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The electrical transport properties and magnetic susceptibility of
(L2&&Ce&z&}&(La&z&Baiz&Sr&~&}zCu&09 z (2:2:3 phase) where L is a rare-earth element are measured and

compared with those of the T* phase (Nd& 4Ce0 2Sr0 4Cu& „Zn„04 q and La& 8 „L Sra 2Cu04 q) in or-

der to investigate why the superconducting transition temperature ( T, ) depends on the ionic radius of
the atom L. For 2:2:3samples with L =Eu, Dy, Y, or Ho, the smaller the size of the L'+ ion, the lower

is the value of T„while the Hall coefficient (R~) remains at the same level at temperatures above 130 K.
This is in contrast to the case of La& 8 „L„Srp2Cu04 g with L =Sm, Eu, or Gd, in which the decrease in

T, with decreasing ionic radius of the L atom may be attributed to the reduction in the carrier concen-

tration. The resistivity, RH, and Seebeck coefficient for a nonsuperconducting 2:2:3 sample containing

small L + ions are all parallel to those of a nonsuperconducting T*-phase sample with Zn doping. Judg-

ing from these experimental results, we suggest that a "disordered potential" similar to the case of the

Zn-doped T -phase compound exists in the nonsuperconducting 2:2:3compound.

I. INTRODUCTION

A variety of superconducting cuprates' have been
discovered, and their superconducting transition temper-
atures ( T, ) range up to 127 K. Many attempts have
been made to extract physical parameters, such as the
carrier concentration, ' which are correlated with the
magnitude of T, . Such attempts are indispensable not
only to elucidate the mechanism of high-temperature su-
perconductivity, but also to develop other superconduct-
ing materials. The Hall coefficient RH of the supercon-
ducting cuprates has attracted much attention of the
researchers because of the following reasons. First, it can
provide a rough estimation for the mobile-carrier concen-
tration, though it is known that the Hail number nH
[=(eR&) '] is generally larger than the hole concentra-
tion estimated chemically from the oxygen content. The
second reason is that the slope of the nH-versus-
temperature curve has been reported to be correlated
with the magnitude of T, . '

Several families of superconducting cuprates which
contain fluorite-type blocks' in their crystal structures
have been discovered. Sawa et al. discovered the
(Eu, Ce)z(Ba, Eu)zCuz09-type superconductors. Wada
et al. reported that the magnitude of T, for (Lz/~Ce, /~)z

(La»~Ba, /~Sr, /~)zCu&09 s (hereafter, we call the 2:2:3
phase) strongly depended on the ionic radius of the rare-
earth element (L) located in the Quorite-type block. This
contrasts with the case of RBazCu~07 (1:2:3 phase),
where the magnitude of T, depends very weakly on the
radius of the R + ion. The dependence of T, on the ra-
dius of the rare-earth ion in the fluorite block was also
observed for other systems: Lal. 8 —x Lx Sr0.2CuO4 —5

( T' phase), ' L, 8,Ce0, 5Cu04 s ( T' phase), "
BizSrz(L, „Ce„)zCuzO&0+s (Bi 2:2:2:2: phase), ' and

(Pb, /zCu, /z )(Sr7/sL ]/s )z(L3/4Ce&/4)zCuzO, . ' In some
of these systems, the carrier concentration may be
different, depending on the compounds containing
different kinds of rare-earth elements, and may affect the
magnitude of T, . In other systems, however, T, changes
sharply (down to zero), depending on the radius of the
L + ion, while the carrier concentration remains at near-
ly the same level. The latter case is important for the
study of structural chemistry and electronic states which
are related to high-temperature superconductivity. This
case includes the 2:2:3 compounds with L =Eu, Dy, Y,
and Ho (Ref. 8) and the Bi 2:2:2:2 compounds with
L =Nd, Sm, Eu, Gd, and Dy. '

In the present work, we investigated the effects of the
rare-earth ion on the normal-state transport properties,
i.e., resistivity RH and Seebeck coefficient, of the 2:2:3
phase. Previously, we reported preliminary data on some
of these properties. ' *' In the 2:2:3 phase, the smaller
the size of the L + ion, the lower was the value of T„
while 80 remained at the same level at temperatures
above 130 K.' On the other hand, in the T* phase, the
smaller the size of the L + ion, the lower were both the
carrier concentration and T, . The transport properties of
T* samples in which Cu ions were partially substituted
by Zn ions were compared with those of 2:2:3 samples.
Each of the R&-vs-T curves for all the 2:2:3 and T* sam-

ples possessed a maximum at T~ in the range 90—150 K.
In heavy-fermion compounds, '6 an anomalous tempera-
ture dependence of RH, including a peak structure (at T~ )

was observed. It was ascribed to skew scattering, and the
skew-scattering contribution to 80 at temperatures
higher than T was proportional to the magnetic suscep-
tibility. ' Therefore, the relations between the electrical
transport and magnetic properties in the normal state
were also investigated.
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II. EXPERIMENTS

Three sets of the samples were prepared by a
conventional solid-state reaction method. Their
compositions are listed in Table I with the abbreviations
for the sample names. The first set is
(Lz&~Ce, z~)2(La, &~Ba,&~Sr, z~)2Cu~09 s with L =Eu, Dy,
Y, and Ho (L 2:2:3 series). For the 2:2:3 compounds, the
oxygen nonstoichiometry 5 can be either positive or nega-
tive (between the +0.3 and —0.3) depending on the oxy-
gen pressure in the final heat treatment. In the present
work, the samples were prepared by the procedure de-
scribed elsewhere, and the final heat treatment was made
in an 02 gas at 3 atm. The oxygen contents and lattice
constants were previously reported for samples prepared
under the same conditions as those employed in the
present work.

