, the precipi-0Xygen sensor. The conductivity between 4.2 and 523 K was
tate was filtrated, dried at 100 °C for several hours, and fimeasured using the sintered pellet which was controlled oxy-
nally decomposed into oxides at 400 °C. Calcination waggen content by an annealing technique. The oxygen content
made at 850°C for 24 h in air to form 123 oxide. was determined by iodmetry using powder taken from the
PrBaCu;0, powder was pressed into pellets at 400 kgflcm same batch and annealed under the same condition as the
and sintered at 935 °C for 24 h in air. The sintered body wagellet.
ground in an agate mortar, and the powder was pressed and
sintered at 935°C for 48 h in air again. In the case of . RESULTS AND DISCUSSION
YBa,CuzOy and PgsYosBa,Cu0,, a first sintering was
made at 950 °C for 24 h in an oxygen atmosphere. After

being pressed into a pellet, a second sintering was made at The metal composition was determined by the method of
950 °C for 36 h in an oxygen atmosphere. ICP spectrometry. For three kinds of oxides, the composi-

tions were Pr:Ba:C&1.00:2.00:3.00, Pr:Y:Ba:Cu
=0.50:0.50:2.00:3.00, and Y:Ba:&1.00:2.00:3.00. Trace
of Cl,, which indicated the existence of “rin the

The metal composition was determined by the method oPrBg,Cu;O,, was not detected. It was concluded that the Pr
ICP (inductively coupled plasmaspectroscopySeiko SPS- valence is+3.

The oxygen content has been determined at high tempera-

D. Measurement of the conductivity

Il. EXPERIMENT

A. Chemical analysis

B. Chemical analysis
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FIG. 1. Oxygen content as a function of temperature and oxygen partial pressure.

B. Oxygen nonstoichiometry has been determined as a function of the oxygen partial pres-

The oxygen content was determined as a function of théUre and temperature. The results are shown in Fig. 4 in a
oxygen partial pressure at constant temperature. Figure 9100-10910Po, plot. The curve of YBaCuwO, is in agree-
shows the result for PrB&u;Oy, PrysYosBaCus0y, and  ment with the results of Leonidoet al* and by Grader
YBa,Cu;0,, respectively. It tok 6 h toreach equilibrium, et al*® We connected Fig. 4 with Fig. 1 and showed the
after we changed the oxygen pressure stepwise. The maxiesult in Fig. 5 as plots ofr vs y. The data points for each
mum oxygen content for the three oxides was 6.93. Thexide fall on a single curve, independent of temperature.
present result for YB&Cu;O, is in agreement with those of This fact indicates that the high-temperature conductivity de-
Kishio et al.,24’25 but contrasts with the reSlﬂ'&Z7 obtained pends on the oxygen content but it is independent of tem-
by(;he fcagrt])ingthm?th(txtihu?i?r? aTGA ?ppatrr?ucjjs: This Car?l_aferature. A similar result of YB£u,O, has been reported
understood by the fact that the present method is an equilih; 44 o
rium procedure while the scanning method is not. Our resul{oy l;(eoc(;jittsl:sin;l}lr;er igrlﬁzc:g/sl%tgfoi??gaiévuasgfo;::
for PrBgCu;0, are almost same from those of LindermerYBa c . 5 0 Y

,CuO, . These conductivities seem to become zero as

et al® e :
The master cunf@*°is obtained when the partial molar the oxygen contery approaches 6.0. Comparing Fig. 5 with
Fig. 3, it was found that the conduction was mainly caused

