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Suppression of superconductivity in Gdt „Pr„Ba2Cu3O7 y and Ro.gPro. 2BazCu3O7 „systems

H. D. Yang, P. F. Chen, C. R. Hsu, C. W. Lee, C. L. Li, and C. C. Peng
Department of Physics, National Sun Yat Se-n University, Kaohsiung, Taiwan 80424, Republic of China

(Received 22 August 1990; revised manuscript received 23 October 1990)

The superconductive and magnetic properties of compounds in Gdl Pr Ba2Cu307 —y
(O~x ~1.0) and RO, Pro 2Ba&Cu307 ~ (R=Y and rare-earth elements) have been investigated by
means of x-ray-diffraction, electrical-resistivity, and magnetic-susceptibility measurements. No ob-
vious discrepancies were found between Gd& Pr Ba&Cu307 —y and Y& „Pr„Ba2Cu307 y from the
structural and magnetic analysis. The depression of T, by the Pr concentration can be described by
the Abrikosov and Gor kov pair-breaking-like relation, while the critical concentration x,„ is con-
siderably lower in Gdl „Pr Ba2Cu307 ~ than in Y, Pr Ba&Cu307 —y In the
Rp, Prp, Ba,Cu, O, ~ system, the hT, [AT, = T, (RBa2Cu307 &) T (Rp sPrp pBa2Cu307 —y)]
strongly depends on the ionic radius of rare-earth elements. This suggests that the hybridization be-
tween Pr 4f states and conduction bands may play an important role in the quenching of supercon-
ductivity in the PrBa&Cu307 —y system.

I. INTRODUCTION

It has been found that most magnetic rare™earth-
element substitutions for Y in the 90-K high-T, super-
conductor YBa2Cu307 ~ with the exception of Ce, Pr,
Pm, and Tb, have no significant effect on the supercon-
ductivity. ' PrBa2Cu307 y

forms the same orthorhom-
bic structure as YBa2Cu307 and other rare-earth com-
pounds, however it is strangely not supercon-
ducting. The quenching of superconductivity in
PrBazCu307 has been a puzzle ever since the material
was synthesized. Numerous extensive works have been
carried out on the Y

&
Pr, Ba2Cu307 y system to solve

the question mentioned above. The effect of the Pr
ion on the superconducting properties may help our un-
derstanding of the interplay between magnetism and su-
perconductivity and provide insight as to the origin of
the superconductivity in the high-T, superconductors.

If Pr is trivalent, it is not easy to understand why the
substitution of Pr for Y in the 90-K superconductor
should have such a profoundly negative effect on the su-
perconductivity, while other rare-earth elements with lo-
cal moments (such as Gd, Dy, Er, etc.) do not. There-
fore, it was proposed that the superconductivity of
Y ] Pr& BapCu307 y is destroyed by the presence of the
tetravalent Pr ions. When Y is replaced by Pr, some of
the electronic holes are neutralized by the extra conduc-
tion electrons donated by the tetravalent Pr ions, thereby
reducing the electronic hole concentrations believed to be
crucial for the high-T, superconductivity. These tetra-
valent or mixed-valent Pr and/or hole-filling effects are
supported by several experiments, which include magnet-
ic susceptibility, ' Hall effect, thermoelectric power,
heat capacity, ' '" and chemical substitution. ' Howev-
er, at the same time, the depression of superconductivity
in Y, Pr Ba2Cu3O7 y versus x following an
Abrikosov-Gor'kov (AG) pair-breaking curve was also
observed. ' ' ' On the other hand, the trivalent Pr ion
in the PrBa2Cu307 compound was concluded by some
other experimenters using structure investigation, ' ' '

x-ray-absorption spectroscopy, ' ' resonant photoemis-
sion, ' and the Raman spectrum. ' Moreover, apart from
the tetravalency, electron energy-loss spectroscopy sug-
gested that Pr localizes mobile holes, while Ba core-level
spectra ' have been interpreted to indicate that a portion
of the conduction holes are localized at Ba sites. The
strong hybridization between Pr 4f states and conduction
bands was proposed on the basis of critical magnetic
field, ' x-ray absorption, ' photoemission spectroscopy, '

high-pressure transport measurements, and spin-
polarized electronic-structure calculation. All of the
above studies found a suppression of superconductivity in
PrBa2Cu307 y.

