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A room-temperature structural phase diagram has been determined in (La;_,Gd,) 3sSry ;sCuO,
system (0 <x <1). There exist three stable phases (T, T* and T"), in which the local Cu-O unit is an
octahedron, a pyramid, and a square, respectively. The Jahn-Teller distortion is reduced in the or-
der of T, T*, and T". For each phase, there is a solubility region. No magnetic ordering is found in
the T and T* phase, both of which exhibit paramagnetism with a constant Gd magnetic moment
consistent with that of Gd**. In Gd,Cu0O, and Gd, sSr, ;sCuQy,, the initial susceptibility indicates
a Néel state in the Cu-O, plane at Ty =285 K and another magnetic transition at low temperature.
Ty is not sensitive to the Sr doping at all, indicating that extra holes cannot be doped onto the Cu-
O, plane. While the T* and 7" phases are insulating, exhibiting a variable-range hopping behavior,
the Gd-doped (La;_,Gd,),; 3581 ;5CuO, (x =0.1) is superconducting with T, reducing with increas-
ing Gd concentration. The suppression of T, is not due to a variation of the electron-boson cou-
pling strength which remains unchanged in the system, but correlates closely with the low-
temperature resistivity anomaly. Such an anomaly can be best described by a logarithmic tempera-

ture dependence.

I. INTRODUCTION

The advent of high-temperature superconductors has
greatly challenged our understanding in condensed
matter physics. While intensive experimental investiga-
tion has yielded the discovery of half a dozen new oxide
superconductors and a wealth of properties of these ma-
terials,”? the basic mechanism responsible for the high-
T. superconductivity defies confirmation.!"? It is com-
monly believed that the Cu-O, plane, which exists in all
of the cuprate superconductors, plays a paramount role.'
However, it remains puzzling that many cuprate oxides
with the familiar Cu-O, planes are not superconducting
at all.>~® The study of these oxides is of particular in-
terest because it offers important clues to the function of
their superconducting counterparts.

Among all of the cuprate superconductors,
La,_,Sr,CuO, (the 2:1:4 compound) is a unique system.
The carrier concentration can be easily changed by dop-
ing the Sr?* ions into the La®* site of the parent com-
pound La,CuQ,. As aresult, T, first increases, then satu-
rates, and finally decreases, with increasing carrier con-
centration.” The structure of this system is the simplest
of all with only one Cu-O, plane per unit cell, in which
the copper atom is octahedrally coordinated by oxygen
atoms (the T phase). In addition, there exist a series of
compounds L,CuO, (Refs. 8—11) (L: light rare-earth ele-
ments from Pr to Gd) that share a similar structure with
that of La,CuO,, but the copper atom is square-planar
coordinated (the T’ phase'!). While the hole-doped
La,CuO, is a high-T, superconductor without long-range
antiferromagnetic order,® the hole-doped L,CuO, com-
pounds are semiconducting with diverse magnetic orders.
Comparative study between these systems should help
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one to understand the crucial ingredients of a high-T, su-
perconductor. Recently, it was discovered'?!3 that some
of the L,CuO, compounds become superconducting with
T,.~10-25 K if the L site is doped by Ce. Electrical
transport measurements indicate that the conduction car-
riers are electrons.!>!3 This finding not only opens a new
door in the search for high-7, superconductors, but it
also offers important insight into the nature of the elec-
tronic state of this type of materials.!% 13

One of the effective means to study the cuprate super-
conductors is cation doping by different elements,!® ™22
which generally induces changes in structure, oxygen or-
dering, carrier concentration, magnetic properties, and
indeed the superconducting properties. The response of
various properties to doping allows us to elucidate the
role of a particular constituent of a superconductor.'®~2°
For example, the Y site in YBa,Cu;0, (the 1:2:3 com-
pound) can be substituted fully by many rare-earth ele-
ments with large magnetic moments.'®~!® The supercon-
ducting properties are not compromised by such a substi-
tution. It indicates that the Y site is virtually electroni-
cally isolated from the Cu-O, plane, where the supercon-
duction takes place. Such a picture is also supported by
band-theory calculations.”> In the La, 4sSry ;5SuO, sys-
tem, however, doping of rare-earth elements on the La
site affects 7T, with varying degrees®* 2® Tarascon
et al.** and Takagi et al.?® have measured T, of various
samples doped with equal amounts of rare-earth ele-
ments. It was found that the light and heavy rare-earth
elements reduce T, slightly, but the intermediate rare-
earth elements such as Gd and Tb strongly deteriorate
T,.. For example, the T, of a sample doped with 5 at. %
Tb is reduced from 38 to about 26 K. Crabtree et al.?®
have measured the (dch/dT)Tc of two Nd doped sam-
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ples, and found no evidence of an exchange interaction
between magnetic moments and conduction electrons.
Takagi et al.?® also concluded that the depression of T,
cannot be ascribed to the magnetic effects, nor to a
volume effect as suggested by Tarascon et al.?* However,
it remains unclear what mechanism is responsible for the
T, suppression.

