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Spin Gap Effects on Bulk R, , ,Ba,_,Cuz;0,_;

(R=Eu or Nd and 0<x<0.4)

Cheng Yi You,' Fan Z. Chien,' and Weiyan Guan®

Spin gap effects on the underdoping states of the bulk system of R,. .Ba,_,Cu;O;_5 (R=
Eu or Nd and 0 <x <0.4) were investigated through transport property measurements. The
underdoping states were achieved by, alternatively substituting R** for Ba®* ions in the system
rather than adjusting the oxygen deficiency. The excess R>* ions were to occupy the Ba sites
of the crystalline lattice as revealed from Rietveld analysis for powder X-ray diffraction. The
underdoped materials were observed to first undergo spin pairing transition in the tempera-
ture range well above T, and come across with superconducting transition at 7,. The increas-
ing feature observed for spin gap temperature and the decreasing one for 7., as the
concentration of holes decreases, are in qualitatively good agreement with theoretical predic-
tions from the mean-field RVB model.

KEY WORDS: High-T. superconductors; spin gap; electronic transport.

1. INTRODUCTION

The resonant-valence-bond (RVB) model, where
spin and charge degrees of freedom are separated,
was proposed in 1987 by P. W. Anderson [1] to
account for the newly discovered high-T, supercon-
ductivity [2,3]. Based on the RVB model, Nagaosa
and Lee [4] had worked out detailed calculations and
drawn a mean-field phase diagram for various hole-
dopant states of the high-7, superconductors. They
concluded that there exist an intermediate state, the
spin gap, between the states of the high-7, supercon-
ductor and the strange metal, in which linear
relations between resistivity and temperature were
observed throughout the temperature range above
T.. And the spin gap temperature (7) is expected to
increase as the concentration of holes decreases, and
vice versa for T,. Similar conclusions were drawn
from the analysis of the low-temperature London
penetration depth by Emery and Kivelson [5].
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Experimentally, Warren et al. [6] suggested the
possible onset of spin pairing in individual planes of
oxygen-deficient YBa,Cu;0s. . well above the super-
conducting transition temperature for three-dimen-
sional bulk through nulcear spin-lattice relaxation
measurements. As revealed from subsequent investi-
gations in nuclear quadruple resonance and nuclear
magnetic resonance measurements on Y(Ba,_.La,)
Cu;05 [7] and underdoped YBa,Cu;04, . [8], respect-
ively, the spin-lattice relaxation rate per unit tempera-
ture (7,7)"' measured at planar 'O sites decreases
with temperature and that at ©°Cu sites peaks at 7.
While in optimally doped YBa,Cu;Os. . [6], (T, T)"
at *Cu sites has a monotonous temperature depen-
dence and that at planar 'O sites is essentially tem-
perature independent above 7.. In view of the
evidence, the opening of the pseudogap in the spin
excitation spectrum was suggested. And it was in turn
confirmed through the neutron-inelastic scattering
experiments on oxygen-deficient YBa,Cu;Os, . [9,10].

The most profound evidence is the observation
of the pseudogap in the normal state of underdoped
Bi,Sr,CaCu,0s., [11,12] using the angle-resolved
photoemission spectroscopy in which the momen-
tum-resolved electron excitation spectrum of the

0896-1107/98,/1200-0693$15.00/0 © 1998 Plenum Publishing Corporation
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CuO, planes were directly measured. As a result, the
close relation between the normal-state pseudogap
above T, and the superconducting gap below 7, was
suggested.

The in-plane resistivity for the underdoped
YBa,Cu;0q, . [13,14], in the temperature range well
above T., was found to start deviating appreciably
from the T-linear behavior, which is expected in the
normal state of an optimally doped RBCO, at T.
Similar conclusions were made through investigations
in YBa,Cu,Og [15].