In addition, an antiferromagnetic order of Pr in
PrBa2Cu307 y was observed below T&=17 K by mag-
netic susceptibility, ' '" heat capacity, ' '" and neutron-
diffraction measurements. PrBazCu307 y exhibits
several unusual magnetic properties compared to its iso-
morphic magnetic rare-earth compounds. These include
an ordering temperature T&=17 K about 2 orders of
magnitude higher than expected from either the dipolar
or the Ruderman-Kittel-Kasuya- Yosida (RKKY) in-
teraction alone, a low ordered moment, and a field-
independent magnetic transition temperature. These
properties suggest that the mixed-valent character of Pr
ions affects not only the electronic and superconducting
properties of the Cu-0 layers, but also the magnetic in-
teraction mechanism between the rare-earth ions. "' In
this work, we begin with the study of
the superconductivity and magnetic properties in
Gd

&
Pr Ba2Cu307 y to explore the similarities

and differences between Gd& „Pr~BazCu307 —y and
Y) ~ Pr BazCu307 y systems. Then we present the su-
perconducting data of Ro 8Pro 2Ba2Cu307 y to look for
the possible mechanism for quenching of superconduc-
tivity in PrBa2Cu307 —y.

II. EXPERIMENTAL DETAILS

The systems Gd& „Pr~Ba2Cu307 ~, R Ba2Cu307 —y,
and R o 8Pro 2BazCu307 y were synthesized by stan-
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dard solid-state reaction. Starting from h' h-rom ig -purity
3 a O3, CuO, and Pr60», powders were

'
ed

and fired in air at 950'C for 24 h Th e reacted samples
were pressed into pellets and heated in air at 950 C for 24
h. This process was repeated at least four times with in-
terme iate grinding. These pellets were then heated in
flowing oxygen at 950'C for 48 h, followed by an addi-
tional anneal at 450'C for 12 h. F' ll th
slowl cs owly cooled in oxygen over several hours to room tem-

thorou
perature. Long reaction times at hi h tig emperature and
t oroug grinding appear to be essential in h'in ac ieving
sing e-p ase samples. Samples were prepared at the same
time in the same furnace as much bl
the sam

as possi e to ensure

ofLB C 0
t e same sample history. It is noted that the

a a2 u3 7 y was prepared differently using the ro-
cedure of Wadaada et al. All samples were stored in dry

e pro-

oxygen to prevent deterioration due to the absor tion of

Most specimens had oxygen contents scattered between

i raction and showed single-phase oxygen-deficient
perovskitelike structures. The latt'e a ice parameters were
calculated from the diffraction peak 't' b
method of least-

pea positions by the
met od of least-squares fitting. Electrical-resistivity (T)

e performed on rectangular specimens
cut from sintered pellets employing the standard four-
probe method with silver paint contacts attached to elec-

The
trical leads. Data were taken from 300 K d

e dc magnetic susceptibility for each sample was mea-
sure with a SQUID magnetometer (Quantum Design)
over the temperature range 2—300 K. A field of 20 Oe
was used to measure the magnetic shielding effect and a
field of 5 kOe wwas used to measure the susceptibilit
above T from h'rom which the Curie-Weiss temperature 0 and

1 11 y

effective magnetic moment p,z were derived.

III. RESULTS AND DISCUSSION

A. Superconductivity and magnetic properties
of Gd& „Pr Ba2Cu3077

A tabulated summary of the lattice parameters a, b, c,
an the unit cell volume V for singl h

r Ba2Cu307 with y-0. 1 is shown in Table I.
The lattice constants for the end
CrdBa Cu 0 an

e en members
a2 U3 7 y and PrBa2Cu307 y are consistent with
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FIG. 1. Electrical resistivity p( T ) for the series of

Gd& Pr Ba Cu 0 0&
~ ( x 1.0) as a function of tempera-

ture T. For clarity, solid lines are drawn through the data
points.

rhombic for all x with a slight decrease in the orthorhom-
icity with increasing x. Electrical resistivity p(T) data

for the series of Gd, „Pr Ba Cu 0 (0u3 i ~ x 1.0) are
shown in Fi . 1.h 'g. . For low dopant concentrations x ~0.3,
the resistivity shows a metalliclike behavior; however, the

ve ops a roa maximum
just above T, . The magnetic shielding curves versus tem-
perature are shown in Fig. 2. Superconducting transition
temperatures determined from resistivity curves are con-
sistent with those obtained from magnetization measure-
ments. Superconducting transition temperature T, and

p280 K versus x forroom-temperature resistivity p
d, ~ Pr„a2Cu307 y are shown in Fi . 3. I h

r a2Cu3 7 y system, T, is depressed mor th
he Y& Pr Ba2Cu307 y system ' ' ' by the Pr con-

centration. The value of the critical concentration x„re-

The room-
uired to suppress T, to zero is estimated aro d 0.4.