We have carried out a systematic study of the
(La; _,Gd,), g581y15Cu0, system over the entire compo-
sition range of 0=x =1, in which all three stable phases
(T, T*, T') have been realized. We have determined the
structural phase diagram and the superconducting—
normal-state phase diagram. The different Cu-O po-
lyhedrons in these phases have profound consequences on
carrier doping, conductivity, magnetic characteristics,
and indeed superconductivity. The effect of Gd on the
superconducting and normal-state properties has been in-
vestigated by susceptibility and resistivity measurements.
The electron transport and magnetic characteristics of
other phases in the system have also been studied.

II. EXPERIMENT

All of the samples used in this study were made by us-
ing a standard solid-state reaction method. Appropriate
amounts of La,0;, SrCO,, Gd,0;, and CuO were well
mixed and pressed into pellets. The samples were an-
nealed in an oxygen atmosphere at 1050 °C for about 100
h with three intermediate grindings and pressings.

The resulting pellets were cut into regular stripes for
four-probe resistivity measurement. Fine copper wires
were attached to the samples using silver paint. A com-
puter controlled data-logger system collected the resis-
tivity data as a function of temperature. A SQUID mag-
netometer was used to measure the temperature depen-
dence of magnetization in both the zero-field-cooled and
field-cooled modes, as well as the magnetic susceptibility

(a) T phase

(b) T* phase
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in the normal state.

The quality of the samples and the lattice parameters
of various phases were determined by using a Phillips
APD 3720 automated x-ray powder diffractometer. The
scattering angle 260 ranged from 5° to 80°. The shapes of
the diffraction peaks were fitted by a modified Gaussian
function. The lattice parameters were then calculated
from the positions of at least 22 diffraction peaks using a
standard least-squares reduction method. )

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Structures and lattice parameters

A series of samples with formula
(La,_,Gd,), gs81p ;5Cu0, (0=x =1) and Gd,CuO, were
made in order to determine the structural phase diagram
of this system. The structures of the two end members
without Sr, La,CuO, and Gd,CuO,, are well known.
La,CuO, contains two-dimensional planes of Cu-O oc-
tahedra (the T phase), and Gd,CuO, consists of planes of
Cu-O squares with no apical oxygen atoms (the T’
phase).!! Their structures are shown in Figs. 1(a) and
1(c), respectively. Doping Sr into the La or Gd site does
not affect the atomic arrangement of the T"and T phases,
but reduces the transition temperature from tetragonal to
orthorhombic structure in the T phase.”’ The T’ phase
remains tetragonal with Sr doping as will be shown short-
ly.

A complete solid solution with 0 =x =1 does not exist.
Instead we have obtained a structural phase diagram at
room temperature as shown in Fig. 2(a). Other than the
two stable phases (T and T”) at both ends of the phase di-
agram, there is a new phase with a stoichiometry of
(Lag, s5Gdyg 45)1.85570.15CuOy4. This phase, whose structure
is shown in Fig. 1(b), is the T* phase consisting of two-
dimensional planes of Cu-O pyramids. Such a phase has

e Cu

O OO0

O
@

La, Gd, (Sr)

(c) T phase

FIG. 1. Structures of (a) the T phase: La, ¢sSry sCuQ,, (b) the T* phase: (Lag ssGdg 45)1.855T0.15CuOy,, and (c) the T’ phase:

Gd, 55814, 15CuO,.