enthalpy of oxygen 4Hg,)is independent O_f the (?xygen by holes, while the conduction of electrons was relatively
contenty. For PrBaCu;0,, the master curve is obtained by smaji. Probably, the mobility of electrons is small compared
taking they-log,oPo,curve for 600 °C(Fig. 1) as a refer- 5 the one of holes. So far, measurements of high-
ence, and shifting the othgrlog,Po, curves horizontally, —temperature conductivity at constant oxygen partial pressures
ie., parallel to the logPo, axis, towards the curve for were reported by several investigatdts?’ As seen in Fig. 1,
600 °C. Then, all the data points fall on a single curve, as i§he oxygen content of the oxides varies with temperature
shown in Fig. 2. Similarly, the master curves for €ven when the oxygen partial pressure is kept constant.
PrysY 0583 Cu;0, and YBaCusO, were achieved from the Therefore, the conductivity measured at constant oxygen
data shown in Fig. 2, respectively. The analysis of the mastepartial pressure reflects the conductivity of different sub-
curve yields the numbers of CuCw?*, and Cd" ions in  stances, i.e., different oxygen contents. Consequently, it was
unit cells of three oxides. The result is shown in Fig. 3. Thedifficult to discuss the electrical properties in detail from the
detail of the calculation is given in the Appendix. The num-last conductivity data taken at constant oxygen partial pres-
ber of Cu" ions decreases whereas that offCincreases sure.
with increasing oxygen content. The number ofCéorms a In Fig. 6, we show the log-log,, plots of o, [CU**], and
convex curve with a maximum a=6.5. The[CL** ] vsy  the mobility calculated bys/([Cu**]-€), againstAy (=y
curve for PrBaCuO, is almost the same as those for —6.0) for the three kinds of oxides. The plots are linear over
Pro.sY 0.sBaCu;0, and YBaCusO, . Similarly, the[Cu™] vs  most of the part of the oxygen content range, with slopes
y curve is nearly the same for three kinds of oxides. from 3.1 to 3.3. Neay=7.0, the slopes increase to 3.9 to 4.1.
The plots are straight and the slopes range from 1.5 to 1.7.
Neary=7.0, the slope increases from 2.1 to 2.3. The slope
of the loggo-log;Ay plot is higher than that of the
log;d Cu**] vs logiAy plot. We find that the mobility de-
The authors and their coinvestigators have already showpends on the number of excess oxygen, i.e., the number of
that the electrical conductivity of high-temperature superconholes. The strong dependence of mobility on carrier concen-
ductors is closely related to the oxygen nonstoichio-tration seems to be the characteristic feature of Higlsu-
metry32=#1 In this study, the high-temperature conductivity perconductors in a normal state, because the carrier concen-

C. Conductivity

1. High-temperature conductivity
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9o[Po,(atm)] - log, K] FIG. 3. Numbers of Cti, Ci?*, and C§" ions in a unit cell as
FIG. 2. Plot of oxygen content s IggPo, —IogyK. '?';EE;C?OH of oxygen content. Equilibrium constants were listed in
tration is 3 orders of magnitude higher than usual

semiconductors. represent the conductivity at constant oxygen partial pres-

sures. The solid lines above 573 K are the conductivity at
constant oxygen contents, constructed by the combination of
y-log10Po, and o-log;oPo, relations in Figs. 1 and 4. The
Since the conductivity strongly depends on the oxygerconductivity below 573 K was measured by samples with
content, the conductivity was studied as a function of oxygercontrolled oxygen content. In particular, during the measure-
content and temperature in the high- and low-temperaturenent of conductivity from 300 to 573 K, we checked that
ranges. Figure 7 shows the temperature dependence absorption and desorption of oxygen do not occur. The bro-
conductivity of PrBaCuO,, (PrhsYosBaCuO,, and Kken lines between 573 and 625 K are the connection between
YBa,Cu;0,, respectively. The dotted lines above 573 K high- and low-temperature data. The high-temperature con-

2. Temperature dependence of conductivity in a wide
temperature range
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FIG. 4. Plot of logeo vs logioPo, -

ductivity is smoothly linked with the low-temperature one of Although the determination of carrier density from the Hall
the same oxygen content and is independent of temperatureoefficient was tried on highF. superconductors shortly af-
As described in Fig. 5, the high-temperature conductivity ister the discovery?—°® the reproducibility of data was poor
nearly independent of temperature. The fact indicates thaintil the present time. One cause is the poor quality of the
both carrier density and mobility are independent on temsample. Since the carrier density of oxides is governed by the
perature. Leonidowt al. determined the high-temperature oxygen nonstoichiometry as well as the metal composition,
conductivity at constant oxygen content by changing theine control of composition and accurate chemical analysis
oxygen partial pressufé.They reported that the conductiv- are required to obtain good quality. The second cause is limi-
ity minimum was observed at 600°C to 750 °C for tation of the Hall coefficient measurement. Namely, the car-
YBa,Cu;O, with oxygen content smaller than 6.7, which rier density of hight. superconductors is on the order of
was attributed to the change in transport mode. Howeverl(?* cm 3 and is 16— 10° times larger than that of semicon-
such a minimum was not observed in the present work. It igluctors, such as doped Si. This fact means that the Hall
considered that the method by Leonidetval. has been dif- coefficient of superconductors is 2610° times smaller
ficult in keeping the oxygen content constant. Fregasl.  than that of semiconductors. The data of high accuracy are
determined the conductivity of YBEu;O, by sweeping the rather difficult to attain. Accordingly, in this study the carrier
temperature at a rate of 0.1-0.5 K/niitC Utilizing the  density and mobility are calculated from the conductivity
oxygen content data by Jorgenskthey obtained the depen- and the content of excess oxygen. The majority carrier of
dence of conductivity at constant oxygen content. AccordingPrBaCu;O, , (Pry 5Y 0.9 B&,Cu30,, and YBgCu;O, is hole

