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Magnetic measurements are carried out on single-crystal Y„Gd& „Ba2Cu243Alo ]906+y (x 0 0 5)
samples. The magnetic-field dependence of the averaged paramagnetic moments carried by the rare-
earth Gd'+ ions in these samples is well described by the extended Brillouin function. This paramagne-
tism tilts the magnetic hysteresis loop and broadens the widths of the magnetic hysteresis hM; therefore
the magnetization critical-current density J, based on the Bean critical-state model deviates from the in-

trinsic value. At temperature T=4.2 K, this deviation is up to 9% for the single-crystal

GdBa&Cu2 43Alo»06+~ sample. At the end, the in6uence of the paramagnetism of Gd'+ ions on some

other macroscopic magnetic properties is discussed.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

The study of high-temperature superconductivity in
the YBazCu307 s (YBCO) systems is the most extensive
of all the systems because of the high quality of YBCO
single crystals prepared up to date. There have also been
a lot of comparative investigations of YBCO and other
systems with Y substituted by other rare-earth elements
such as Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, and Lu. '

The orthorhombic phases of these superconductors
(denoted as YRBCO) all have a T, as high as 90 K. Since
most of the rare-earth ions carry large magnetic mo-
ments, many works have been devoted to the relationship
between the magnetic ordering and superconductivity. '

It is shown in this paper that the paramagnetism of
magnetic rare-earth Gd + ions broadens the apparent
magnetic hysteresis loops of single-crystal
GdBa2Cup 43Alo»06+s (denoted as GBCO) and

Yo sGdo sBa2Cu2 42Alo»06+ (denoted as YGBCO) su-

perconductors; therefore, the derived magnetization
critical-current density contains a systematic error,
which is up to 9% for the single-crystal GBCO sample at
temperature T=4.2 K. However, this effect has not
been taken into account before to our knowledge. ' Fur-
thermore, the error caused by paramagnetism decreases
with increasing temperature, and so it will modify the
temperature dependence of the critical-current density
J,. From this point of view, the irreversibility line deter-
mined by the merging point of magnetic hysteresis loops
or by that of field-cooled (FC) and zero-field-cooled (ZFC)
susceptibility lines in dc magnetometry should also be
corrected.

All experiments reported here have been performed
on single-crystal GBCO and YGBCO
(Y„Gdi „Ba2Cug43Alo i906+y with x =0 and 0.5, re-
spectively) samples. The synthesis and characterization
of the samples have been reported elsewhere. Briefly de-
scribed, the single crystals were grown by the self-Aux

method. Single-crystal GBCO was grown with a starting
composition of [Gd]: [Ba]: [Cu] = 1:4:10. High-purity
(99.99%) or chemical reagent grade (99.9%) Gd203,
BaCO3, and CuO powders were weighed and well mixed,
and the mixture was then put in an aluminum crucible of
high purity and heat treated in air. The mixture was kept
at 1050'C for 1 h, and was slowly cooled to 850'C with
the cooling rate of 0.2'C/h, then quickly cooled to room
temperature.

In order to grow single-crystal YGBCO, we started
with a 0.5:0.5:4:10 stoichiometry of [Y]: [Gd]: [Ba]:
[Cu], and the soaking temperature was kept at 1040'C
for 1 h. Platelets of dimension 1 —3 mm were found in
the lower part of the melt. X-ray energy-dispersive spec-
trum (EDS) analyses using Noran series 2 (namely
TN5502) on a 20-keV AMRAY 1840 scanning electron
microscope showed that the cation composition in the
platelets was [Y]: [Gd]: [Ba]: [Cu]: [Al]
0.5:0.5:1.92:2.43:0.19. X-ray powder diffraction patterns
of postannealed Yo 5Gdo 5Ba, 93Cu2 43Alo»06+~ contain
all the peaks of the YBCO 123 orthorhombic phase, and
no obvious peaks of impurity phases are observed. By
these two measurements together with Laue backscatter-
ing diffraction patterns, these platelets were con6rmed to
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be single crystal. Contamination of aluminum from the
crucible is unavoidable; however, its infiuence on T, is
trivial, which may be explained by the accommodation of
Al into the copper chains.

The as-grown single crystals were postannealed in pure
oxygen at a pressure of 140—160 bar for 4-8 days. Such
a high pressure greatly increases the diffusion constant of
oxygen and shortens the annealing time. The single-
crystal YGBCO and GBCO samples used in this work
have T, (onset) of 90 and 85 K by ac susceptibility mea-
surement, and dimensions of 1.26X 1.28X0.40 mm and
1.25 X 1.60X0.39 mm, respectively.