4540
Gd content (at.%)
= 0 20 40 60 80 100
B 100 ey
o
L L ]
Ed
©
®
& 50 [ .
o
2 -
e o Ll Mgl 1l (a)
= T
39 [ ]
< F J
o + -
38~ -
—lllllllllllllllllllll—(b)
A
[ ow-eo-s-oee b
13.0 - —
= I ]
13} i “‘B‘BEBB—U——-_Q__E i
12.0 |- —
‘l...l.;;llnniunllunnl”(C)
AARARARSRARSRARS RSN
3.5 [eeumeeseee —
o L 4
N L 4
o |  eeeemsee—° 4
r — L
3.0 —
ettt t] (4)
0O 20 40 60 80 100
Gd content (at.%)
FIG. 2. (a) Structural phase diagram of

(La,_,Gd,); 3551y, ;sCuO,. (b)—(d) Lattice parameters a, ¢, and
ratio ¢ /a vs Gd content.

also been observed in (Nd ¢St 205Cep. 135/,CuO, by Sawa
et al.?® using neutron diffraction. The existence of three
distinct local Cu-O units in the (La;_,Gd,); 3sSry ;CuOy
(x =0, 0.45, 1) system is ideally suited for the study of the
effect of local Cu-O units on the electronic and magnetic
properties of a two-dimensional structure.

The 6-260 x-ray diffraction patterns of the three single-
phase samples (T, T*, and T’ phases) are shown in Fig. 3.
The quality of the samples is excellent without any ob-
servable impurity phases. All the peaks can be indexed
with a tetragonal perovskite structure. The three pure
phases and their composition ranges found in the
(La;_,Gd,); g5Srg ;sCuO, system are the 7 phase:
0=<x 0.1, the T* phase: 0.42<x <0.49, and the T’
phase: 0.95=x =1. In the composition range bordered
by the T and T* phases or the T* and 7" phases, mixed
phases appear with one phase growing at the expense of
the other. The volume fraction of various phases in the
mixed-phase regions was determined from the relative in-
tensities of the (200) diffraction peaks. The lattice param-
eters (@ and ¢) of various phases are presented in Figs.
2(b) and 2(c). Lattice parameter a increases and parame-
ter ¢ decreases in the order of T, T*, and T’. Such a be-
havior is caused by the diminishing Jahn-Teller distor-
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FIG. 3. 6-260 x-ray powder diffraction patterns of the T phase
La, gsSrg ;sCuQy, the T* phase (Lag ssGdg 45)1 55570, sCuOy, and
the 7" phase Gd,CuQ,. Every diffraction peak in the three pat-
terns can be indexed with a tetragonal perovskite structure
shown in Fig. 1. Here only the main peaks are labeled with in-
dices.

tion, which is the strongest in a Cu-O octahedron. Con-
sequently, there is a consistent reduction in the ¢ /a ratio
[Fig. 3(d)] from T to T’ phase. Due to the Jahn-Teller
distortion, lattice parameter c¢ is generally larger than
three times parameter a. But in the order of T, T*, T,
the ¢ /a ratio decreases from 3.50, to 3.25, and finally to
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FIG. 4. The variation of the lattice parameters a, ¢, and
the ratio c¢/a with Gd content in the T phase
(La;_,Gd,), 3551y 15CuO, (0<x <0.1).
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3.05, indicating the gradual reduction of the Jahn-Teller
distortion.

The T* and T’ phases with Sr doping are not metallic.
In order to study the effect of Gd doping on the super-
conducting La,; gsSr, ;sCuQ, it is meaningful only to in-
vestigate those samples in the region of 0=x =0.1, where
the T phase solid solution (La,_,Gd,), g5s51y 15CuO, can
be formed. Figure 4 shows in detail the lattice parame-
ters in this solid solution region. Gd doping changes lat-
tice parameter a only slightly (less than 0.05%), but
shrinks parameter ¢ to a much larger degree (about
0.5%). The c /a ratio decreases linearly with the Gd con-
tent.

B. Magnetic susceptibility

We have measured the magnetic susceptibility of all
the single-phase samples in the system to determine their
magnetic states. It was found that samples of both the T
and T* phases are paramagnetic. The magnetic suscepti-
bility can be well described by the Curie-Weiss law