to them, the conductivity is independent of temperature whesheny is larger than 6.2. At high temperatures, the conduc-
y>6.6, while it increases with increasing temperature when

y<6.6. In the present study, the independence of conductiv- 350 T T T T
ity on temperature has been observed even whésn 6.4.
Probably, the difference between two results would be due to 300 §

the method of measurement. It seems that the equilibrium
method employed in the present study is more accurate than

the sweep method employed by Freittsal. for the deter- 250 | i

o YBa,Cu0,

B (Pr_.Y_ .)BaCu0O _
2001 | pgidio”

mination of conductivity as a function of oxygen content.
Comparison of Fig. 6 shows that the conductivities of
PrBaCu;0, and YBgCu;O, above 600 K are nearly the
same when the oxygen content is the same. However, with

=]

o (Scm™

decreasing temperature, the conductivity of Y8aO, in- 150

creases while that of PrB@u;O, decreases remarkably. The ]
conductivity of (PgsY 5 BaCusO, shows the intermediate 100

temperature  dependence between XBaO, and

PrBaCu;O,. From the result, it is concluded that the nonsu- 50 7
perconducting characteristics of Pg€a,O, are due to the

remarkable decrease in conductivity below 600—700 K. 0

60 62 64 66 68 7.0

D. Carrier density and mobility Oxygen content

The carrier density of semiconductors, such as Si, is usu-
ally determined by the measurement of the Hall coefficient. FIG. 5. Plots ofe vs oxygen content at high temperature.
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tivity of these oxides is temperature independent as seen ixp(— AE/KT), whereAE is the energy gap between acceptor

Figs. 5 and 7. This fact indicates that both carrier density angevel and the top of the valence band in the case of a

mobility are temperature independent. Using the number op-type semiconductor. The term of gxpAE/(kT)} indicates

holes in a unit cell Cu?* ] and the lattice constanés b, and  that the carrier density and the conductivity tends to saturate

c obtained in a previous paper, the carrier density is calcuas the temperature rises. Such a saturation is seen in Fig. 7.

lated by Accordingly, assuming that the mobility is constant, the car-
rier concentratiom is calculated by

[Cu*']
n= T (1)
abc o o
At low temperatures, the negative temperature coefficient of oo No’

conductivity, namely the metal-like behavior, is observed for

(Pro.sY05BaCus0, and YBgCu;O, wheny is large. The whereo is the low-temperature conductivity corresponding
temperature dependence of the conductivity is well interto n, and o is the high-temperature conductivity corre-
preted as the increase of mobility with decreasing temperasponding tony. The mobility i is calculated by

ture at constant carrier density, rather than the increase of

carrier concentration. The carrier concentration was calcu-

lated assuming that the low-temperature carrier concentra- w= i' (3)
tion is the same as the high-temperature one. In the case of n-e

PrBaCu;0, and the case wherg in (PrysY5BaCu0,

and YBgCuO, is small, the temperature dependence ofwheree is the elementary charge. The carrier density and
conductivity is positive, in other words, the conduction is mobility of three kinds of oxides are shown in Figs. 8 and 9.
semiconducting. Usually, the temperature dependencghe carrier density of YBa&u;O, with y larger than 6.43 is

of the semiconduction is interpreted in terms of constant over the whole temperature range, while that of
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FIG. 7. Plot of conductivity vs temperature.
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FIG. 8. Carrier density as a function of temperature.
FIG. 9. Mobility as a function of temperature.

