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Thermoelectric-power measurements are reported for four copper oxide superconductor systems:

La2 &Sr&Cu04, Ndi+&Ba~ &Cu306+x, Yo 6Cao 4Bai 6 &Lao 4+&Cu306+~, and Bi2Sr2 2&La2&Cu06+x.
The Seebeck coefficient a is interpreted in terms of an electron-diffusion component a' that varies
from the small-polaron limit for the antiferromagnetic compositions to the metallic limit for the
normal-metal compositions. It is argued that the width of the conduction band increases exponen-
tially with oxidation of the Cu02 sheets. At larger hole doping, the correlation splitting in the su-

perconductor compositions becomes small enough to require the introduction of a two-band model
for a'. In those systems in which holes are trapped from the CuOz sheets into the "inactive" inter-

growth layers, the temperature dependence of a develops a characteristic maximum at a tempera-
ture T . From a T dependence for T )T, a trapping energy is extracted; this energy increases
linearly with the formal charges of the intergrowth layers. The fall in a with decreasing tempera-
ture for T & T is interpreted to reflect the consequences of a freezing out of the displacements of
the c-axis oxygen that are associated with charge transfer between the "active" and "inactive" su-

perconductor layers.

INTRODUCTION

Despite extensive and intensive efforts to probe experi-
mentally the high-T, copper oxides, the thermoelectric-
power (TEP) data have, with few exceptions, failed to
record the variation with composition in a systematic
manner; they also tend to be restricted to temperatures
below 300 K. These limitations have made it difficult to
establish a firm interpretation of the data.

The TEP has been investigated previously in the sys-
tems La2 Sr Cu04+„(Refs. 1—7), YBa2Cu306+„(Refs.
5—19), Y, ,Pr, Ba2Cu306+„(0(z «1) (Ref. 20),
YBa2Cu3 &Zn~06+„(Refs. 21 and 22), and
Nd, s5Ceo, sCu04 (Refs. 23 and 24). Only the latter com-
pound has a negative Seebeck coefficient a below room
temperature for the superconductor compositions. Al-
though small negative values of a have been reported for
a single-crystal sample in the system YBazCu306+„, this
result is probably due to chemical inhomogeneities. It
now appears that the TEP for homogeneous samples is
positive for all x.

Previous measurements on the system
Laz „Sr Cu04+„have established that, for y=0 with
x (0.02, the TEP is large (a) 300ls V/K), positive, and
nearly temperature independent. Moreover, a decreases
dramatically with increasing y, and there is strong evi-
dence that, for y=0. 25, a extrapolates to a negative
value above room temperature. This latter observation
has been noted"' to be evidence of two-band conduc-
tion.

A temperature-independent Seebeck coefficient invites
interpretation in the perspective of the small-polaron ex-
pression for the electron-diffusion component

a'= —(k/e)ln[P(1 —c)/c], 1 (P 2,
where c is the concentration of mobile charge carriers on

the set of sites available to them and the factor p enters
where there is a spin degeneracy. Where there is no
motional enthalpy for charge transfer between neighbor-
ing sites, all near neighbors become accessible to a mobile
charge carrier and Eq. (1) reduces to

ct'= —(k /e)ln(P/c) .

A large magnitude of a means a small concentration c of
mobile holes in the Cu02 planes. However, the lack of
any magnetic-field dependence of a for superconductor
samples ' has been interpreted to mean that Eq. (1) is
inapplicable to the copper oxide superconductors. On
the other hand, the variation of a with oxygen concentra-
tion in the YBa2 Cu306+„system' and the possibility of
an important phonon drag and/or of two-band conduc-
tion"' have prevented any firm interpretation of the
available data.

We report herein TEP measurements on four
systems: La& ~Sr~Cu04, Nd&+~Ba2 „Cu306+„,
Yp 6Cao 4Ba, 6 ~ Lao 4+~Cu306+„, lastly and
Bi2Sr2 2~Laz~Cu06+„. This study was motivated by two
principal questions.

What information does the TEP provide concerning
the evolution of the conduction band on passing from the
antiferromagnetic to the normal-metal compositions?

Does the temperature dependence of the TEP provide
information on the trapping of holes in the "inactive"
CuO„planes of the YBa2Cu306+ structure with x & 1?