y=yot Npiaip

07 3ky(T—0) 7 M

where Y, is the temperature-independent part of the sus-
ceptibility, N is the number of magnetic ions, p.4 is the
effective moment in units of Bohr magneton p g, and @ is
the Curie-Weiss temperature. Figure 5 shows the inverse
of susceptibility as a function of temperature for various
Gd-doped T and T* phase samples. The lines are fits to
the data using relation (1). The fitted parameter ® is
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FIG. 5. Temperature dependence of the inverse magnetic
susceptibility for samples with the 7 and T* phases. The
measuring magnetic field is 10 kG. The solid lines are fits to the
data using the Curie-Weiss law. The inset shows the magnetic
moment of the Gd ion. The value is identical to a moment ex-
pected from Gd**, and it remains constant in the T and T*
phases.
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about 01 K for the T phase (La,_,Gd,), 35Sty ;5CuO,
with 0 =x =0.1, indicating that the magnetic interaction
among the Gd ions is negligibly small. However, in the
T* phase (Lag 55Gdy 45); 35510 15CuO,, the ® obtained is
—9.1 K, a signature of the existence of antiferromagnetic
interaction among the Gd ions. The magnetic moment
P obtained for the Gd*>* ions is shown in the inset of
Fig. 5 for these samples. The values p. for both the T
and T* phases remain constant with a value of 7.95,
which is identical to gV J(J+1)=7.94, the Gd*"
ground-state moment according to Hund’s rules.

On the other hand, the 7T’ phase Gd,CuO, and
Gd, 4551; 15CuO, exhibit very interesting magnetic order-
ings, as shown by the susceptibility data in Fig. 6. As a
comparison, the data of (Lay 55Gdg 45); 3551 5CuO, are
also included. As shown in Fig. 6 and the inset, two mag-
netic transitions exist at approximately 7"=285 and 20 K
in the T’ phase. The transition at T =285 K is undou-
btedly associated with the antiferromagnetic ordering of
the Cu-O sublattice, similar to the one observed in the
La,CuO, with a Néel temperature Ty ~220-290 K.?*~3!
The nature of the low-temperature magnetic transition is
less clear. Single crystals of Gd,CuO, have recently been
studied by Thompson et al.® Specific-heat measurement
shows a lambdalike anomaly at T'=6.5 K, which they re-
garded as arising from the antiferromagnetic order of the
Gd sublattice. The temperature at which a large peak
appears in the susceptibility is strongly field dependent,
starting at T, =20 K in zero field and saturating at
T...=6.5 K for fields above 5 kG. Because of this, the

peak —
authors suggested that the low-field T, at 20 K is not
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FIG. 6. Temperature dependence of magnetic susceptibility
for the T’ phase Gd,CuO, and Gd, gsSry ;sCuO,. The measur-
ing magnetic field is 30 G. The solid lines are fits to the data us-
ing the Curie-Weiss law. As a comparison the data for the T*
phase (Laj 55Gdg 45)1.35510.1sCuOy, are also included. Note that
the Néel temperature T =285 K is not changed with Sr dop-
ing. Inset: susceptibility data at low temperatures.
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associated with the antiferromagnetic order of Gd, but is
related to the Gd-Cu, Cu-Cu, or other interactions.

In La,CuO,, the Néel state of the Cu sublattice is very
susceptible to Ba or Sr doping into the La sites.3! T is
suppressed from 240 K to zero with less than 1 at. % of
Sr. However, as shown in Fig. 6, the Néel state of the Cu
sublattice in Gd,CuO, is not sensitive to Sr doping at all.
Ty remains unchanged with Sr content up to 0.15 (or 7.5
at. %). It is expected that hole doping will significantly
affect the magnetism of the Cu sublattice. Holes doped
onto the Cu-O, planes introduce magnetic frustration,?
and a reduction in Cu-Cu superexchange interaction.
All of these effects can destroy the long-range antiferro-
magnetic ordering effectively. Therefore, the insensitivity
of Ty in Gd,CuO, to Sr doping indicates clearly that ex-
tra holes are not doped onto the Cu-O, plane. As will be
shown later, Sr doping in Gd,CuO, does not bring the
compound into a metallic state. Hence, the holes intro-
duced by Sr are not mobile and are likely trapped in the
vicinity of the local Sr sites. In Gd,CuQ, (the T’ phase),
there are no apical oxygen atoms above and below the Cu
sites. The above result suggests that the apical oxygen is
required in order for holes to be doped onto the Cu-O,
planes.