The second set is Nd, 4Ceo 2Sro 4Cu, Zn 04 & with
x =0, 0.015, and 0.02 (Zn-doped T* series), which was
prepared by the procedure described elsewhere. ' The
final heat treatment was made at 500' C for 10 h in an 02
gas at 1 atm. For the same Zn-doped T' samples, the re-
sults of x-ray diffraction were previously reported. '

The third set is La& 8 „L Sro2Cu04 & with L=Sm
(x =1), Eu (x =0.9), and Gd (x =0.9) (L T* series).
These compositions were reported by Cheong et al. ' to
be single phase. High-purity powders of La20&, Sm203,
EuqOq, Gd20&, SrCO&, and CuO were used as starting ma-
terials. Mixed powders of the desired compositions were
calcined at 950—1100' C for a total of 48 h with four in-
termediate regrindings. The samples were sintered at
1130%'C for 12 h in the air. Finally, the samples were
annealed in an 02 gas at 80 atm. In this treatment the
temperature was lowered stepwise: at 850'C for 0.5 h,
600'C for 5h, and 400'C for 5h. The oxygen contents of
the L T* samples were determined using a Coulometric
titration technique. ' In this method, after dissolving the
sample and CuC1 in 1N HC1, the amount of remaining
Cu+ is determined by Coulometric analysis. This tech-
nique can determine the oxygen content with an accuracy
similar to or higher than an iodometric titration tech-
nique.

The phases present and lattice constants were deter-
mined by powder x-ray diffraction (XRD) using Cu-Ka
radiation. The dc magnetic susceptibility was measured
using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design model
MPMS). For superconducting properties it was mea-
sured with decreasing temperature under an applied field
of 1 mT. The superconducting transition temperatures
T, were defined as the onset of diamagnetic signal and
are listed in Table I. For the normal-state susceptibility,
a field of 0.5 T was applied.

Hall-effect and resistivity measurements were made
simultaneously for the samples thinned to 0.2 mm. For
the Hall measurements, the maximum applied field was 6
T and the maximum applied current was 50 mA. The de-
tails of the measurement conditions were described else-
where. ' The Seebeck coefficients were measured by a
conventional steady-state technique using two pairs of
copper-Constantan thermocouples. ' The distance and

temperature difference between the two thermocouples
were, respectively, -3 mm and less than 0.5 K.

In the following results for each of the L 2:2:3, Zn-
doped T*, and L T* compounds are presented separately
in Sec. III. In Sec. IV a comparison is made of the results
for the L 2:2:3,Zn-doped T*, and L T' samples.

III. RESULTS

A. (L2&z Cei n )2( La& z&Bai nSrl z& )&CuqO& q

First, we deal with the structural chemistry of the L
2:2:3 series. (See Fig. 1 of Ref. 19 for the crystal struc-
ture and atomic sites of the 2:2:3 phase. } According to
the XRD data, the sample with L =Eu (Eu 2:2:3) was
single phase. For the samples with L =Dy, Y, and Ho, a
peak, which was probably due to Ce02, was seen in the
XRD patterns. The ratios of the intensities of this peak
to that of the main peak for the 2:2:3 phase were 0.4%,
1.4% and 1.6% for the samples with L =Dy (Dy 2:2:3),
Y (Y 2:2:3), and Ho (Ho 2:2:3), respectively. CeOz is a
nonmagnetic insulator and, therefore, does not
significantly affect the low-temperature transport proper-
ties. As the size of the L + ion decreased, both of the lat-
tice constants a and c decreased, while the oxygen con-
tent remained constant within an accuracy of +1.2%.
The L + ions are thought to occupy the site with a coor-
dination number of 8 (Al site in Fig. 1 of Ref. 19), which
is included in the Auorite-type block. The rest of the A 1

site is occupied by Ce +. The values of the average ionic
radius of the cations at the A 1 site [r(A1)] can be ob-
tained using the ionic radii listed in Shannon's table and
are given in Table I.

Figure 1 shows the Meissner signals of the 2:2:3 sam-
ples. T, values for Eu 2:2:3 and Dy 2:2:3 are 28.5 and
about 7 K, respectively. The diamagnetic signal for Dy
2:2:3 is small, i.e., 5% of a full Meissner signal ( = —I /4m

in cgs units). This signal is superposed on the Curie
paramagnetic signal due to Dy + ions. For Y 2:2:3 and
Ho 2:2:3, no superconducting transitions are observed
down to 2 K in both susceptibility and resistivity data.
The magnitude of T, decreases as the ionic radius of L +

decreases.
The temperature dependences of the resistivity and

Hall coefficients are shown in Fig. 2. ' The resistivity (p)
curve for each of the four samples possesses a minimum
with respect to temperature in the range 120—180 K. At
temperatures above -150 K, p values for the four sam-
ples are not much different. At temperatures below the
minimum, p increases as the size of the L + ion decreases
(from that of Eu + to that of Ho +}. Each of the four
Rz-vs-T curves has a maximum located at T~ around
110—130 K. At temperatures above T, R~ values were
nearly identical for all the 2:2:3 samples, except for Ho
2:2:3, which has a slightly larger value of R~ than those
of the other samples. This result agrees with the oxygen-
analysis data. At temperatures below Tp R~ values for
the four samples decrease with decreasing temperature
and their slopes (positive) are different for samples con-
taining different kinds of L + ion. The slope decreases as
the size of the L + ion decreases (from that of Eu + to
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TABLE I. Composition, oxygen pressure at a final heat treatment [P(Oz) ], superconducting transition temperature ( T, ), and aver-

age ionic radius of the A I site cations [r( 3 I )] of the samples.