EXPERIMENTAL

The Seebeck coefficient a was measured with a conven-
tional direct current (DC) differential technique.
Both thermal and electrical contact were established by
pressing a disk-shaped sample between two finely pol-
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TABLE I. Sample preparation methods.

Compound

Nd l+y Ba2—y Cu306+ ~

O~y ~0.4
Yp 6Cap gBa] 6y

Lap. 4+.y Cu306+x
La2 ~Sr~Cu04+„
O~y ~0.4
Bi2Sr2»La»Cu06+„
0.3 ~ 2y ~ 1.0

First firing
in air

920-950'C
24 h
920-950 C
24 h

900 C
12 h
790'C 6 h
860'C 20 h

Second firing
in air

920-950'C
15 h
920-950'C
15 h
1110-1180'C
24 h
860'C
20 h

Annealing/Cooling

450 to 200'C
02, 60 h
450 to 200'C
o2, 60h
1180 to 25'C
air, 4h
860 to 100'C
air, 6h

ished Pt disks. The holder was sealed in a quartz tube
that, once filled with He, can be either heated in a fur-
nace or cooled in liquid nitrogen. This configuration was
designed to allow an easy interchange of samples compa-
tible with a TEP measurement of reasonable precision
(10% relative to the TEP of Pt) at both low and high
temperatures. The setup was successfully tested on Au
and Cu

The samples were prepared from stoichiornetric ratios
of the oxides and/or carbonates; the reactants were
ground, fired, reground, pelletized, and annealed/cooled
in either air or 1 atm 02 followed by slow cooling as
specified in Table I. All the starting and final products
were examined by powder x-ray diffraction with a Philips
diffractometer; only those specimens that were single
phase to x-ray diffraction were retained for further
analysis. The final oxygen content was determined to
within +0,02 oxygen per formula unit by iodornetric ti-
tration. Thermogravimetric analysis (TGA) was carried
out with a Perkin-Elmer thermal-analysis system in either
an oxygen or a nitrogen atmosphere. The value of T, for
each composition was checked by a low-temperature
resistance measurement with a standard four-probe tech-
nique.

RESULTS AND DISCUSSION

Cu ++0 ~~Cu ++0 (2)

that is not biased too strongly to either the right or the
left. ' Moreover, a closing of the correlation (Hubbard)
splitting of the o 2 2 band with increasing y results in a

sharp decrease with y first in the long-range rnagnetic-
ordering temperature T~ and then in the short-range spin
fluctuations below a T,„,the temperature of a maximum
in the magnetic susceptibility versus temperature. The

sive stress on the CuOz planes allows doping La2Cu04 p-

type, especially with a larger Ba + or Sr + ion, but it in-

hibits n-type doping. With our thermal treatment, the
compound La2Cu04+„contains some oxygen excess

(x &0.02), but for 0 & y & 0.27 the oxygen content is ap-
proximately stoichiometric in La2 Sr Cu04. For

y &0.27, it is necessary to apply an oxygen pressure
greater than 1 atm 02 to obtain oxygen
stoichiometry.

A striking feature of Fig. 1 is the occurrence of high-T,
superconductivity in a narrow compositional range be-
tween an antiferromagnetic-semiconductor and a
normal-metal phase all within what appears structurally
to be a single phase field. The transition from strong to
weak electron correlations appears to be made possible by
an equilibrium reaction

A. La& «Sr~CuO& system

The phase diagram for the system La2 Sr Cu04 is il-
lustrated in Fig. 1. The T-tetragonal structure consists of
an intergrowth of CuOz planes and La2 ySryOz layers
made up of two (001) rocksalt planes. Matching of the
bond lengths across an interface encounters a thermal-
expansion mismatch between the A-0 and Cu-0 bonds
(A = La or S) that increases with decreasing tempera-
ture. This mismatch, which decreases with increasing y,
places the CuOz planes under a compressive stress, the
La2 ySry02 layers under a tensile stress. It has three
consequences: ' it orders the 3d-shell holes at a Cu + ion
into o'2 2 orbitals of Cu-3d 2 2 and 0-2p „, 2p yx —y x
parentage, it stabilizes the incorporation of excess oxygen
in La2Cu04+„annealed below 500 C in air, and it in-
duces a cooperative rotation of the Cu06 octahedra along
a [110]direction to give orthorhombic symmetry below a
transition temperature T, . The existence of a compres-
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FIG. 1. Phase diagram for the system La2 ~ Sr~ Cu04.
Adapted from Ref. 54.
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copper moment of 0.5 pz found in antiferromagnetic
LazCuO~+„(Ref. 34) apparently decreases with increas-
ing y, disappearing in the normal-metal phase.