Another interesting observation in Fig. 6 is that the
low-field susceptibility (H =30 G) of the T'-phase sam-
ples follows a Curie-Weiss behavior in a wide tempera-
ture range of 20 < T <200 K. The solid lines are fits to
the data using relation (1). However, rather surprisingly,
the susceptibility is anomalously enhanced over that of
the (Lag 55Gdg 45)1.855Tg, 1sCuOy. The fitted values of p g
and ® are 31.1(up), —13.1 K and 28.2(up), —20 K for
Gd,Cu0, and Gd, g;Sry 15CuO,, respectively. These p 4
values are unphysically large for Gd3* ions. Thompson
et al.® have measured magnetization versus field for
Gd,CuO, at temperatures below 270 K. They found a
weak-ferromagnetic behavior in the Cu-O, planes which
induces an internal field of 740 G. This internal field
starts to collapse at T <18 K, causing susceptibility to
drop abruptly at T~20 K (Fig. 6). It was speculated®
that such a behavior is a consequence of a lowering of the
tetragonal crystal symmetry found at room temperature.
Our enhanced low-field susceptibility data is consistent
with the existence of an internal field. Assuming a
theoretical value of p =7.94u for the Gd ions, we have
estimated the internal fields to be 460 and 378 G for
Gd,CuO, and Gd, g4sSry ;sCuO,, respectively. These
internal field values are somewhat lower than that ob-
tained by Thompson et al.® This is because the measur-
ing magnetic field (30 G) is not large enough to align the
weak-ferromagnetic component of the Cu-O, planes.

C. Superconductivity in (La;_,Gd, ), 3sSrqy ;5CuO,4 (x <0.1)

As mentioned earlier, single-phase solid solutions can
be formed within the Gd concentration range of
0=x =0.1, in which samples are metallic and supercon-
ducting. The temperature dependence of the resistivity is
shown in Fig. 7 for various samples. At 7> 100 K, resis-
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FIG. 7. Temperature dependence of resistivity for sam-
ples with various Gd concentrations in the T phase
(La;—,Gd,); 3581y, 15Cu0, (0<x <0.1).

tivity increases with Gd concentration, but it follows a
linear temperature dependence with essentially identical
positive slopes. At lower temperatures (<75 K), howev-
er, a resistivity minimum starts to develop and the resis-
tivity minimum temperature T, ;, rises with increasing
Gd concentration (x). Below T, there is a resistivity
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FIG. 8. The variation of magnetization with temperature in
the field-cooled and zero-field-cooled mode (H =30 G) for sam-
ples with different Gd concentration in the 7 phase.



40 SYSTEMATIC STUDY OF (La, _,Gd,); 558t ;sCuOy . . .

upturn whose magnitude also increases with x. These
low-temperature resistivity anomalies will be discussed in
detail later. As more Gd is doped, T, decreases steadily
from T,=38 K for the La, 4sSr; ;5CuO,4 to T,=19 K for
(Lag 9Gdy, 1);1.85810,15CuO0,.

The magnetization of the superconducting samples has
been measured in both the zero-field-cooled mode (di-
amagnetic signal) and the H =30 G field-cooled mode
(Meissner signal). As shown in Fig. 8, the diamagnetic
signal of the Gd-doped samples remains at a value similar
to that of the parent compound, as expected for high-
quality samples. However, the Meissner signal reduces
gradually with Gd doping. This effect, in our view, is not
caused by the structural or electronic inhomogeneity of
the samples, but is due to the increasing flux-pinning
effect.

The values of T, determined from magnetization are
consistent with those from resistivity data. Figure 9
shows the value of T, obtained from magnetization mea-
surements for Gd content up to x =0.34. Clearly, the
superconducting—normal-state phase diagram is con-
sistent with the structural phase diagram shown in Fig.
2(a). In the single-phase region (x <0.1), the value of T,
drops linearly with x. A critical Gd concentration
x,.=0.2, above which T, disappears, can be obtained by
extrapolation from the data in the single-phase region.
However, above x =0.1, T, decreases with a different
slope from the initial one as samples enter the mixed-
phased region.

The T, suppression behavior in the present 2:1:4 sys-
tem is in sharp contrast to the ineffectiveness of rare
earth R on T, in the RBa,Cu;0, systems.!® "8 Electroni-

50 : , : , . ,

40 —

30 — —

10 - \ o ]

0 10 20 30
Gd content (at.%)

FIG. 9. Gd concentration dependence of the superconduct-
ing transition temperature T,. In the T-phase region
(0=<x <0.1), T, decreases linearly with Gd content. The criti-
cal concentration obtained from extrapolation is x, =0.2. The
change in the slope of T, above x =0.1 is caused by the appear-
ance of mixed phases.
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cally, as in the 1:2:3 compounds, the La site should be
well isolated from the Cu-O, plane as indicated from
band-theory calculations®®> and MJ3ssbauer measure-
ments.?® The exchange interaction between the magnetic
moment of Gd and the conduction carriers in the Cu-O,
planes is too weak to be responsible for the magnetic
pair-breaking mechanism. Convincing evidence was pro-
vided by Tagaki et al,”® who showed that the nonmag-
netic Eu®™ affects T, just as strongly as the Gd®" in the
2:1:4 system. Furthermore, the observed T, suppression
cannot be attributed simply to the reduction in lattice pa-
rameters, because, as pointed out by Tagaki et al.
high-pressure study indicates that 7, in fact increases
with decreasing lattice parameters. In the RBa,Cu;0,
systems T, remains at 90 K for a wide range of lattice pa-
rameters®* (more than 1% variation). We will further
address the mechanism for the T, 'suppression in the
rare-earth doped 2:1:4 system in the next section.