Sample type

L 2:2:3 series
Eu 2.2 3

Dy 2:2:3
Y 2:2:3
Ho 2:2:3
Zn-doped T* series
0% Zn-doped T*
1.5% Zn-doped T
2% Zn-doped T*
L T series
Sm T*
Eu T*

Composition

(Eu2/3Ce&/3) 2(La& /3Ba& /3Sr&/3)2Cu309
(Dy2/3Ce&/3)2(La&/3Ba&/3Sr, /3) &Cu309
(Y2/3Cel/3)2(La[/3Ba)/3Sr)/3)2Cu309 g

(Ho2/3Ce&/3) 2(La& /3Ba&/3SI $/3) 2Cu309 —$

Nd) 4Cep 2Srp 4Cu04
Nd) 4Ceo. 2Sro.4Cu0. 985Zn0. 015O4 —5

Nd) 4Cep 2Srp 4Cup 98Znp p204

Lap ItSmSrp zCu04 ~

Lap 9Eup 9Slp 2Cu04 —g

LaQ 9GdQ 9SIp 2Cu04

P(Oq)
(atm)

80
80
80

28.5
7

&2
&2

23.1

&2
&2

21
12

&2

r(A1)
(A)

1.034
1.008
1.003
1.000

1.081
1.081
1.081

1.079
1.075
1.064

that of Ho +). Thus the slope is suspected to be strongly
correlated to the magnitude of T, . The RH data given in

Fig. 2 were measured using an applied magnetic field of 6
T. For each of the four samples, the dependence of the
Hall coefficient on magnetic field was investigated at two
temperatures below and above T, i.e., 50 and 210 K. No
field dependences are observed, as shown in Fig. 3 (for Eu
2:2:3 and Y 2:2:3 samples). The data for fields below 3 T
are relatively scattered because of small Hall voltages.

The Seebeck coefficient S is plotted in Fig. 4 for the su-

perconducting 2:2:3 (Eu 2:2:3) and nonsuperconducting
2:2:3 (Y 2:2:3) samples. ' The S-vs-T curve for Eu 2:2:3
has a peak (at T~) around 170 K. Throughout the mea-

sured temperature range, S for Y 2:2:3 is larger than that
for Eu 2:2:3. T for Y 2:2:3 is 190 K, which is slightly

higher than that for Eu 2:2:3.
The I. + ions contained in each sample have different

magnetic moments. The normal-state magnetic suscepti-
bility (g) was measured to investigate the relation be-

tween the transport and magnetic properties. Figure 5

shows the results for the four samples. No correlations
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curves [Fig. 2(b)] and the y vs-T curves-(Fig. 5). The in-

verse susceptibility data for the samples except for the Eu
2:2:3 sample are plotted against temperature in Fig. 6.
The curves for Dy 2:2:3 and Ho 2:2:3 obeys the Curie-
Weiss law g=CI(T —8). The effective Bohr magnetons
per I. + ion calculated from the Curie constant are
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FIG. 1. Superconducting diamagnetic susceptibility (Meiss-
ner effect) for (L2/3CeI/3)p(La&/3Ba&/3Sr&/3)zCu309 ~ with

L =Eu, Dy, Y, and Ho, measured in an applied field of 1 mT.

FIG. 2. Temperature dependence of (a) resistivity and (b)
Hall coefBcients for (L2/3Ceg/3)Q(La)/3Bag/3Srg/3)2Cu309 q with
L=Eu, Dy, Y, and Ho.
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FIG. 3. Field dependence of Hall coefficients at 50
and 210 K for (Eu2/3Ce&/3)2(La//3Ba&/3Sr&/3)2Cu30& q and

(Y2/3Ce~ /3)2{La, /3Ba&/3Srf /3) 2Cu309 —$.

—10.0 K for Dy 2:2:3 and Ho 2:2:3, respectively. This
implies an antiferromagnetic correlations between the
L + ions.

The temperature dependence of the magnetic suscepti-
bility of Eu 2:2:3 per mole of Eu is shown in Fig. 7. The
ground state of the Eu + ion is J=0, but one has to ac-
count for the contribution from the excited levels (JAO),
which are therma11y populated at high temperatures be-
cause the J multiplet intervals are comparable to k&T.
The formula derived by Van Vleck [Eq. (16) in Ref. 21]
was used to fit the susceptibility data as was done for
Eu2Cu04 by Tovar et a1. and Seaman et al. As the
fitting parameter, a spin-orbit coupling constant A which
determines the J multiplet intervals, was employed. The
solid linc in Fig. 7 is the fitted curve with A =438+4 K.
This value for A is in good agreement with that (-440
K) obtained for EuzCuO~. Therefore, most of the Ce
ions contained in the Eu 2:2:3 samples are considered to
be nonmagnetic. According to Van Vleck's formula, the
susceptibility is expected to level off at temperatures
below 100 K. However, the experimentally obtained sus-
ceptibility for Eu 2:2:3 increases further as the tempera-
ture decreases. For Y 2:2:3 it was observed that the sus-
ceptibility increases with decreasing temperature, as
shown in Fig. 6, in spite of the fact that an Y + ion does
not carry localized magnetic moments,

FIG. 5. Temperature dependence of the magnetic susceptibil-
ity for (L&/3Ce&/3)2(La&/38a&/3Sr&/3)&Cu309 z with L =Eu, Dy,
Y, and Ho, measured in an applied field of 0.5 T.