Figure 2 illustrates a proposed ' variation with y of the
overlapping n' and o'~ ~ bands; it accounts for the
change from p-type to n-type conductivity —as deter-
mined by the room-temperature Hall e8'ect —on pass-
ing from the superconductor to the normal-metal compo-
sitions. It includes the observation of an "impurity"
band developing at the top of the m' band with increasing
y. (Alternatively, the impurity band may be associated
with the lower a'» band. ) Placement of E„within ax —y
narrow band in the superconductor compositional range
has important implications for any theory of the coupling
mechanism responsible for high-T, superconductivity.
Seebeck data provide a further test for an impurity-band
model like that of Fig. 2, which appears to account quali-
tatively for the known structural, magnetic, optical, and
spectroscopic data. '

Our TEP data for the system La& Sr Cu04, Fig. 3(a),
are similar to those reported in the literature. ' We
confirm a large, positive, temperature-independent TEP
for LazCu04+„, x &0.02. The anomaly near 280 K
reflects the Neel temperature, which varies with the ex-
cess oxygen concentration over the range 240 ~ TN ~ 326
K. A large anomaly at TN has been observed earlier; it
indicates the applicability of Eq. (1) in the antiferromag-
netic compositions. From TGA, excess oxygen is lost
above 500 K. Figure 3(a) also confirms the previously re-
ported sharp drop in a with increasing y. In fact, Fig.
3(b) reveals an unusual exponential dependence on y of
the room-temperature TEP. This plot, which includes
points taken from the literature, is described by the rela-
tion

We interpret the data in terms of the model of Fig. 2.
This model shows two limiting phases: one is antiferro-
magnetic and the other is a normal metal. For the form-
er, Eq. (1) is applicable to the electron-diffusion com-
ponent; for the latter, the corresponding operating equa-
tion is the metallic expression

vr' k kra'=—
3 e go

3 d in~(E)
2 d lnE

(4)
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where r(E) is the relaxation (scattering) time of an elec-
tronic charge carrier of energy E, e is the magnitude of
the electronic charge, and go is the zero-temperature Fer-
mi energy measured from the band edge (positive for elec-
trons and negative for holes). In the intermediate, super-
conductive compositional range it is necessary to consid-
er a two-band model in which the electron-diffusion com-
ponent is given by

a=3.4(k/e)exp( —y/y, ), y, =0.055 (3)

over the compositional range 0 y ~0.27; an oxygen
de6ciency is present for y &0.27. Finally, since our data
extends to higher temperatures, we are able to con6rm
that a does indeed change sign at higher temperatures for
y =0.27.
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FIG. 2. Proposed evolution with y of the bands near the Fer-
mi energy EF for the system La& „Sr~Cu04. (a) y=0, (b)

y =0.15, and (c) y =0.4 (Ref. 31).

FIG. 3. Thermoelectric power a for the system
La& ~Sr~Cu04.. (a) a vs temperature for different y; diamonds,
squares and circles refer, respectively, to y =0.0, 0.2, and 0.27.
(b) room temperature a vs y. Solid circles refer to data from
Refs. 1 and 2 and open circles refer to our data.
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k ~g~ + d in~(E) + 5

e kT d lnE 2

g/k T= ln( n /N, ), N, = 2( 2~—m „' k T/h ~ )'~~ (7)

where the concentration n of mobile electrons increases
exponentially with the absolute temperature T.

The normal-state resistivity of antiferromagnetic
La&Cu04+„has been reported to be nearly temperature
independent, which is indicative of extrinsic conduction
near the transition from small-polaron to intinerant-
electron behavior where Eq. (1') is applicable. From Eq.
(1 ), the a & 300)M V/K in Fig. 3(a) is indicative of a small
concentration c of mobile holes in the CuO& planes. On
passing from Eq. (1') to Eq. (4), a small c corresponds to
a small Fermi energy go measured from, for a & 0, the top
of the valence band.