PrBaCu;O, decreases remarkably with decreasing tempera-

ture. The carrier density of (PY,5BaCu;O, decreases very similar. A similar comparison of carrier density for
below 100-200 K. Summarizing these results, it is con-PrBaCusO, is shown in Fig. 10. Since the Hall voltage de-
cluded that the carrier density of PO, is too low to  creases with increasing carrier density, the accuracy of the
form a Cooper pair even when oxygen contgris equal to  Hall coefficient seems to decrease as the oxygen content in-
6.93. The Hall coefficient of YB#&Cu;O, has been measured creases. The mobility of YB&wO, with y>6.4 and

by Yoo et al®” and of PrBaCu;O, by Parfinovet al>® re- (ProsYo5BaCu0, with y>6.8 increases with lowering
spectively, at room temperature. The carrier density oftemperature and these oxides exhibit superconductivity. The
YBa,Cu;0, calculated from the result is shown in Fig. 10 by mobility =~ of PrBaCu;O, and nonsuperconducting
open squares. For comparison, our result given in Fig. 8 i§PrysY5)BaCu:0, and YBgCuO, are 0.01-0.04
plotted in the same figure by open circles. Two results aren? V- 1s 1
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6.0 T T T T On the other hand, metal exce§sxygen-deficit oxide
loses oxygen and creates conduction electrons as the oxygen
partial pressure is lowered. The reaction is represented, for

YBaaCuaoy (Present work) example, by

YBazCuaoy (Yoo et al.)

PrBa,Cu_O, (Present work) _
273 — .
PrBaZCuaoi (Parfionov et al. 4 2 Ox—’ OZ + 2Vo+ 4e, (8)

where & represents oxide ion on the anion s is the
oxide ion vacancy an&~ is the conduction electron. Ac-
cordingly, the metal excess oxide is artype semiconduc-
tor. In the physical picture, the formation of conduction elec-
- trons are interpreted as follows. Loss of oxygen results in the
formation of a lower valence metal ion, such as & @n in
cuprate superconductors. Such a lower valence metal ion
plays a role of donor and provides conduction electrons, for
example, by such an excitation:

| e 0O O

4.0

20

Carrier density (10%'cm™®)

0.0 ' ' ' CUtSCUt+e . (9)

60 62 64 66 68 70 At high temperature, the chemical equilibrium given in Eq.
Oxygen content (8) is easily reached. The mass action law is

2 4
FIG. 10. Plot of carrier density vs oxygen content. Po, Nivg) Ne=Kp, (10)

wheren, is the density of conduction electrons. If the reac-

E. El i . ¢ . .
ectronic structure tion (8) is predominant for the formation of defects,

1. Determination of CT gap from the conductivity minimum

.. . . . n(V"):(]./Z)ne. (11)
When a metal deficifoxygen excegxide is kept at high o
temperature and the oxygen partial pressure is raised, thasertion of Eq.(11) into Eg.(10) gives
oxide also absorbs oxygen, which dissociates into holes and
oxide ion. The overall reaction is represented, for example, Po,: nS=const- 12
0,520 +4h*, @ Accordingly
N P01’6. (13

where { is interstitial divalent oxide ion ant™ is a hole.
Therefore, the metal-deficit oxide is essentiallypaype  Generally, the conductivity of metal excess oxide is propor-
semiconductor. In the physical picture, the hole creation igional to Pol’V andv»’' depends on the mechanism of defect

interpreted as follows. The excess oxygen plays the role of; mation. The plot of logyo Vs |0910Po has a negative
acceptor, which is ionized to form holes in the valence band

as a result of thermal excitation of electrons from the vaIenc<§IOpe When the oxide has both the oxygen deficit and oxy-

band to the acceptor level. The mass action law for(BEnis gen excess composition range, Jag changes the sign with
increasing IogoPo2 as shown in Fig. 11. The conductivity

K,=ngn2- p* (5) minimum o i, appears in the middle ai-type andp-type
(O)=H - regions, and
Neor) represents the concentration of interstitial oxygen ion, (112)0min=0p= 07y, (14

P is. the hole Q?”S“YPOZ is the oxygen partial pressure, and \yhere o, and o, are conductivities due to holes and elec-
Ka is the equilibrium constant. When the formation of de-trons, respectively. Denoting the mobilities of holes and

fects represented by E(4) is predominant, electrons byu;, and u., we obtain
2N =P, 6) Tp=Peun, (15
= . 16
insertion of Eq.(6) into Eq. (5) yields On=Ne€ue (16)
If wh= e, N is equal top at the conductivity minimum. The
pMPgZG_ (7) ~ combination of Eq(14) with Egs.(15) and(16) yields
{(1/2)0'min}2:0'p‘0'n:(n'p)ez(Mth)- 17

Since the conductivityr is proportional top, o is propor- . N )
tional to p1/6 Generally, the conductivity of the metal- |f we represent the effective densities of state for conduction
and valence bands By, andN,, the band gap bf, and the

; 1y ; ot
deficit OXIde is proportional tcﬁ’o2 wherev is characteristic Boltzmann constant by, respectively, we get

of the mechanism of defect formation. Accordingly, the plot
of log,o-109:0Po, has a positive slope. n-p=N¢-N,exp{—E4/(KT)}. (18
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FIG. 11. Schematic drawing of legr vs IoglOPo2 plot and
electronic structure of metal oxides.