D. Resistivity and its low-temperature anomaly

The normal-state electronic transport® 37 of a super-
conductor provides valuable information about the na-
ture of electron conduction, coupling strength, elastic
and inelastic scattering processes, etc. The superconduct-
ing state often correlates intimately with the normal-state
properties. In this section, we will examine the resistivity
and its low-temperature anomaly in order to elucidate the
mechanism for the T, suppression in the T phase. The
temperature dependence of resistivity in the T* and T’
phases will also be discussed.

As can be seen in Fig. 7, the resistivity of the supercon-
ducting samples shows a linear temperature dependence
at T > 100 K, and can be well described by the following
relation:

p=po+p(x)+aT, T>100K , 2)

where p, is the residual resistivity due to defects in the
parent 2:1:4 compound. p(x) is the residual resistivity
due to impurity scattering induced by Gd, and the aT
term is the temperature-dependent part of the resistivity
with a as its slope. The resistivity data in Fig. 7 have
been fitted using relation (2), and the obtained parameters
a=dp/dT, p(0 K)=p,+p(x), and p(297 K) are presented
in Fig. 10 as functions of Gd concentration. The straight
lines in the figure are least-squares fits to these parame-
ters.

Both Figs. 7 and 10(c) reveal that the slope of the resis-
tivity remains constant as 7, is suppressed by Gd doping.
In relation (2), the aT term is caused by the electron-
boson (e.g., phonon) scattering, aT =47w, *r, ', where
w,, is the plasmon frequency. The inelastic scattering rate
Tin 18 related to the electron-boson coupling strength A via
#iry, ' =2mAky T. Using w,=(4mne?/ m*)'/?, we obtain

q=dp _ ¥mks m*2
dT el n ’

where n is the carrier concentration and m* is the
effective carrier mass. Therefore, a constant slope sug-
gests that the quantity (m *A)/n remains constant. Since
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FIG. 10. The variation of (a) the room-temperature resistivi-
ty p(297 K), (b) the residual resistivity p(0 K), and (c) the slope
of resistivity dp/dT with Gd concentration in the supercon-
ducting 7 phase.

the Gd ion is trivalent, the same as La®>" and doping is

not in the Cu-O, plane, it is not unreasonable to assume
that the quantity m */n remains unchanged in the low-
Gd-doping level (x <0.1). Under this assumption, a con-
stant slope of resistivity would imply that the coupling
strength (A) is unaffected by Gd doping. Therefore, the
T, suppression in Fig. 9 is unlikely to be caused by a
change in the coupling strength. Furthermore, the in-
elastic scattering, responsible for the linear temperature
dependence, is not the source for the pair breaking.

While the slope of the resistivity remains unchanged,
the residual resistivity due to impurity scattering does in-
crease with Gd concentration as shown in Fig. 10(b). At
x =0.08, the residual resistivity rises three times over
that of the parent 2:1:4 compound. Even though the im-
purity doping is not in the Cu-O, plane, our result clearly
shows that local disorder in the Cu-O, plane has been in-
duced. As we have shown earlier, the position of the api-
cal oxygen in the local Cu-O octahedron is not stable
against Gd doping. In the T* and T’ phases, the number
of apical oxygen reduces to 1 and O, respectively. There-
fore, as Gd is doped into the T phase, local structural
strain starts to develop until the solubility limit (x =0.1),
where the strain is too large for the lattice to be stable.
Another evidence of disorder in the Cu-O, plane is the
decrease of the ratio of the lattice parameters ¢ /a with
Gd doping [Fig. 4(c)], which indicates that the Jahn-
Teller distortion is weakened.
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In conventional superconductors, nonmagnetic disor-
der has no effect on the T, of an isotropic superconduc-
tor, but is slightly pair breaking in an anisotropic super-
conductor. Coffey and Cox>® have attempted to calculate
the suppression of T, due to disorder in the high-T, su-
perconductors. They found that disorder is detrimental
to T, in their model, and T, will be reduced to about half
of its original value T, when the mean free path (/), due
to disorder decreases to half of the coherence length. It
is generally true, regardless of models, that if nonmagnet-
ic disorder is pair breaking, T, will be affected only when
the mean free path is reduced to below the coherence
length. Here we will estimate to what extent the disorder
is pair breaking in the present system. From the residual
resistivity, we can calculate the mean free path according
to