In this report, spin gap effects on the underdop-
ing states of the bulk system of R, . Ba,_,Cu;0,_s,
where R=FEu or Nd and 0 < x <0.4, were investi-
gated through transport property measurements. The
underdoping states were achieved by alternatively
substituting R*" for Ba®" ions in the system rather
than adjusting the oxygen deficiency. The excess R**
ions were to occupy the Ba sites of the crystalline
lattice as revealed from Rietveld analysis for powder
X-ray diffraction. The underdoped materials were
observed to first undergo spin pairing transition in
the temperature range well above 7., and come
across with superconducting transition at 7.. It was
found that the spin gap temperature increases as the
concentration of holes decreases, and vice versa for
T.. The results are in qualitatively good agreement
with theoretical predictions from the mean-field RVB
model [4].

2. EXPERIMENTS

The compounds of R,.,Ba,_.CuiO,_5 were
prepared by a conventional solid-state reaction.
High-purity (>99.9%) reagent-grade BaCO,;, CuO,
Nd,O;, or Eu,0; in stoichiometric proportions was
thoroughly mixed by grinding the oxides together in
a mortar. The powders were repeatedly calcined in
Al,O; crucibles at 900°C in air for 24 h. The product
was then isostatically pressed into disks with a diam-
eter of about 1 ¢cm in a steel die. The disks were then
sintered 24 h in oxygen atmosphere at either 990°C
or 1065°C. Subsequently they were annealed at 450°C
in oxygen atmosphere for another 24h. A Rigaku
RU 200 12kW X-ray generator with Cu K, radiation
(A=1.5418 A) was used to perform powder X-ray dif-
fraction (XRD) measurements with 26 step scans
taken for every 0.05° ranging from 20° to 120°. The
crystalline structural information of the compounds
was obtained through the Rietveld refinement
method [16]. The resistivity measurements (RT) were
carried out using a standard four-probe technique
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over a temperature range of 10K to 300K, where
measuring leads are gold wires attached to the sample
using indium contact.

3. RESULTS AND DISCUSSIONS

The samples of underdoped Eu,..Ba,_.Cu;
O, _5 sintered at 1065°C for x <0.2 are determined
to be of pure phase through XRD analysis. Minor
impurities are detected for the presence of unknown
peaks at 26~28° in the XRD for x = 0.3 as shown in
Fig. 1. Using Rietveld analysis, the compounds are
determined to have orthorhombic structure of space
group Pmmm, with the weight proportion reliability
factors R,, less than 4%. The results are listed in
Table I. It was found that the lattice parameter a
increases from 3.8434 A to 3.8599 A with the dopant
concentration as shown in Fig. 2. Conyersely, b ang
¢ decrease from 3.9005 A and 11.713 A to 3.8690 A
and 11.653 A respectively. The volume of the unit cell
was found to decrease from 175.599 A% to 174.022 A,
as shown in Fig. 3. It implies that the bigger ions were
replaced by the smaller ones in the dopant states. The
ionic radius of Eu is 17% less than that of Ba and 60%
greater than that of Cu. It is concluded that the excess
Eu ions would predominantly occupy the lattice sites
of Ba in the substituting scheme. This is in agreement
with the observation that a divergent result would

Eu,, Ba, Cu,0,
| X =04
l X=03
&
g
2
= X=02
X=0.1
X=0
T T T L T
20 30 40 50 60 70 80
20

Fig. 1. The powder XRD patterns of the underdoped
Eu, ., .Ba,_ Cu;O;_5 sintered at 1065°C for 0 <x<0.4. The
arrows are pointing at the unknown peaks at 26~28°.
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Fig. 2. The lattice parameters a, b, and ¢ for the underdoped
Eu,..Ba,_,Cu;0,_; sintered at 1065°C for 0 < x < 0.4. The par-
ameter c is represented by ¢/3 in the plot.
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Fig. 3. The cell volume for the underdoped Eu, . .Ba,_ .Cu;0,_
sintered at 1065°C for 0 < x < 0.4.
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Fig. 4. The resistivity measurements of the underdoped Eu,.,
Ba; - ,Cu;0;_; sintered at 1065°C for 0 < x < =0.4.

occur if Cu sites were assumed to be occupied by the
excess Eu ions during Rietveld analysis.