Insertion of Eq.(18) into Eq.(17) gives
Omin™ Ze(MthNch)llzeXp[_ Eg/(ZKT)}- (19
Accordingly,

1009100 min= 1001000 — E4/(2.303 2KT). (20

If un andu,, are temperature independent, we can determinéon becomes highAE becomes small.

the CT gap from the slpoe of the plot of lg@min VS
/7.6
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oxides is considered to be nearly the same. As to the CT gap
of high- T superconductors, the optlcal reflectivity measure-
ment has given 1.5 eV for Yaé:uso ©1.7-1.9 eV for
YBa,Cu;0y,%° 2. 0 eV for L@Cu04,61 63 1.2 ev for
(Lay_ XSrX)ZCuO4, and 1.5 eV for BjS,Ca _YCu,0,.%°
Most of the values are in a range 1.2-2.0 eV WhICh are in
good agreement with the values given in Fig. 13ulf is
equal tou,, omi, should appear ay=6.5, becausen is
equal top at the oxygen content. However,,;, for three
kinds of oxides was found not at=6.5 but aty=6.2, as

un is larger thanu, . Equations(20) and (21) still hold in
this case, andg can be determined.

2. Arrhenius plot of conductivity over the whole temperature
range

Figures 4 and 11 indicate that the high-temperature super-
conductors are regarded as a kind of semiconductor doped
with impurity, as well as other kinds of metal oxides. The
temperature dependence of conductivity of a semiconductor
containing a definite amount of dopant is schematically
shown by | and Il in Fig. 14. | is the case of low dopant
concentration. With the temperature rise the conductivity in-
creases in accordance with exp{E/kT) as shown by
I-(@). If the mobility is temperature independedE is the
gap between the acceptor leve} and top of the valence
bandE, for the case of g-type semiconductor and is the
gap between the bottom of the conduction b&pdand do-
nor level E4 for the case of am-type semiconductor. In a
high-temperature region whekdf>AE, the conductivity is
constant irrespective of temperature, as shown fy).I-n
the extremely high-temperature region, the direct excitation
of electrons from valence to conduction bands is predomi-
nant and the conductivity increases in accordance with
exp{—E4/(2kT)}, as shown by kc). As the dopant concentra-
IfAE is small
enough compared t&T in a wide temperature range, the
temperature-independent conductivity is observed as shown

The dependence of conductivity on oxygen partialby Il. The dependence represented by Il is not found in the

pressure for PrB&£uO,, (PrhsYosBaCuO,, and

case of the semiconductor, but found in the case of the high-

YBa,CuO, is given in Fig. 12 and the Arrhenius plot for T, superconductor which gives the linear dependence of

omin 1S given in Fig. 13, indicating a good linearity. As resistivity.
shown in Fig. 9, the mobility at high temperatures is inde-PrBaCusO, , (P 5Y 9 5Ba,Cus0, ,

the Arrhenius plots of conductivity for
and YB3CuO, with

pendent of temperature. Therefore, from the slope of theonstanty are given in Fig. 15. The broken line with open
Arrhenius plot one can determine the band gap, which is alstriangles on the left was transferred from Fig. 13. The plot of

given in Fig. 13. Although the CT gap becomes a little PrBaCu;0, is

similar to | in Fig. 14. In

smaller as the Pr content increases, the gap for three kinds @r, 5Y 5 ) Ba,CusO, and YBgCuO,, the plots for super-

1.0 0.6 T T 0.5 T T T
| (ProsYo. 5J)BaZCumOy YBa,Cu Q
08 05 04 | -
= —Z‘ 04 =
£ o8 1 15 g 03 N = =/
22 @ | [}
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log,, [Po, (atm)] log,, [Po, (atm)] log,, [Po, (atm)]

FIG. 12. Plot of logyo vs IogloPoz. The dotted lines represented the tangent ones. Egghwas denoted by the point of contact.
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FIG. 13. Arrhenius plot for conductivity minimunx ;.

conduction are similar to | in Fig. 14, whereas the plots for

56
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superconductor are similar to Il and IlI.