pl0 K)=—3—, (3)

where v is the Fermi velocity. In La; 4sSry ;sCuO,4,»
0,=~0.7 eV, sz1>§ 107 cms™!, and the coherence
length & is about 15 A. As shown in Fig. 10, p(0 K) for
the sample with x =0.08 increases to about 450 uQ cm,
which corresponds to a mean free path of / =22 A. Since
I >§&, T, should not be strongly affected. However, the
sample with x =0.08 has a T, of 22 K, significantly re-
duced from T,,=38 K of the parent compound. There-
fore, while disorder may affect T, to some degree, it is
unlikely that the suppression of T, in the Gd-doped 2:1:4
system is caused by disorder alone. Other mechanisms
have to be considered.

Returning to the temperature dependence of resistivity
in Fig. 7, we find that the linear temperature dependence
seen at 7 > 100 K is no longer followed at lower tempera-
tures between T, and 100 K upon Gd doping. A resis-
tivity minimum and upturn start to appear. Such a resis-
tivity anomaly may result from several sources, for exam-
ple, temperature-dependent spin-flip scattering, electron
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FIG. 11. Correlation between 7T, and the magnitude of resis-
tivity upturn Ap,, at the T, onset in the T-phase samples
(0=x=0.1).
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FIG. 12. Resistivity in logarithmic scale vs (a) 1000/7, (b) T~ /2, and (¢) T~ /4.

localization, activation behavior, variable-range hopping,
etc. It is quite possible that the mechanism for the resis-
tivity anomaly is also the one responsible for the suppres-
sion of T,. This is suggested by the following evidence.
The magnitude of the resistivity upturn Ap(T) can be
characterized by the

Ap(T)=p(T)—p,(T) ,

where p,(T) is the linear temperature dependent part of
the resistivity, extrapolated from high temperatures. At
the T, onset, one obtains a maximum upturn Ap,, for
each sample. Interestingly, as we have plotted in Fig. 11,
T, is well correlated with Ap,, in a linear fashion. This
behavior strongly suggests that the suppression of T, is
closely related to the mechanism for the resistivity anom-
aly.

The cause for the low-temperature resistivity anomaly
can be, in principle, inferred from the temperature depen-
dence of resistivity. We first investigate the possibility of
a semiconducting behavior or a variable-range hopping
process. The resistivity associated with these mecha-
nisms would show a temperature dependence as
p~exp(T ~P), with B=1, 1, 1 corresponding, respective-
ly, to activation, uncorrelated and correlated variable-
range hopping processes. In Fig. 12, we plot Inp against
T~ P. Inspection of the curves reveals that the resistivity
upturn in a narrow temperature range can always be mar-
ginally fitted by a straight line with a value of 5. But
there is no temperature range large enough to allow a
unambiguous determination of the value of 3.

We have attempted to fit the resistivity data with many
forms of temperature dependence. To our surprise, the
following logarithmic temperature dependence provides
excellent fits to our data:

p(T)=A4 +BT —CIn(T) . 4)

As shown in Fig. 13, where the quantity (p— A —BT) is
plotted against a In(T) scale, the above relation is fol-

lowed in a wide temperature range (7, <7 <100 K).
The fitted parameters 4, B, and C are presented in Fig.
14 as functions of Gd concentration. Also presented is
the ratio C /B which gives the resistivity minimum tem-
perature T;,. All of these parameters increase steadily
with Gd doping. The values of T,;, obtained from fitting
are in good agreement with the experimental values.
Overall the low-temperature resistivity anomaly can be
described by relation (4) much better than any other tem-

0.0 . . ——y

2.5%

p—A-BT) (mQ cm)
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T (K)

FIG. 13. The dependence of the nonlinear part of the resis-
tivity p— A —BT on In(T) for samples with various Gd concen-
trations in the T phase. The solid lines represent the best fits to
the data using Eq. (4).
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values of T,,,. Note that the fitted values and the experimental
values coincide with each other very well.