The electronic transport properties of Eu,. .
Ba,_.Cu;0;,_s were investigated and the resistivity
was observed to increase as the dopant concentration
increases, except for x= 0.2 as shown in Fig. 4. Their
superconducting transition temperature was found to
decrease from 94 K, which is only slightly higher than
previously reported: 90K [17] for x=0 to 84K for
x=0.4. T; of the compound is determined using the
linear curve fitting scheme, adopted by Frangois er
al. {18], where a straight line, fitted for RT in the
temperature range between 270K and 260K, is
stretched out into the lower temperature region to
examine the occurrence of the deviation of RT from
linearity. And the 7, determined in this manner is
subjected to a deviation of +2 K, which is acceptable
in this study. The correlations among T,, T, and the
dopant concentrations are best depicted in Fig. 5,
where T, is observed to increase linearly from 139 K
for x=0, then start saturating at 232K for x=0.25
and peak at 236 K for x= 0.3, while a sudden rise of
T, at x=0.25 is also observed in spite of its general
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Fig. 5. T, and T, are plotted against the dopant concentration for
the underdoped Eu,. . Ba, .Cu;O,_s sintered at 1065°C for
0<xyv<04.

decreasing feature. These abrupt changes in T, and
T, may be due to the complexity arising from the
existence of the impurity in the samples for x > 0.25.

The powder XRD patterns of the underdoped
Nd, . .Ba; - .Cu;0, _; sintered at 990°C are plotted in
Fig. 6. Samples are found to be of pure phase for
x > 0.2. Minor unidentified phases were detected for
x 0.2 due to the presence of unknown peaks at
26-28° in their corresponding XRD patterns.
Through Rietveld analysis the compounds are deter-
mined to have orthorhombic structure of space group
Pmmm except for x= 0.4, which belongs to the tetrag-
onal structure of space group P4/mmm. The factors
R,, are less than 3.5% as listed in Table II. The
relation between the lattice parameters and the dop-
ant concentration is shown in Fig. 7, where the lattice
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Nd,,,Ba, ,Cu;0, ;
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Fig. 6. The powder XRD patterns of the underdoped Nd,..
Ba,_ ,Cu,0, _; sintered at 990°C for 0 < x < 0.4.

parameter a increases from 3.8675A to 3.8871/0%“,
while b and ¢ decrease from 3.9139 A and 11.743 A
to 3.8871 A and 11.675A respectively. And the cell
volume, again, decreases from 177.768 A% to
176.402 A® as shown in Fig. 8. Thus, it is appropriate
to assume that the excess Nd ions prefer the lattice
sites of Ba in the substituting scheme since the ionic
radius of Nd is 20% less than that of Ba and 56%

Table I. The Structural Parameters of Eu, . .Ba,_ .Cu30;_; Sintered at 1065°C

X a (;\) b (A) c(;\) V(AY R, % R.,% Space group
0 3.8434 (3) 3.9005(5) 11.713(2) 175.599 2.33 3.26 Pmmm
0.1 3.8451 (4) 3.8972(6) 11.698 (1) 175.296 1.69 2.44 Pmmm
0.2 3.8469 (3) 3.8893 (4) 11.680(1) 174.759 1.63 2.27 Pmmm
0.25 3.8481 (4) 3.8889 (6) 11.677(2) 174,746 2.21 3.24 Pmmm
0.3 3.8499 (4) 3.8886 (5) 11.673(2) 174.579 1.92 2.64 Pmmm
0.35 3.8571(7) 3.8762(1) 11.663 (3) 174.365 2.64 3.90 Pmmm
0.4 3.8599 (1) 3.8690 (1) 11.653(2) 174.022 2.00 3.29 Pmmm