Nd~ gCeo 2Sro 4Cu] Zn 04—g

In the series of samples Nd, 4Ce02Sr04Cu04 & doped
with Zn (Zn-doped T' series), the temperature depen-
dence of R& was found to be similar to the case of the L
2:2:3 series. In the following, the Zn-doped T' series are
compared with the L 2:2:3 series in terms of the transport
properties. The samples with x =0 and 0.015 are
confirmed to be single phase by XRD. The sample with
x =0.02 contained about 7% T' phase as an impurity
phase. Probably, the impurity phase in the sample is an
insulator or semiconductor and has little infiuence on
RH. The superconducting properties of these samples
were previously reported. ' As the Zn content x in-
creased, T, decreased monotonically. When x reached
the value of 0.015, superconductivity disappeared.

The resistivity and Hall-coeScient data for the Zn-
doped T* samples are shown in Fig. 8. Each of the p-vs-
T curves has a minimum at a temperature in the range
110—180 K. The resistivity increases with increasing Zn
content, especially at temperatures below 150 K. Each of
the RH-vs-T curves has a maximum at T in the rangeI'
110—150 K. RH for 1.5% Zn-doped T' at temperatures
higher than 150 K is nearly the same as that for 0% Zn-
doped T*. At temperatures lower than T, the slope of
the RH-vs-T curve is positive and decreases with increas-
ing Zn context. The slope below T appears to be strong-
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FIG. 4. Temperature dependence of Seebeck coeffi-
cients for (Eu2/3Ce&/3)2(La&/38a&/3Sr&/3) 3Cu309 q and

(Y»3Ce&/3)&(La&/38a, /3Sr&/3) 2Cu309
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for (Lp/3Ce&/3)f(La&/38a&/, Sr&/3)&Cu309 z with Dy, Y, and Ho.
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0.5 T.

ly correlated to the magnitude of T„as previously men-

tioned for the 2:2:3 phase. This behavior is rather con-
trary to that reported ' for the T, 1:2:3,and Bi 2:2:1:2
phases, for which the slope of RH-vs-T curve was usually

negative and the absolute value of the slope decreased as
the magnitude of T, decreased. It should be noted that
an abrupt upturn of RH with decreasing T was observed
for 2% Zn-doped T at T&40 K, where p was larger
than 15 m 0 cm and rapidly increased with decreasing T.
A similar upturn of RH was observed for Ho 2:2:3below
30 K [Fig. 2 (b}],where p exceeded 1 lmQ cm.

The temperature dependence of Seebeck coeScient is
shown in Fig. 9.' The S-vs-T curve for 0% (Zn)-doped
T' shows a maximum at T~= 160 K. Throughout the
measured temperature range, the magnitude of S in-

FIG. 9. Temperature dependence of Seebeck coefficients for
Nd& 4Cep 2Srp 4Cu~ „Zn„04 q.

creases with Zn substitution for Cu. The Zn doping also
makes T shift from 160 to 210K. The S-vs-T curve for
0% Zn-doped T' (with T, =23.1K) is nearly identical to
that for Eu-2:2:3 (T =28.5 K) in Fig. 4. The S-vs-T
curve for 1.5%%u% Zn-doped T* (T, &2 K) is similar to that
for Y2:2:3 (T, &2K) in Fig. 4. For each of Zn-doped T
and L 2:2:3phases, the di8erence in S between the nonsu-
perconducting and superconducting samples (hS} is plot-
ted with respect to temperature in Fig. 10. ' The temper-
ature dependence of hS for the 2:2:3samples is similar to
that for the T* samples. At low temperatures below 130
K, hS is independent of temperature. At temperatures
between 130 and 260 K, hS increases with increasing
temperature. At temperatures above 260 K, hS seems to
be constant with respect to temperature, although the
data points are rather scattered because of the instrumen-
tal limitation in temperature control.
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the study of the relationship between the ionic radius of
L + and the hole concentration. From the XRD mea-
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(Gd T') were found to be a single phase of the T' phase.
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FIG. 10. Difference in Seeback coefficients (hS) between the
nonsuperconducting and superconducting samples with respect
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Unfortunately, it was found that the sample with L =Sm
included the T' phase as an impurity phase up to an
amount of 8 —10%%uo. This impurity phase (T') is probably
an insulator or semiconductor and has little inhuence on
RH. The lattice constants determined by XRD measure-

0 0
ments are as follows: a =3.876 A and c =12.600 A for
Sm T*, a =3.869 A and c =12.580 A for Eu T*, and
a =3.865 A and c = 12.567 A for Gd T*. The lengths of
both the a and c axes decreased with decreasing the ionic
radius of L +. Sm +, Eu +, and Gd + ions were found
to occupy the sites with a coordination number of 8 ( A 1

site) in the fluorite block. The rest of the A 1 site was
occupied by La + for the case of Eu T* and Gd T'
(where x in Lai s „L„SrozCu04 &

is 0.9; see Table I).
The average ionic radii of the cations at the A 1 site were
calculated using Shannon's table and are listed in Table
I.

The Meissner signals of three samples are shown with
respect to temperature in Fig. 11. T, values for Sm T*
and Eu T' are obtained to be 21 and 12 K. The super-
conducting transition is not observed for Gd T* down to
2 K. The magnitude of T, decreases as the ionic radius
of the L + ion decreases.