perature dependence that we are aware of. The key ques-
tion is the mechanism responsible for the anomaly.
Relation (4) reminds us of two possible mechanisms,
the Kondo effect*>*? and localization.*! Both are difficult
to rule out. In the La, 4Sry ;sCuO,, localized paramag-
netic moment on the Cu site can be readily induced by
the introduction of disorder.*>** For example, doping
on the Cu site by Ga or Zn impurities*>*® induces a
paramagnetic moment on the neighboring Cu sites. Neu-
tron irradiation which introduces disorder in a lattice
also produces a Curie-Weiss behavior in the cuprate su-
perconductors. In the present system, Gd doping on the
La site generates appreciable amounts of disorder in the
Cu-O, plane, as revealed in the residual resistivity. It is
possible that such a disorder could cause localization of
electrons or induce localized moments on the Cu sites
that scatter conduction carriers. Both localization and
paramagnetic moment*® are possible sources for the 7,
suppression. A confirmation or negation of either mecha-
nism needs further experimental evidence other than the
present resistivity data. Measurements of magnetoresis-
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tance and other transport properties are planned.

As we increase the Gd concentration to near 50 and
100 %, two new stable phases T* and 7' are obtained as
shown earlier. Even when these two phases are heavily
doped with Sr up to at least 0.15 per unit cell, they
remain insulating nevertheless. In Fig. 15, we show the
resistivity data of the T, T*, and T’ phases against a
T~ /% temperature scale, where all the sample have a Sr
content of 0.15. Clearly, the conduction mechanism of
the T* and T’ is the variable-range hopping. The resis-
tivities of these three phases differ by many orders of
magnitude. With increasing Gd concentration, conduc-
tion carriers become increasingly more difficult to be
doped onto the Cu-O, plane. This is consistent with the
observation earlier that the Néel temperature Ty in the
T’ phase Gd,_,Sr, CuO, does not depend on the Sr con-
tent at all, hence the doped holes are absent in the Cu-O,
plane. This behavior is most likely caused by the dis-
placement of the apical oxygen atoms in both the T* and
T' phases. Recently, it was discovered'*!® that the T”
phase L,CuO, (L =Nd, Sm, Pr), whose structure is iden-
tical to that of Gd,CuQy,, can be doped instead with elec-
trons in the Cu-O, planes by substitution of Ce into the L
site. T, as high as 24 K has been achieved in these sys-
tems. The above results indicate that doping of holes or
electrons onto a Cu-O, plane strongly depends on the lo-
cal geometry of the Cu-O polyhedron. In this respect,
the L,CuQ, system is an ideal one to study the electronic
and superconducting properties of a two-dimensional sys-
tem, because of the existence of several local Cu-O units.
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IV. SUMMARY AND CONCLUSIONS

In summary, the value of T, in the T-phase solid solu-
tion (La,_,Gd,); gsS1515CuO, (0=x =0.1) decreases
linearly with Gd substitution, with an extrapolated criti-
cal concentration of x,.=0.2. The suppression of T,
strongly correlates with the low-temperature resistivity
anomaly which is manifested in a resistivity minimum
and upturn. Analysis of the resistivity anomaly shows
that it can be best described by a logarithmic temperature
dependence. Even though Gd substitution does not
occur in the Cu-O, plane, structural disorder in the con-
ducting Cu-O, plane is induced as revealed in the residual
resistivity. Elastic scattering in the form of residual resis-
tivity is not the dominant pair-breaking mechanism. The
electron-boson coupling strength remains primarily con-
stant, therefore the suppression of 7, is not due to any
reduction in the coupling strength. A room-temperature
structural phase diagram indicates that three stable
phases exist in (La;_,Gd,); gsS1r( ;5CuO,4 (0=x =1) (the
T, T*, and T’ phase) with different local Cu-O structural
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units. The Jahn-Teller distortion is significantly reduced
in the order of T, T*, and T'. The T and T* phases are
paramagnetic with a full Gd*" magnetic moment. The
T' phase Gd,CuO, or Gd, 4sSrj;5CuO, has one Néel
state associated with the Cu-O, plane and another mag-
netic ordering due to the Gd sublattice. Both resistivity
and susceptibility measurements indicate that extra hole
carriers cannot be doped onto the Cu-O, plane in the T"
phase. Recently, Takagi et al.,'> however, have shown
that the Cu-O, plane of the rare-earth T’ phase can be
doped with electrons. These results suggest that the abili-
ty of doping strongly depends on the local Cu-O units of
a perovskite structure.
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