3. Electronic structure model

The gapAE between the acceptor level and the top of the
valence band was roughly estimated from the slopes at 250
and 100 K of the Arrhenius plot for conductivity. The result
is given in Fig. 16. The gap for each oxide decreases with the
oxygen contentAE(100 K) of YBa,Cu;O, becomes 0 at
aroundy=6.38 above which the oxide becomes supercon-

ducting. When the oxygen content of (BY 5 5)Ba,Cus0, is

above 6.56AE (100 K) becomes 0 as seen in Fig. 16. In the
case of PrBgCu;0,, AE(100 K) is 100 meV higher than
that of YBgCu;0, with the samey and is always positive
Therefore,
PrBaCusO, is nonsuperconducting. From the results of
AE(100 K) and E,, the following electronic structure is

over the whole oxygen

for

proposed PrB#£us0, ,

content range.

(Pry.5Y 0.5BaCU0y ,

and

YBa,Cu;0,. When (PgsYo5Ba,Cus0p and YBgCuO,

are superconducting, the acceptor level originated from the

m
I
o e
o ()
O
(b) / I
(a)
1/T
FIG. 14.

tivity.
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FIG. 15. Arrhenius plot for conductivity.

excess oxygen is incorporated into the valence band, as
shown in Fig. 1b). The excess oxygen is completely ion-
ized to & . Accordingly, the hole density is temperature
independent and is high enough to form Cooper pairs. How-
ever, in the case of PrBau;0,, AE is always positive, as
shown in Fig. 17a) over the whole range of oxygen content.

Schematic drawing of the Arrhenius plot for conduc- Therefore, the density of holes in the valence band decreases

with decreasing temperature. The hole concentration in the
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FIG. 16. Energy gapAE plotted against oxygen content.
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conductor, and the conduction was studied on three kinds of
oxides, superconducting YB@u;O,, nhonsuperconducting
PrBaCu0y, and their intermediate (BsY(5BaCus0, .

The conductivity of the semiconductor containing a definite
amount of dopant changes with the temperature rise. The
temperature dependence of conductivity is classified into
three regions, an impuritiextrinsig one, an exhausting one,
and an intrinsic one. PrB&u;Og o is a semiconductor and its
conductivity rises steeply with increasing temperature and
reaches the saturation at around 300 °C. This shows the
switching over from the extrinsic region to the exhausting
region. Superconducting oxides are always in the exhausting
region. Moreover, the existence of the intrinsic region has
been shown by the determination Bf from o,,, though

the intrinsic region is observed only in high-temperature and
low oxygen pressure.

The excess oxygen is crucial to the high-supercon-
ductor since it acts as the dopant. The increase in oxygen
content enhances the conductivity, broadens the exhaustion
region, and lowers the activation energy for conduction. If
the exhaustion region extended to a temperature lower than
T., the superconduction would appear. The only difference
between a higfi. superconductor and a usual semiconduc-

valence band is too small to form Cooper pairs. Holes seertpr is the dependence of mobility on carrier concentration.
to reside not on BF ions but in the acceptor originated from The mobility of the usual semiconductor is considered to be

the excess oxygen.

IV. DISCUSSION

On the basis of the results, we discuss the ch

independent on carrier concentration, but that of supercon-

ductors strongly depends on carrier concentration, as seen in

Fig. 8. The origin of strong dependence is not clear at the

~ present time. The interaction between carriers would be the
aracterist€ause, because the carrier concentration of superconductors

feature of conduction of higfiy superconductors in a nor- is 2—3 orders of magnitude larger that of a semiconductor.
mal state. The conductivity of superconductors in a normairhe concentration-dependent mobility seems characteristic
state is in a range from £Go 10> Scm ™ and is located in  of a highT, superconductor. We summarize that the con-

the middle of a normal metal and semiconductor. Accord-ducting property is interpreted by the semiconductor model

ingly, there are two approaches for the elucidation of conin connection with the concentration-dependent mobility.
duction. One is the approach from the normal metal and the

other is that from a semiconductor. The first approach as-
sumes the occurrence of a free carrier. To verify this, the
optical conductivity has been calculated from the reflectivity From these data, it was found that the conductivity of
using the Kramers-Kmig transformation. If free carriers ex- Pr_,Y,BaCu;0, (x=0, 0.5, and 1.pwas strongly depen-