The magnitude of Hall coefficient increases as the ionic
radius of the L + ion decreases, as shown in Fig. 12. A
similar result for the room-temperature Hall coefficient
was recently reported. This suggests that the mobile-
carrier concentration decreases as the ionic radius of the
L + ion decreases. The hole concentration p per [Cu-
0]+i' unit was also determined chemically by a
Coulometric titration technique. ' The values ofp for Sm
T', Eu T*, and Gd T* were 0.133+0.015, 0.106+0.010,
and 0.076+0.005, respectively. The error in p for Sm T*
was relatively large because of the impurity phase. The
value of p decreases as the ionic radius of the L + ion de-
creases since oxygen deficiency increases as the ionic ra-
dius of the L + ion decreases. Assuming a single-band
model, Hall coefficients (RH) were estimated using the
chemically determined values for p and the relation
RJI

= V/pe, where V is half the unit-cell volume. These
values are plotted on the right-hand side of Fig. 12. The
maximum value of RH for each of the three samples is
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FIG. 12. Temperature dependence of Hall coefficients for
La~ 8 L Srp 2Cu04 g with L =Sm (x = 1), Eu (x =0.9), and
Gd (x =0.9). The estimated values for Hall coefficient (RH ) us-

ing the chemically determined hole concentration (p) and the
relation R& = V/pe ( Vis half the unit-cell volume) are also plot-
ted on the right-hand side.

identical to or smaller than RH. Similar relations be-
tween RH and p were often observed in superconducting
cuprates.

The RH-vs-T curves for Sm T*, Eu T*, and Gd T'
have peaks at 120, 100, and 90 K, respectively. The peak
temperature T appears to be lowered as the chemical
doping level is lowered. Similar behavior of T was ob-
served for the (Ndos «Ce~Sr02)2Cu04 s system (T'
phase). For the sample with y in the range 0.09—0.11,
the value ofp was -0.14 (Ref. 27) and T~ was —150 K.
For the sample having a smaller value of p of -0.08
(y =0.15), T~ was —120 K.

The normal-state magnetic susceptibility is shown in
Fig. 7 (Eu T') and Fig. 13 (Sm T' and Gd T"). For Eu
T* the same formula as for Eu 2:2:3 was applied. The
solid line in Fig. 7 represents the fitting curve at tempera-
tures above 100 K. This curve is for the value of the
spin-orbit coupling constant A, equal to 448+5 K. This
value is in good agreement with that obtained for
Eu2Cu04. Below 100 K, the susceptibility slightly in-

creases with decreasing temperature, contrary to Van
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Vleck's formula. The susceptibility for Gd T* can be de-
scribed by the Curie-Weiss law, as shown in Fig. 13. The
effective Bohr magneton per Gd + ion is 7.7p&, which is
in good agreement with the corresponding free-ion value
of 7.9p~ . The Weiss temperature 0 is —8.3 K. This
suggests an antiferromagnetic correlation between Gd
ions. For Sm T* the magnetic susceptibility per mole of
Sm (Fig. 13) is similar to that of SmzCu04. However,
the expected susceptibility from a free Sm + ion calculat-
ed using Van Vleck's formula [Eq. (23) in Ref. 21] is

larger than the measured value (by a factor of -2 at 50
K). Such a discrepancy might arise from the mixed-
valence state of the Sm ion or a certain kind of interac-
tion between the magnetic moment of Sm and the charge
carrier. The normal-state magnetic susceptibility data
for the L T' samples (Figs. 7 and 13) do not exhibit clear
correlations with the Hall-coefficient data (Fig. 12).

Both the Hall measurement and chemical analysis
showed that the hole concentration in the L T* samples
decreases as the ionic radius of the L + ion decreases.
The relation between p and T, for the L T* sample series
is parallel to that for the La2 „Sr Cu04 & system report-
ed by Torrance et al. The reduction in T, with decreas-

ing the radius of the L + ion from that of Sm + to that
of Gd + is probably caused by the reduction in hole con-
centration.

IV. DISCUSSION

A. Temperature dependence of the transport coefBcient

We discuss the temperature dependence of R~, S, and

p for the 2:2:3 and T* compounds and it is compared
with the theoretical prediction based on a t-J model.
Each of the Rz-vs-T curves for the L 2:2:3 samples
[Fig. 2(b}] and Zn-doped T' samples [Fig. 8(b)]
commonly possesses a maximum at T in the range
1 10-150 K. The value of the hole concentration p for
Nd, 4Cep zSrp 4Cu04 s (T' phase} was reported to be
about 0.14. The room-temperature Hall coefficients for
all the Zn-doped T samples are nearly identical, and
therefore, p values for all the Zn-doped T* samples are
considered to be about 0.14. The sheet hole concentra-
tion p,h (Ref. 4) for all the L 2:2:3 samples is roughly es-
timated to be 0.13 from the minimum value of n&. As
the value of p is lowered, T is lowered, as shown in Fig.
12. The normal-state magnetic susceptibility for L 2:2:3
and L -T*, except for Y 2:2:3and Sm T*, is considered to
be mainly from the moment of the free L + ions. The
temperature dependence of R~ may not be correlated
with that of the magnetic susceptibility data. Therefore,
the anomalous temperature dependence of R& cannot be
attributed to skew scattering by 4f moments. The max-
imum in the R&-vs-T curve was observed commonly in
the 2:2:3, T*, and T' compounds. ' Previously, we as-
cribed such a maximum to the modification of electronic
states in the CuOz plane due to an interaction with the
neighboring fluorite block. ' However, Tamegai and
Iye recently found that the R&-vs-T curves for
Nd&+„Ba2 „Cu307+s with x =0.2—0.3 (1:2:3phase) and

YBa2(Cup 95Cop p5)307+s (1:2:3 phase) had maxima
around 120 K, which were similar to those for the 2:2:3
phase. " They claimed that a maximum in R& was ac-
companied by an upturn of the resistivity and that this
behavior was a universal transport anomaly of the Cu02
planes when the value of p was in the range 0.1 —0.15. In
the present work, p values for L 2:2:3 and Zn-doped T*
samples were considered to fall within this range.