Table II. The Structural Parameters of Nd, . Ba, _ ,Cu;O,_ ;5 Sintered at 990°C

X a(A) b(A) c(A) V(AY) R,% R.,% Space group
0 3.8675(3) 39139(1) 11.743 (1) 177.768 2.34 347 Pmmm
0.1 3.8622(2) 39126 (4) 11.749 (1) 177.554 1.94 2.71 Pmmm
0.2 3.8643(3) 39137(4) 11.735(1) 177.247 1.89 2.73 Pmmm
03 3.8792(3) 3.8935(4) 11.707 (8) 176.822 1.67 245 Pmmm
0.4 3.8871(2) 3.8871(2) 11.675(1) 176.402 1.88 2.87 P4/ mmm
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Fig. 7. The lattice parameters e, b, and ¢ for the underdoped
Nd, . Ba,_ ,Cu30,_; sintered at 990°C for 0 < x <0.4. The par-
ameter c is represented by ¢/3 in the plot.
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Fig. 8. The cell volume for the underdoped Nd, . Ba,_. Cu;0,_5
sintered at 990°C for 0 < x < 0.4,
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greater than that of Cu. More evidence is provided
with the observation that a divergent result would
occur if Cu sites were assumed to be occupied by the
excess Nd ions during Rietveld refinements.

The resistivity of Nd,,.Ba,_ Cu;0,_5 was
observed to increase as the dopant concentration
increased, as shown in Fig. 9, where 7. decreases
from 96 K, comparable with the previous finding [19],
to 25 K. T, is observed to exhibit a remarkable linear
dependence from 173K to 218 K. The correlation
among T, T,, and the dopant concentrations is com-
pared with the mean-field phase diagram of the RVB
model as shown in Fig. 10. The deviation of T, from
the prediction for the optimal doping state is esti-
mated to be 80K, which is twice that of
Eu,. Ba,_.Cu;O,_s. However, the remarkable lin-
earity of T, as predicted from the RVB model was
observed experimentally.

To summarize, the spin gap effect on the bulk
system of R, . Ba,_,Cu;0,_5, where R=Eu or Nd
and 0 < x <0.4 was investigated. The underdoping
states were achieved by alternatively substituting R*
for Ba®" ions in the system rather than adjusting the

p(cm-mQ)

Ts=21&K

4 TSN S S S S

0 5 100 150 20 250 300

Temperature(K)

Fig. 9. The resistivity measurements of the underdoped Nd, .,

Ba, _ .Cu;0;_ s sintered at 990°C for 0 < x < 0.4,
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Fig. 10. 7, and T. are plotted against the dopant concentration for

the underdoped Nd,..Ba,- .Cu;0;_5 sintered at 990°C for

0 <x<04. It is compared with the mean-field phase diagram

based on the RVB model.

oxygen deficiency. The electronic transport properties
of the bulk materials at various underdoping states
were examined. The behavior of T, and T. is observed
to be in support of the mean-field RVB model. How-
ever, there is a temperature difference of 40 K and
80 K, in contrast to zero as predicted, between 7 and
T, at the optimal doping state in each studied case
respectively. In conventional BCS theory the opening
of the superconducting gap and the transiting of the
phase were to occur simultaneously. Recently, Wen
and Lee [20] proposed, based on SU(2) mean-field
calculations, that the charge and the spin of the car-
riers were to be separated into holons and spinons
respectively. The spinons, which are paired to open
the spin gap in the temperature range well above T,
would condensate and become superconducting only
if the coherence of the phases of the holons is reached
below T.. Thus, the normal-state property of high-T.
material is believed to be extremely closely related to
the high-7,. mechanism. Great interests are centered
on underdoping states of high-7, materials for their
exceptional normal-state properties that the energy

You, Chien, and Guan

gap is ready and it will become superconducting when
the temperature is right.
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