ist, the plasma frequency determined from the Drude ternglent on an oxygen defect. So, we strictly controlled oxygen
should be proportional to the square root of carrier concenpartial pressure, temperature, and oxygen content and mea-
tration. However, it has become apparent that the plasmsaured the conductivity and oxygen nonstoichiometry of
frequency is independent of carrier concentration for most oPrBaCu;0y, PrysYosBaCus0y, and YBaCuO, for a

the highT, superconductors in the normal stifelhis fact  wide range of temperature. From these data, we summarized
seems not to support the occurrence of free carriers. We todke conclusion in seven sentences.

the second approach, namely, the approach from the semi- (1) The method of chlorine evolution indicates that the Pr

V. SUMMARY

>

1.32eV (P"O.SYO.S)BaQC”SOy
1.37eV YBayCuzOy
Density of state

acceptor level
originated from
excess oxygen

>

¢1,21ev PrBasCugOy, FIG. 17. Schematic drawing of

the electronic  structure of
(Prlfox) BaZCLbOy .

<] yAE

Density of state

a) Semiconductor b) Superconductor
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valence in PrBgCus0, and PfsY o $Ba;CusOy is +3. [Cux][O*]?

(2 The oxygen contenty of PrBaCuO,, WZKz (A4)
ProsYosBaCus0,, and YBaCuO, was determined as a A 2
function of the oxygen partial pressure and temperature. lvhereK; andK, are the equilibrium constants for the reac-
was found thay of the three oxides is nearly the same whentions (A1) and (A2), and[ ] represents the numbers of ions
the oxygen partial pressure and the temperature are the samgd defects in unit cells. For between 6.0 and 6.5, as dis-

(3) In high temperature, all the data points @fvs Ay  cussed before, the valence of @Wis +2 and is constant,
were found to fall on a single curve. It can be concluded thatvhile the valence of Qi) increases. The site conservation
the high-temperature conductivity is independent of temperaecondition for the C() site yields
ture. Moreover[ Cu®*] (hole concentrationand mobility are )
not dependent on temperature but on oxygen content. [Cupl+[Cuz]l+[Cuy]=1. (A5)

(4) The CT gap was determined from the slope of theFOr this
Arrhenius plot foro,,. The values of 1.21, 1.32, and 1.37
eV were found for PrBgLu;0,, (PrysY5BaCu0,, and
YBa,Cu0, , respectively.

oxygen content range, PtBasO,,
Pro.sY 0.sBaCus0,, and YBaCu0, are tetragonal with two
oxygen sites per unit cell. Accordingly,

(5) The conductivity below 573 K was measured on three [OX]+[Vg]=2, (AB)
kinds of oxides with controlled oxygen content. The
conductivity-temperature curve in a low-temperature range [Vel=1-6, (A7)
was smoothly linked with that in a high-temperature range,
when the oxygen content was the same. [OX]=1+6. (A8)

(6) The energy gap\E between the acceptor level and the enoting the average Cu valence bynd the oxygen con-
top of the valence band was determined from the slope 0'l[Pent b 7g—5 and usig the condition cﬁelectrone)llj?ralit one
Arrhenius plot of conductivity AE(100 K) decreased with oy ’ 9 Y,

; ) O obtains

increasing oxygen contegtand become zero §t=6.40 for

Y_BaZCu?,Oy and aty=6.55 for (PpsY(5BaCuO, . In the 37=7-26. (A9)
higher oxygen content rangdE(100 K)=0 and the super- )

conduction was ObservedE(lOO K) for PrB@CuSOy was Slnce' the valence of QU) IS alwayS +2, the valence of
always positive over the whole oxygen content range. Cu(l) is 3z—4, and

(7) On the basis of the results, an electronic structure , .