In the superconductor compositions 0.08&y &0.27,
the TEP rises abruptly from zero below T, (not shown in
our data) to a plateau in an interval T, & T & T'. Above
T', either a negative contribution to a' is introduced or
an additional component (e.g. , a phonon-drag component
as) is decreasing with increasing temperature. The pres-
ence of a negative contribution is confirmed by the obser-
vation of a change in the sign of a at higher temperatures
for the y =0.27 sample. Although a phonon-drag corn-
ponent ag-1/T may also be present, the data unambigu-
ously reveal the presence of a negative component in a'
and hence are consistent with the two-band model of Fig.
2.

Within the context of only the electron-diffusion com-
ponent a', the positive contribution should vary as kT/go
according to Eq. (4). Rationalization of Fig. 3 with Eq.
(4) requires that go decrease exponentially with the hole
concentration y. There are two ways to think about how
this might happen: either the number of sites available to
a mobile hole or the bandwidth is changing exponentially
with y. The former could occur for an impurity band. In
the limit of Eq. (1'), for example, Eq. (3) follows if the ra-
tio of mobile holes to the number of sites available to the
holes is c=y/yf (y), where f (y) = [1 - exp (

—y/y, )].
However, with such a model we cauld expect to find a de-
crease in c with increasing temperature, which would
make a' increase with temperature. Moreover, the fact
that the system evolves from the narrow-band limit to the
broad-band limit with increasing y clearly shows that the
bandwidth is increasing with y. Therefore we focus on
the second alternative since, in fact, go varies not only
with the hole concentration per band state, but also with
the bandwidth.

If the hole concentration per band state does not de-
cease exponentially with y, it is necessary to have a band-

a'= ( a', 0,+a,'0 i )/0,
where o. =o., +o.

z is the sum of the conductivities from
the valence and conduction bands and a&, az are their
respective Seebeck coefficients. For p-type superconduc-
tors the positive contribution would be roughly described
by Eq. (4) whereas the negative contribution would be
given by the nondegenerate semiconductor expression

width that increases exponentially with increasing y to
account for Eq. (3). In the tight-binding approximation,
the bandwidth is w =2zb =c k where the number z of
nearest neighbors is lumped with other factors into a
one-electron energy c. corning from the nearest-neighbor
electron-transfer-energy integral b,~:('0—;,H'ip, ) associ-
ated with Cu-0-Cu interactions in the CuOz planes. The
covalent-mixing parameter k entering the crystal-field
wave function

i=N (d &,—A,,P
—

A, P ) (8)

is defined by A, :—b "/b, where b" is the Cu-0 electron-
transfer-energy integral and 6 is the energy required to
transfer an electron from the 0- 2p, 2p orbitals to an

empty Cu-3d &, orbital. In (8), the orbitals P, and P
are appropriately syrnmetrized 0-2s and 0-2po. , 2po.
orbitals. In our qualitative discussion we neglect the con-
tribution to ut from A,, &A, . In the copper oxide super-
conductors, a small b, —because of Eq. (2)—makes A,

large. Moreover, the fact that the transition from a
strongly correlated antiferromagnetic phase to a weakly
correlated normal-metal phase occurs over a narrow
range of oxidation states of the CuOz planes provides a
clear indication that A. increases dramatically with y.
The matrix element b" contains an overlap integral for
the Cu-3d ~ i and 0-2pa „,2pcr~ orbitals that increases

X

exponentially with decreasing Cu-0 distance, and this
distance decreases with increasing y. Thus the parameter
(0 is seen to decrease exponentially with increasing y, and
this decrease is enhanced by the fact that 5 is small. It
follows that the positive contribution to a' should de-
crease exponentially with y in qualitative agreement with
the empirical formula (3).

The appearance of a negative contribution to a' fol-
lows from the collapse of the correlation splitting with in-

creasing y on traversing the superconductor composition-
al range; this collapse is indicated by the data of Fig. 1. '

However, narrow-band electrons generally experience a
strong electron-lattice coupling in oxides, so we may also
anticipate the presence of a phonon-drag component a
at the narrower bandwidths (smaller y values). At tem-
peratures T & T', any a would decrease with increasing
temperature 1/T. This factor is deemed relatively unim-
portant for the present discussion.

In summary, we draw the following conclusions for the
prototype system La& Sr Cu04.

(1) Equation (1) or (1') is applicable to the antiferro-
magnetic compositions; a remarkable change in a at Tz
probably reflects a change in the parameter P.

(2) The normal-metal phase is expected ' to exhibit a
negative Seebeck coefficient described by Eq. (4) in agree-
ment with the Hall data. The report of a positive a in a
normal-metal phase prepared at 300 bar Oz needs to be
checked.