e room-temperature resistivity increases dramatically

TABLE I. Lattice parameters, su erconductinpercon ucting transition temperature, and magnetic data for Gd, Pr Ba Cu 0r a2 u3 7-y

0.0
0.1

0.2
0.3
0.35
0.4
0.6
0.8
1.0

nm

0.3840
0.3845
0.3850
0.3857
0.3859
0.3862
0.3874
0.3885
0.3896

nm

0.3899
0.3899
0.3895
0.3898
0.3899
0.3900
0.3898
0.3897
0.3903

nm

1.1702
1.1701
1.1700
1.1699
1.1697
1.1698
1.1695
1.1690
1.1699

V
nm

0.1752
0.1754
0.1755
0.1759
0.1760
0.1762
0.1766
0.1770
0.1779

91.5
73.S
58.0
3S.O
15.5

Pea
pg

7.79

7.06
6.65

6.27
5.51
4.14
3.02

—0.4

—2.3
—16.1

—4.6
—6.3
—6.7
—6.0

XO

10 emu/mol

7.1

5.2
1.S

4.5
3.7
4.2
3.6
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FIG. 2. Zero-field-cooled magnetization M vs temperature T
as measured with a SQUID magnetometer in a field of 20 Oe.
The solid lines are a guide to the eye.

because the value of x„ is too low. If YBa2Cu307 y and
GdBa2Cu307 y have a similar structural and electronic
character, clearly the hole-filling effect induced by the
mixed valence of Pr ions is not the only mechanism for
quenching of superconductivity in PrBa2Cu307 y

The
agreement between the measured T, versus x and the
Abrikasov-Gor'kov pair-breaking relationship observed
in Y, „Pr„Ba2Cu307 (Refs. 7, 10, and 13) is also found
in Gd& „Pr Ba2Cu307 „with an initial depression rate
dT, /dx =180 K per Pr fraction, and x„=0.4. It may
indicate that the Pr ions reduce T, acting in some sense
as Cooper pair breakers. However, some difhculties
remain in explaining why only Pr suppresses supercon-
ductivity in ABa2Cu307 y structure while other Iare-
earth elements, some of which have higher magnetic mo-
ment, do not. In addition, paramagnetic pair breaking in
conventional low-T, superconductors does not normally
lead to the destruction of the metallic state at impurity
concentration levels where T, =0. That means one
would not expect to see the marked increase in room-
temperature resistivity as paramagnetic impurities are in-
troduced. Although the AG theory fits the experimental
curve rather satisfactorily, we cannot rule out other pos-
sible mechanisms. From this point of view, the interpreta-
tion of the depression of T, in YBaz(Cu, „Zn„)307

as x )0.4, indicating that semiconducting behavior ac-
companies the destruction of the superconducting phase.
Nahm et ah. successfully explained the nonlinear
depression of T, by the increasing of Pr concentration in

Y, ~Pr„BazCu307 y using a simple BCS-like expression.
This cannot be applied to the Gd& ~Pr„BazCu307 y case

Gd, „Pr„Ba Cu 0, „
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FIG. 3. Superconducting transition temperature T, and
room-temperature resistivity p28pK vs x for
Gdi „Pr Ba2Cu307 —y T, is defined as the midpoint of the
transition seen in p(T) and the transition width indicated by
vertical bars is determined for the temperature interval between
approximately 10 and 90% of the normal state p(T) evaluated
just above T, . The solid line is fitted to the Abrikosov-Gor kov
theory and the dashed line is reproduced from Ref. 10 for
P& „Pr Ba&Cu307 —y.
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FIG. 4. Inverse magnetic susceptibility vs temperature for
Gd& Pr Ba2Cu307 ~ in the normal state with x =0, 0.2, 0.3,
0.4, 0.6, 0.8, and 1.0.
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FIG. 7. AT„as deAned in the text, as a function of ionic radius r(R '+
) of rare-earth elements. Values of r(R '

) are found in Ref.
30. The dashed line is a guide to the eye.

B. Superconductivity in Ro SPro 28a2Cu307 —y

In order to study the ionic radius effect on the super-
conductivity in the R j Pr BazCu307 ~ system, sam-
ples of RBa2Cu307 ~ and R p ~Prp 28a2Cu307 y where
R =Y and rare-earth elements, with the exception of Ce,
Pr, Pm, and Tb, were prepared. The electrical resis-
tivity p( T ) as a function of temperature T for
R p 8 Prp 28a2Cu307 y