The anomalies in R& and p for the 2:2:3and T* phases
may be related to structural instability, as was pointed
out for the 1:2:3 phase. From a neutron-diffraction
study for the T' phase, 0(2) atoms (apexes of the CuO~
pyramids) are believed to be statically disordered about
the ideal positions. Bordet et al. found that, in
La& &3Tbp s&Pbp p6Cu04 s (T* phase), a tetragonal-
orthorhombic transition occurred in the temperature
range 470—150 K. The low-temperature orthorhombic
structure was ascribed to the "ordered canting" of the
Cu05 pyramids and the "corrugation" of the CuOz
planes, which generated two inequivalent Cu sites in the
Cu02 plane, and the high-temperature tetragonal struc-
ture was ascribed to a dynamically disordered canting of
the CuO& pyramids. Bordet et al. observed a similar su-

perstructure for LaSmp sSrp zCu04 (T* phase) at 77 K,
though the ordering appeared to be short range. Also,
for the 2:2:3 phase, a neutron-diffraction study at room

temperature revealed that the 0(2) atoms (apexes of the
Cu05 pyramids) and Cu(1) atoms are displaced locally
from their ideal positions. Therefore, the structural in-
stability associated with the canting of the Cu05 pyram-
ids is likely to be inherent to the crystal structure of both
2:2:3and T* phases and affect the transport properties of
the phases. Thus a structural transition or a freezing of
dynamically disordered canting may cause anomalies in

Rz and p at T—150 K. In the samples of
Nd, 2Ba, sCu307~s and YBa2(Cup 95Cop pg)307+s in

which the maxima in R&-vs-T curves were reported,
disorder can also be introduced into the Ba or the Cu(1)
site, as well as into the apex oxygen site. Detailed
structural analyses by low-temperature neutron
diffraction are required to understand the structural in-
stability at low temperatures.

Tamegai and Iye pointed out that the decrease in R~
and the increase in p with decreasing T below 120 K can
be explained by gap formation in a hole band, which was
postulated to coexist with an electron band (two-band
model). According to the present experimental data
(given in Figs. 2 and 8), as the temperature approaches
zero, the more rapidly p increases, the less rapidly the
corresponding R& decreases. This feature seems to be
difficult to explain straightforwardly by the gap-
formation model. In Sec. IV B we present an explanation
from the viewpoint of Anderson localization as weH as
the Couloxnb interaction in the presence of a random po-
tential. "

On the basis of a t-J model, Nagaosa and Lee calcu-
lated transport coefficients in the uniform resonating-
valence-bond (RVB) state in which fermions and spinless
bosons are coupled by a gauge field. They obtained
R~=(R~ys+R~y~)l(ys+yF ), where yF (or ys ) is the
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Landau diamagnetic susceptibility of the fermions (or bo-
sons) and RH (or RH) is the Hall coefficient for the fer-
mions (or bosons). At temperatures above the Bose-
Einstein condensation temperature T~E, RH is governed
by the bosons. For this range of temperature, two recent
works ' theoretically predicted that RH increases with
decreasing T. For temperatures below TBE, gz becomes
infinite and RH-RH= —(1—p) '. If TBE) T„RH vs T--
curves have maxima at TzE. This can be an alternative
explanation of the peak structure of the RH-vs-T curves.
In this case, p, calculated by the model, consists mainly
of the contribution from the fermions (pF ) at tempera-
tures below TBE. The magnitude of pF might increase
with decreasing temperature in the range of T(TBE by
Anderson localization, which would be suppressed by the
gauge field at T) TBF."

For most of the superconducting cuprates, the temper-
ature dependence of the Seebeck coefficient (S) shows a
maximum at a characteristic temperature in the range
100-200 K and decreases with increasing temperature,
even at room temperature where phonon drag is usually
less likely. Recently, Kaiser and Mountjoy ' proposed
that this characteristic for S may be explained by a strong
electron-phonon coupling, instead of the appearance of
the phonon-drag peaks, which disappear as the phonon
and electron mean free paths are reduced by increasing
the scattering. On the other hand, using a gauge-field
theory for a uniform RVB state, Nagaosa and Lee (NL)
proposed the relation that S =S~+Ss (NL model),
where the SF and S~ were the Seebeck coef5cient of fer-
mions and bosons and, respectively, estimated using con-
ventional Fermi and Maxwellian statistics for the two-
dimensional system. Curve fitting for the data given in
Figs. 4 and 9 has previously been made on the basis of the
NL model. ' In doing so, an additional parameter was
introduced into the expression for Sz, so that reasonably
fitted curves were obtained. At present, whether the
strong electron-phonon coupling model or NL model is
more plausible is undecided.

The resistivity curves in Figs. 2(a) and 8(a) show mini-
ma. In the temperature range where p is lower than 10 m
0 cm, the present data for the temperature dependence of
p are found to be curve fitted by the formula
p=a+bT —c lnT. In the temperature range where p

(LuSCel/S4(La, /~ BOI/S SrI/S )aCuS09

1p- I
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FIG. 15. Resistivity
Nd»4Ceo 2Sro 4Cu& „Zn„04

vs T I'3 for

exceeds 10 mQ cm, the increase in p with decreasing T
down to 1.6 K (instrumental limit) is steeper than the—lnT curve and milder than the exp(1/T) curve of a
thermal activation type. Then we plot lnp with respect to
T ' in Figs. 14 and 15 for, respectively, the samples of
the L 2:2:3 and Zn-doped T* series. Figures 14 and 15
indicate that variable-range hoppings (VRH's) of carriers
are probably responsible for the electronic conduction in
the range of p ~ 10 mA cm, as often observed in layered
cuprates. " ' It is not clear whether it is a two-
dimensional VRH [p ~ exp( T '~