(3) The superconductor phase undergoes a transition
with increasing y from a strongly correlated narrow-band
metal to a weakly correlated metal; for temperatures
T) T', an intrinsic excitation of electrons from the p-
type conduction band to the upper of the correlation-split
o'» bands introduces a negative component described

x —
y
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B. YBa&Cu306+„structures

The phase diagram for the system YBa2Cu306+„, 0
x &1, is shown in Fig. 4. In this system the inter-

growths are a CuOz-Y-Cu02 layer of fixed oxygen con-
tent and a BaO-CuO -BaO layer of variable oxygen con-
tent. The tetragonal-orthorhombic transition and the
steplike rise in T, with increasing x can be accounted for

YBa2Cu306+ x
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FIG. 4. Phase diagram for the system YBa2Cu306+„.

by Eq. (6).
(4} The fact that the Seebeck coeScient is independent

of an externally applied magnetic field indicates that the
conduction electrons do not couple significantly to the
spin fluctuations in the normal state of the superconduc-
tors. The fact that there is no change in the observed
spin fiuctuations on cooling through T, (Ref. 41) would

therefore suggest that the superconductive pairs do not
interact with the short-range spin fluctuations.

(5) The remarkable exponential decrease with y in the
positive component of a, Eq. (4), is consistent with an ex-
ponential increase with y of the bandwidth in the narrow
superconductor compositional range.

(6} A phonon-drag component ag may also be present
in the superconductors; such a component is expected to
decrease in magnitude with increasing width of the con-
duction bands and to be relatively unimportant at the
temperatures investigated.

by a preferential ordering of the oxygen in the CuO,
planes and the observation that T, is proportional to
the concentration p of mobile holes in the CuOz-Y-Cu02
layers. Comparison of Figs. 4 and 1 suggests that T,
has reached a maximum plateau in the interval
0.90&x &0.98; in this case the addition of more holes in
the CuOz- Y-Cu02 layers would cause T, to decrease with
increasing x for x ) 1. The first attempt to demonstrate
such a decrease with the system Y&,Ca, Ba2Cu306+~
was frustrated by an equilibrium oxygen concentration
x =0.94—0.5z after an anneal at 400'C in 1 atm 02.
However, application of a high oxygen pressure to this
system promises to increase the oxidation state of the
Cu02 planes within the context of an x & 1, and a muon-
spin-rotation (@SR) study appears to have included this
system prepared under 300 bar 02,'the data indicate that
T, reaches its maximum value at YBa2 Cu306 96+p p2.

Substitution of Ln + ions for Ba + ions in 1 atm 02
also leads to a constant oxidation state of the Cu-0 array,
as was shown independently for YBa2 y Lay Cu306 87+Q 5y

(Ref. 45) and NdBa2, Nd~ Os 94+p $y Nevertheless, T,
decreases linearly with y ~0. 1 in both systems due to a
trapping out of mobile holes from the Cu02 planes to the
inactive Ba& p 5 Lnp 5 0-CuO~- Ba& p»Lnp»0 layers.
X-ray photoelectron spectroscopy (XPS) data have
shown that the holes are trapped in oxygen-atom clusters,
which we presume are centered at the oxygen atoms on
a-axis sites. Although a peroxide species (Oz) was orig-
inally postulated, recent neutron-diffraction data indi-
cate that two holes may be trapped at two copper sites
adjacent to the a-axis oxygen in a large Cu209 cluster. A
subsequent study ' has shown that in the codoped sys-
tern Ca, Y, ,Ba2, La, +„Cu306+„, there is a critical
value of y =y, for a given value of z above which trap-
ping out of mobile holes is initiated. The dependence of
y, on z is due to the dependence on z of the magnitude of
the internal c-axis electric field introduced by the formal
charges on adjacent basal planes. The temperature
dependence of the TEP provides a means of measuring
the activation energies of these hole traps.