3[Cup]+2[Cu]+[Cuy]=3—26. (A10)

based on the semiconductor model has been proposed.
Inserting Eqs.(A6)—(A8) into Eqg. (A3) and Eq.(A4), one

I. APPENDIX: ANALYSIS OF THE MASTER CURVE obtains

1/2
[Cull,  (Al1)

The analysis of the master curve yields information on [Cuy]=(K,- P02)1’4(1+5

both electronic and ionic defects. According to the calcula-
tion of he bond valence sum of Browh,for the oxygen
content ranging from 6.0 to 6.5, the valence of ICU Cu on ) i
the Cull) site] remains+2 and that of C() [Cu on the [Cual=(K3-Po,)
Cu(l) site] increases. Instead, both valences of(IQuand

cu(l) change following the oxygen content between 6.5 andnserting Eq.(A11) and Eq.(A12) into Eq. (A5) and Eqg.
7.0. Assuming that Brown’s result holds also for high tem-(A10), one gets

peratures, the numbers of GuCW?*, and Cd" ions in unit

-1/2

0 led. a1

1+6

_ 1/2 _ 1/2
cells of the three oxides were calculated on the basis of the ((K P4 +1+4(Ky-Po)~ 4 1 5) }
. e e . 1 O. 2 O.
chemical equilibrium of defect formation. 2 1+6 2 1+6
(1) Case A(6.0<y=6.5). Dissolution of oxygen into ox- _
ide results in increasing Cu valence. The reactions are ><[Cu,>§]—1 (A13)
_ 1/2 1-6 1/2
4CU+2Ves+0,=4Cy, +20%, (A1) (3(K1- Po) | 15 +2+ (Ko Po) M4 m) }
X =3-26.
ACU,+2Vi+0,=4CY +20%, (A2) [Cu]=3-25 (A14)

Elimination of [CuX] from Eq. (A13) and Eq.(A14) pro-

where Cy,Cus, and Cy_denote the Ct, Ci#*, and cd*  Vides

ions in the oxideVg and O represent the oxygen vacancy

and the oxide ion on the anionic site. The law of mass action, 28(K;-Po )4
for y between 6.0 and 6.5, provides 2

1-6 1/2
m) +(25-1)

1/2
=0. (A15)

1-6

1+6

[CUA]4[OX]2 +(K2~ POZ)_lM

AT K, 3
[Cul*[Vol*Po, “ A9 Setting
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1—8\12 TABLE I. Equilibrium constant for the master curve.
1/4] —
o175 =X (A16)
Sample K, K, K, Ky
one obtains the quadratic equation PrBaCU0, 1.3x10° 6.0x1072 3.5x10°2 1.4x10"
25KYAX2+ (26— 1)X+2(5-1)K;Y*=0 (A17)  (ProsYo9BaCuwO, 1.2<10° 3.0x10°2 8.0x10 % 2.2x10°
_ i YBa,Cu;0, 0.9x10? 1.0x102 1.5x10 ! 3.5x10*
with the solution
el 1— 8\ 12 The condition of electroneutrality yields
X=Pgl —
2\1+4 3z=7-26. (A25)
= (26-1)+(26-1)*~165(5—1)(K{ /K;) " Therefore,
- 45K11/4 . , .
[Cusl+2[Cus]+3[Cug]=7—26. (A26)

(A18) Inserting Eqs.(A28)—(A30) into Eq. (A25) and Eq.(A26)
Equation(A18) gives the relation between the oxygen partial yields
pressurePo, and the oxygen content-7o. o
(2) Case B(6.5<y=<7.0). In this case, the crystal structure [Cu;1=(Kg- Po )1/4( i) [CW], (A27)
is orthorhombic, and both Qi) and Cul) ions have the 2 \1-6
same valence. The mass action law gives

S -1/2
[Cus 14 O%)? [Cul=(Ky: Po;-”“(m) [C&].  (A28)
[CLé]‘l[Vé]ZPOz:Ks, A9 Inserting Eq.(33) and Eq.(34) into Eq. (27) and Eq.(32),
[CUY 02 and setting N
[Cul TVe™Po, #20 PSs %s) =X (A29)

where Cg, Cus, and Cy are the Cd, Cu*, and Cd*  yjelds
ions on the Cdl)-O, plane and the QU)-O chain, andK, o
andK, are the equilibrium constants. Since there are threexz P”“( 4 )

Cu ion sites, Ol1-6
[Cus]+[Cus]+[Cus]=3. (A21) = (26-1)+(26-1)*-16(5+1) (56— 2) (K3 /Ky ™
- 1/4 .
In the orthorhombic phase, there is only one oxygen ion site 4(6+1)K3
per unit cell, and (A30)
[OX]+[Ve]=1, (A22) The solid lines in Fig. 2 represent the master curves obtained
using Eq.(A18) and Eq.(A30). They agree well with the
[Vo]= 6, (A23) experimental master curvésymbols. The equilibrium con-
stants used for the best fitting to the master curves are listed
[OX]=1-6. (A24)  in Table I.
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