is shown in Fig. 5. All resistivity
curves with the exception of La and Nd compounds ex-
hibit a metalliclike behavior with a sharp supercon-
ducting transition. The Lap 8Prp 28a2CU307 y and
Ndp 8Prp 2Cu307 y show a broad maximum just above
T„which is very similar to what we see in
Gdp 65Prp 35BazCu307 . The superconducting tran-
sition temperatures T, of R Ba2Cu307 y and
R p 8Prp 28a2Cu307 are shown in Fig. 6. Values of T,
for RBa2Cu307 y located at 92+3 K are consistent with
well-documented results. The resistivity curves and T,
values of YosPro2Baz~u307 are in good agreement
with those previously reported. It is noted that the T, of
LaBa2Cu307 y is much lower than the result reported by
Wada et al. even though the same procedure of sample
preparation was followed. Figure 7 shows the 6T„
where

hT, = T, (R Ba2Cu307 ~ ) —T, (RO sPro z, Ba2Cu3O7 y )

as a function of ionic radius r(R ) (Ref. 30) of rare-
earth elements. If the T, =93 K of LaBa~Cu307 (Ref.
25) as indicated by an open square is taken into account,
a closely linear relationship between 6T, and the
ionic radius of rare-earth elements can be obtained.
The depression of T, by Pr substitution in
R i Pr Ba2Cu307 y strongly depends on the host
R Ba2CU307 compounds as shown in Figs. 6 and 7.
The larger the ionic radius of rare-earth elements in host
compounds is, the greater the decrease in T, is at the

x =0.2 concentration level. It is noted that the AT, does
not depend significantly on the magnetic properties of
rare-earth elements. To interpret these data, we discuss
the relationship between the length of the c axis in
R BapCU307 y compounds and the ionic radius of R

0

The increase of the t" axis from 11.654 A
(LuBa2Cu307 ) to 11.785 A (LaBazCu307 ) is less
than that of the ionic radius from 0.85 A (Lu +

) to 1.061
A (La +) (Ref. 30). This trend is also generally true for
the whole series of RBazCu&07 (Ref. 3) under the con-
sideration of rare-earth contraction. This indicates that
the separation between rare-earth atoms and Cu-0 planes
in LaBa2Cu307 y

is less than in LuBa2Cu307 y If the
Pr4f electrons tend to hybridize with conduction holes
in the Cu-0 planes, we expect that the hybridization be-
tween Pr 4f electrons and conduction holes in
La, Pr„BazCu307 y

is more pronounced than in
Lu& Pr BazCu307 y at the same Pr concentration lev-
els. This is the result seen in Fig. 7. The larger the ionic
radius of the rare-earth element in the host compounds
R Ba2Cu307 „ is, the stronger the depression of T, is as
Pr ions are introduced. Thus a strong hybridization be-
tween Pr 4f electrons and conduction bands in
PrBa2Cu307 —y as found by total-energy calculations
and previously mentioned experiments, ' ' ' is conclud-
ed from our results. Without this hybridization effect, ei-
ther the hole filling or the localization of mobile holes
alone, it is difficult to explain this ionic radius effect on
the suppression of T, in the Rp8Prp28a2Cu307 ~ sys-
tem. Therefore the quenching of superconductivity in
PrBa2Cu307 y might be due to the strong hybridization
that occurs between Pr 4f electrons and conduction holes
in the Cu-O planes inducing a localization of the mobile
holes. This strong hybridization may lead to the large
crystalline electric fields resulting in the reduced magnet-
ic moment. The localization of mobile holes causes the
suppression of superconductivity and accounts for the
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metal-insulator transition at x =x„. Of course, one can
also argue that the localization of mobile holes, which
suppresses T„ follows a curve, which can be fitted quite
well to an AG-like relation. Furthermore, this hybridiza-
tion might be related to the unusual magnetic prop-
erties of PrBa2Cu307 —y at low temperatures. Studies
of the low-temperature magnetic properties of
Gd, „Pr Ba2Cu307 y are currently in progress.

In conclusion, superconductivity and magnetic proper-
ties of Gdt XPr Ba2Cu307 y

have been studied and
compared to Y, ~ Pr„Ba2Cu307 y The nonlinear
depression of T, by the Pr concentration in
Gd

& ~ Pr Ba2Cu307 y is observed with a considerably
lower value of critical concentration x„ than in

Y& ~Pr~Ba2Cu307 y. In the Ro 8Pro 2Ba2Cu307 —y sys-
tem, the depression of T, depends on the ionic radius of

rare-earth elements. A closely linear relationship be-
tween hT, and the ionic radius of rare-earth elements
can be obtained. These results can be explained by as-
suming the strong hybridization between extended Pr 4f
electrons and conduction bands in the Cu-0 planes.
This hybridization would play a significant role in the
suppression of superconductivity in the mentioned
R

&
„Pr Ba2Cu307 —y systems.
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