Figure 5(a) shows the temperature dependence of
the Seebeck coefficient n for the system
NdBa2 yNdyCU306+„, x =0.94+0.5y, prepared under 1

atm 02. For y ~0. 1 in this system, (x —1) oxygen atoms
are forced to occupy a-axis sites of the CuO planes;
these a-site oxygen atoms tend to be located adjacent to
the Nd + ions substituting for Ba + ions. If the concen-
tration of mobile holes in the active Cu02-Y-CuOz layers
remained constant, we could expect a constant T, in-
dependent ofy. However, Fig. 5(b) shows that T, is con-
stant only in the interval 0 y 0. 1 where there are few,
if any, oxygen on a-axis sites; for y )0. 1 the magnitude of
T, decreases with increasing y due to a trapping of holes
at a-axis oxygen atoms in the CuO planes. Therefore we
expect the Seebeck data to show evidence for the trap-
ping out of holes with an activation energy that increases
with the internal c-axis electric field, which would in-
crease linearly with y.

For 0&y&0. 1, the Seebeck data of Fig. 5(a) are
similar to those observed for the superconductor
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that a major contribution is due to superconductive-pair
fiuctuations (short-range pairing} just above T, .

With increasing y, a decreasing bandwidth correlates
with the introduction of a-axis oxygen into the CuO„
planes, and for y & 0.2 the bands may be narrow enough
for Eq. (1') to apply. At these compositions, a maximum
in a at T=T grows with increasingy, and at T& T we
find that a varies as 1 lT. Hall data signal a trapping
out of mobile holes from the Cu02 sheets to the CuO„
planes for y )0.2, and the concentration of holes trapped
out appears to saturate at about two per a-axis oxy-
gen. 4 Within the context of Eq. (1'), the measured
temperature variation of a for T& T can be expected
for a hole concentration c=cp exp ( E, lk—T). More-
over, Fig. 5(b) shows that, for any given temperature in
the interval T & T &400 K, a increases where T, de-
creases with increasing y. Within the context of Eq. (1'},
T, is clearly correlated with the concentration c of mobile
holes. The calculated temperature of activation
T, =E, Ik versus composition y is plotted in Fig. 6; it in-

creases linearly with y for T, & T, . This result indicates
that the holes are trapped in the inactive layers with a
trapping energy that increases linearly with the strength
of the internal c-axis electric field associated with the neg-
ative formal charge of a CuO„plane. Any phonon-drag
component would only make the measured activation en-

ergy an upper limit to the true E, .
A surprising feature of Fig. 5(a) is the sharp decrease in

a with decreasing temperature in the interval
T, & T & T . In order to account for this feature, a more
detailed discussion of the trapping mechanism is re-
quired. We may assume that the trapping out of a mobile
hole from a Cu02 sheet to a CuO„plane is accompanied
by a displacement of a c-axis oxygen away from the CuOz

FIG. 5. Thermoelectric power a for the system
Nd&+, Ba2 ~Cu306+„, x =0.94+0.5y. (a) a vs temperature for
different y and (b) a vs y for different temperatures compared
with T, vs y. Open and solid symbols refer, respectively, to a
and T, .

'- 300

La] sSrp g Cu04, Fig. 3(a), in which there is no hole trap-
ping. For y ~0.1, the a vs T curves of Fig. 5(a) show a
maximum a at a T; this maximum grows larger and is
shifted to higher temperatures with increasing y. The
resistance below room temperature shows no anomaly in
its temperature variation at T; however, it changes from
an itinerant character with strong electron-phonon cou-
pling (linear increase with P to a small-polaron character
(activated mobility) at y=0. 2. This observation shows
that the bandwidth decreases with increasing y in this
system.

At the composition y =0, a' is described by Eq. (4).
An increase in a with decreasing temperature has been
noted by several workers in the interval T, & T & 150 K;
some attribute it to phonon drag, ' '" but anomalies in
the sound velocity ' and volume in this same tempera-
ture interval would support the argument by others' '

200 - 200

100-
Q

- 100

0",
O.O 0.2 0.3

FIG. 6. Critical temperature T, and activation temperature
T, =E, /k vs y for the system Ndl+~Ba2 ~Cu306+„,
x =0.94+0.5y. Open and solid squares refer, respectively, to
T, and T, .
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sheet toward the CuO„plane. Such a displacement
would raise the energy of a local antibonding state in the
CuO„plane so as to trap the hole; it would lower the lo-

cal electron potential energy in the Cu02 sheets so as to
exclude access to that local region by the mobile holes in

the CuOz sheets. It follows that if the displacements of
the c-axis oxygen become frozen below T, then the
number of sites in a Cu02 sheet that are accessible to the
holes decreases. A reduction in the number of accessible
sites is equivalent, in the context of Eq. (I'), to an in-

crease in the effective concentration of charge carriers c.
(Note that the density of mobile holes remains constant. )

In the context of Eq. (4), a freezing out of the oxygen dis-

placements would broaden the width of the conduction
band, thereby increasing go and decreasing a, even if the
Fermi energy remained above the mobility edge of the
perturbed band. In this model, a dynamic capture of the
mobile holes at temperatures T& T leaves all sites ac-
cessible, but it narrows the bandwidth; it also introduces
an activation energy E, into the population of charge
carriers.