) ] or a three-
dimensional VRH [p ~exp(T ' )]. Thus each of the p-
vs-T curves can be divided into the following three re-
gions as the temperature decreases. In the temperature
range from room temperature to the temperature T„,
where resistivity has a minimum (region I), the slope of
the p-vs-T curve is positive. In the temperature range
from T„ to temperatures where p (10 mQ cm (region II),
p exhibits a logarithmic increase with decreasing temper-
ature. The temperature range (region III) where p
exceeds 10 mQ cm, if it exists, is for probable VRH con-
duction. For La, »Sro»(Cu, „Ga„)04 (Ref. 44) and
Nd2 Ce„Cu04, as temperature decreased, the
minimum in p was followed by a logarithmic increase.
This was interpreted as the Kondo effect. ' For the
present results in region II, however, a weak-localization
effect, which is caused by quantum interference of the
conduction electrons at the defects, and/or effects of
Coulomb interaction between electrons in a random po-
tential in the two-dimensional system are more plausi-
ble than the Kondo effect, since at the low-temperature
side of region II a VRH conduction region (region III)
exists.

10-2
Y~"

. Dy

I I I I '
I I

0.1 0.3 O.5 0.7 0.9
T-I/5 (K-I/3)

FIG. 14. Resistivity vs T ' for
(L2/3Cel/3)2(La&/38a&/3Sr, /3)3Cu309 q with L =Eu, Dy, Y, and
Ho.

B. Compositional dependence of transport properties

We now discuss the effect of rare-earth ions on the
normal-state transport properties of the 2:2:3 compounds
compared with those of the T* compounds. Previously
(Sec. III B), we have pointed out the similarity of the
transport properties of L 2:2:3 to those of Zn-doped T*.
The differences between the superconducting sample
(Eu-2:2:3 or 0% Zn-doped T") and the nonsuperconduct-
ing sample (Y 2:2:3 or 1.5%%uo Zn-doped T*) are summa-
rized as follows. (1) At temperatures higher than 150 K
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(region I), R~ of the nonsuperconducting sample is near-

ly identical with that of the superconducting one, and
also the p values of both the samples are not very
different. (2) At temperatures in the same range, howev-

er, S of the nonsuperconducting sample is larger than
that of the superconducting sample. (3) At temperatures
lower than 150 K (regions II and III), the nonsupercon-
ducting sample has larger values for S, R~, and p than

the superconducting sample.
Because of result (1), result (2) may not be due to the

difference in the hole density, but rather due to the
difference in the carrier-scattering contribution. ' The
substitution of Zn for Cu in the T* phase is expected to
cause a local destruction of the antiferrornagnetic corre-
lations between Cu + spins' and yield a "disordered po-
tential" for carriers in the Cu02 planes. These effects

may bring about an additional carrier scattering and/or a
change in the energy dependence of the carrier mean free
path and, consequently, an increase in S. In the 2:2:3
phase, a similar disordered potential may be yielded in

the Cu02 planes because of the difference in the radii of
the L + ion. Hereafter the disordered potential is taken
to mean a regular potential plus an additional potential
with a few percent of randomly distributed defects, such
as the substitution of Zn for a few percent of Cu in the

Cu02 plane. It should be noted that, in the case of stan-

dard metallic diffusion therrnopower, a change in thermo-

power due to the change in the energy dependence of the
carrier mean free path is proportional to temperature. In
the present case, however, AS (Fig. 10) was not propor-
tional to temperature over a wide temperature range,
which might be affected by the complicated temperature
dependence of S (Figs. 4 and 9},as mentioned in Sec. IV
A.

In the low-temperature range (T (150K), among R&,
S, and p, the most striking change was observed for p. In
the nonsuperconducting sample, p strongly increased
with decreasing temperature in the range below 50 K, but
both R~ and S did not significantly increase in the same

range. Therefore, the increase in p was not mainly
caused by the reduction in the number of mobile carriers.
As mentioned in Sec. IV A, the increase in p at low tem-

peratures may be ascribed to a weak localization and/or
effects of the interaction between electrons in the disor-
dered two-dimensional electronic system in temperature
region II and to a VRH conduction in temperature re-

gion III. The resistivity data in Figs. 2(a) and 8(a} suggest
that the degree of disorder in the potential energy for
mobile carriers becomes stronger, as the size of the L +

ion decreases in the L 2:2:3 samples and as the Zn con-
tent increases in the Zn-doped T* samples.

According to theoretical studies for the two-
dimensional system, the Hall coefficient is cot affected
by weak localization. However, a model which took into
account both disorder scattering and the electron-
electron interaction showed that the resistivity and Hall
coefficient exhibited logarithmic increases with decreas-
ing T and the correction term for the Hall coefficient is
proportional to that for the resistivity. It is seen from
Figs. 2 and 8 that at a fixed temperature, say, 70 K, a
sample having a larger resistivity has a larger value for

R~. The latter model can explain this experimental re-
sult. Note that in the VRH conduction region (region
III), as the temperature decreases, R~ increases for Ho
2:2:3 and 2% Zn-doped T*. From theoretical analyses
for the disordered two-dimensional electronic system,
Seebeck coefficients are expected to increase logarithmic-
ally with decreasing T as is the case with the resistivity,
although there has been no experimental verification for
this. The data for S in Figs. 4 and 9 show no marked
changes below 150 K. Instead, the degree of disorder in
the potential energy probably affects the carrier-
scattering contribution to S throughout the measured
temperature range (20—310 K), as shown in Fig. 10.