The codoped system Yo 6Cao 48a& 6 ~ I.ao 4+~Cu306+„
annealed in 1 atm 02 shows a break in the T, versus y
curve at a y, =0.3 that was interpreted ' as the onset of
hole trapping for y &y, . It is gratifying that our interpre-
tation of the a versus T curves in copper oxides with the
YBa2Cu306+„structure support this conclusion. Figure
7 shows the a versus T curves we obtained for this sys-
tem. For y ~ 0. 1, the magnitude of a is typical of that for
a broad-band metal with no important phonon-drag com-
ponent. For 0.2~y &y, the curves are like those for
La, sSro 2Cu04 in Fig. 3(a), which we interpreted in terms
of Eq. (4). The introduction of a-axis oxygen into the
CuO„planes appears to narrow the width of the valence

band, thereby reducing go, even though it does not trap
out holes from this band for y ~y, . The appearance of a

maximum in a at a T= T that grows with increasing

y &0.4 is a confirmation that the appearance of a T
coincides with the trapping out of mobile holes from the
active layers and that such trapping only occurs for

C. Bi2Sr&»La»Cu06+, x =0.21+0.6y system

The structure of this system is similar to that of T-
tetragonal LazCu04 except for double sheets of Bi20z+~
in the middle of the inactive rocksalt layer. Oxygen
atoms in excess of 06 are placed periodically along the b

axis of the orthorhombic structure within the Bi20z+,
double sheets; these periodically placed oxygen atoms
oxidize the single Cu02 planes to make compositions
with 2y (0.7 superconductors. Compositions with
2y & 0.7 are antiferromagnetic semiconductors even
though the total hole concentration is ca. 0.15 per Cu
atom at 2y =0.7, which suggests that at least some of
these holes are trapped out from the Cu02 sheets to the

Bi202+, layers.
TGA measurements show that these materials lose

weight when first heated in an inert atmosphere; the sub-
stance lost is not pure oxygen since the sample does not
regain weight on subsequent slow cooling in air. In order
to avoid a thermal hysteresis of the TEP, it is necessary
first to perform a full thermal cycle in an inert atmo-
sphere. The TEP curves obtained after the first thermal
cycle are shown in Fig. 8. For 2y ~0.6, the TEP exhibits
a maximum value at T- with a I/T dependence for
T & T . The antiferromagnetic semiconductors ap-
parently trap out mobile holes from the CuOz planes at
lower temperatures, which places EF above a mobility
edge at the top of the valence band. The superconductor
compositions have a vs T curves like those found for the
superconductor compositions in La& Sr Cu04 where
there is no mobile-hole trapping. Apparently substitution
of La + ions for Sr + ions in Bi2Srz 2~La2~Cu06+„not
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only reduces the CuOz layers; it also narrows the conduc-
tion band, thereby decreasing go in Eq. (4). The appear-
ance of hole trapping for 2y & 0.6 indicates that the La +

ions also introduce interstitial, disodered oxygen into the
Bi202+ layers that can act as hole traps.

CONCLUSIONS

The preliminary TEP measurements reported above al-
low the following conclusions to be drawn.

(1) The width of the conduction band in the p-type
copper oxide superconductors varies exponentially with
the oxidation state of the superconductive Cu02 sheets.

(2) Where mobile holes are trapped from the Cu02
sheets into "inactive" layers, the temperature dependence
of a develops a characteristic maximum at a temperature

T; a T ' dependence of a for T& T allows extraction
of an activation energy E„which appears to reAect the
trapping energy. At temperatures T(T, c-axis dis-
placements of the e-axis oxygen become frozen in; conse-
quently for T & T holes remain captures in the inactive
layers, which reduces T, . The number of sites available
to the mobile holes is decreased and the bandwidth is in-
creased with decreasing temperature for T (T .
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