One of the possible causes of the disordered potential
for carriers is the oxygen vacancy. For the L T* series,
the number of oxygen vacancies increases as the radius of
the L + ion decreases, as mentioned in Sec. III C. In the
case of the L 2:2:3 series, the decrease in the radius of the
L + ion can generate such oxygen vacancies in the O(2)
(apexes of the Cu05 pyramids} or O(4) (oxygen in the
fiuorite-type block) sites which are adjacent to the Cu02
planes. In this case the total amount of oxygen should
remain constant offsetting the oxygen deficiency by intro-
ducing oxygen into the O(1) sites. [The O(1) site in the
2:2:3 structure is usually half-filled. ] Another possible
cause of the disordered potential is a lattice distortion
around the fluorite block. In general, a fluorite-type crys-
tal structure can be formed for AX2, where the ionic-
radius ratio r( A )/r (X) is greater than 0.73. If the ratio
falls below 0.73, they may adopt the rutile structure
where the coordination number of the A ion is 6 instead
of 8 of the fluorite-type structure. The average ionic ra-
dii of the A 1 sites (see Table I) of Y 2:2:3 and Ho 2:2:3
are smaller than 73% of the ionic radius of oxygen. As
the size of the L + ion decreases, the lattice distortion
around the fluorite block of the 2:2:3 structure may in-
crease. It should be noted that the structural instability
associated with the canting of the Cu05 pyramids (Sec.
IVA) also depends on the size of the L + ion. To
confirm such a lattice distortion, detailed structural
analysis, e.g., the extended x-ray-absorption fine structure
or atomic-pair-distribution analysis of the diffraction
data, is required.

From a viewpoint of magnetism in the Cu02 planes,
Yoshida et al. ' recently examined Raman-scatter-
ing spectra for (Eu, Ce)2(Ba, Eu)zCu309 &, which
became a superconductor after oxidization, and
(Er, Ce)z(Ba, La)2Cu309 &, which did not turn into a su-

perconductor. It was found that no significant changes
occurred in two-magnon scattering, even if the ionic radii
of the two L + ions were different. ' %hen Cu in
I.a& 85Sr~ »Cu04 & was partially substituted by Zn, the
Curie-Weiss component was superposed on the normal-
state magnetic susceptibility since the antiferromagnetic
correlation between Cu + spins was locally destroyed. '

In other words, the isolated Cu + spins were induced
around the defects. As for the magnetic susceptibility for
Eu 2:2:3,Y 2:2:3,and Eu T, it was observed that the un-
known component superposed on the contribution from
the L ion and the unknown component increased with
decreasing temperature (see Figs. 6 and 7). If 1.9p~ is as-
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sumed for the isolated spin of Cu +, the unknown com-
ponent should, respectively, count (at 50 K) for —1%,
-7%%uo, and -2% of Cu for the Eu 2.2 3, Y 2.2:3, and Eu
T* samples. These values are comparable to the case of
La& 85Sro &5Cu& Zn 04 & with x =0.01—0.04. ' The
unknown component for Y 2:2:3 is larger than that for
Eu 2:2:3. Thus this component may have been caused by
isolated Cu + spins induced by lattice distortion or de-
fects.

Thus, in the L 2:2:3 samples, the compositional depen-
dence of p, S, and RH may suggest that the degree of dis-
order in the potential energy increases as the size of the
L + ion decreases. This is considered to be one of the
reasons why T, depends on the size of the L + ion. It is
known for conventional BCS superconductors that T, is
reduced as the degree of disorder increases, since the
Coulomb repulsive interaction is enhanced in disordered
systems. To elucidate the weak-localization effect, mag-
netoresistance measurements using single crystals are re-
quired.

U. SUMMARY

The temperature dependences of p, R&, and
S were measured for three series of samples,
(L2&3Ce»3)z(La&&38a, &3Sr, &3)2Cu309 s (L =Eu Dy Y
and Ho), Nd, ~Ceo 2Sro 4Cu, „Zn„04 s (x =0—0.02),
and La, s „L„SruzCu04 s (L =Sm, Eu, and Gd), in or-
der to investigate the dependence of T, on the ionic ra-
dius of the L atom. The magnetic susceptibility in the
normal state was also measured. The susceptibility was
found to have the main contribution from free L + ions
and no correlations to the magnitude of T, and also to
the RH-vs-T curve. In the L 2:2:3 series, T, decreases as
the size of the L + ion decreases (from the size of Eu +

to that of Ho +), while the hole concentration remains
the same. In the L T* series, the reduction in T, with
decreasing the size of the L + ion (from the size of Sm +

to that of Gd +) may be explained by the reduction in the
carrier concentration. Each of the RH-vs-T curves for
the 2:2:3 and T* phases had a maximum at T in the
range 90—150 K. It was found that the slope of a RH-vs-
T curve below T was dependent on the magnitude of T, .
The data of p, RH, and S for the nonsuperconducting
2:2:3 sample containing small L + ions were all parallel
to those of the nonsuperconducting Zn-doped T' sample.
%ith decreasing temperature below 150 K, p for both
samples showed a logarithmic increase followed by
variable-range-hopping conduction. Throughout the
measured temperature range, S 's for both nonsupercon-
ducting samples were larger than those of the supercon-
ducting samples. Therefore, a "disordered potential" (the
regular potential plus an additional one due to randomly
distributed defects) for charge carriers similar to the case
of the Zn-doped T* sample may exist in the nonsuper-
conducting 2:2:3 sample. This is considered to be one of
the causes for the dependence of T, on the L + ionic ra-
dius in the 2:2:3 phase. The lattice distortion inherent to
the 2:2:3 phase and the generation of oxygen vacancies in
the O(4) or O(2) site, both of which seem to be enhanced
as the size of the L + ion decreases, are possible sources
of the disordered potential.
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