Magnetic measurements were performed at two field
orientations (along the c axis and the ab planes) on a com-
mercial 8-T vibrating-sample magnetometer (Oxford
Ltd. , model 3001). The sample was first cooled from
above T, to the required temperature T in zero applied
field. Then the applied field was swept at a rate of 12
mT s ' to form the magnetic hysteresis loop. The magne-
tization relaxation measurement was performed at 4.2 K
and 1 T with the zero-field-cooled process; the first point
was recorded after a time delay of 80 s.

III. EFFECT OF THE PRAMAGNETISM

In Fig. 1 is the magnetization hysteresis loop of single-
crystal GBCO (H~~ab) at T=4.2 K. As the field is in-
creased within 3.1 kOe, the magnetization stays negative,
as it must be in the case of ordinary superconductors con-
taining no rare-earth ions. But in fields over 3.1 kOe the
magnetization becomes positive and it shows a trend to
saturation as the field is further increased. In this case,
the sample continues to be in a superconducting state

which is indicated by a magnetization hysteresis loop.
The magnetization hysteresis loops of the GBCO sample
(H ~~c ) and YGBCO sample (H ~~ah ) are shown in Figs. 2
and 3, respectively. The same hysteresis behavior shown
in Figs. 1 is also observed, which can be attributed to the
localized magnetic moments carried by the rare-earth
Gd + ions in these samples. Ordering of the magnetic
moments of Gd + in Y Gd& Ba2Cu306+y usually anti-
ferromagnetically, takes place at extremely low tempera-
ture, which is about 2.2—2.6 K.' Above this temperature
paramagnetism is exhibited. Therefore, above the mag-
netic ordering temperature of a Y,Gd& „Ba2Cu306+„
sample, the experimentally measured magnetization con-
tains two components: irreversible superconducting mag-
netization M,„and the paramagnetic contribution

Mpara &

M Msgp +Mpara

where, for simplicity, the reversible superconducting
magnetization is neglected for its trivial influence on the
results. The paramagnetic magnetization M „,increases
with increasing field; therefore the experimentally mea-
sured magnetization M will become positive when M „,
is larger than the increasing-field branch of the supercon-
ducting magnetization M,„p. As the field becomes large
enough, Mp, will saturate, which results in the magneti-
zation hysteresis loops shown in Figs. 1-3.

The magnetic-field dependence of the averaged
paramagnetic magnetization,

M++M
para
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FIG. 1. Magnetization hysteresis loops of
the single-crystal GBCO sample at the temper-
atures indicated and with the magnetic field

H~~ab. Triangles represent M„„, and solid
and dashed lines are fits with Eq. (2) in which
x ~1/(T+0&) and x ~1/T, respectively. In-
set is the temperature dependence of hM be-
fore (dashed line) and after correction (solid
line) for the paramagnetism of Gd + ions.
(Solid and dashed lines in the inset are only
guides for the eyes. )

0

I I I

Applied Field (T)



4088 QIN, JI, JIN, YAO, RONG, NI, XIAO, AND FU

200

0

FIG. 2.
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agnetization hysteresis loo f
e single-crystal GBCO sample at the temper-

atures indicated and with the magnetic field

H~~c. Triangles represent M~„„and solid and
dashed lines are fits with Eq. {2) in which
x ~1/(T+8&) and x ~1/T, respectively. In-
set is the temperature dependence of hM be-
fore (dashed line) and after correction (solid
ine} for the paramagnetisrn of Gd'+ ions.

(Solid and dashed lines in the inset are only

guides for the eyes. )
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FIG. 3. M
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Magnetization hysteresis loop f
e single-crystal YGBCO sample at the tern-

peratures indicated and with the magnetic field

H~~ab. Triangles represent M~„„and solid
and dashed lines are fits with Eq. (2) in which
x ~ 1/( T+ 8N ) and x ~ 1/T, respectively. In-

f
set is the temperature dependence of hM b-
ore (dashed line) and after the correction
solid hne) for the paramagnetism of Gd'+

ions. (Solid and dashed lines in the inset are
only guides for the eyes. )
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M „,= Bq(x),
Jgpg

(2)
6M=M+ —M =(1+4ny)bM, „p,

where p~ is the Bohr magneton, g is the Lande factor of
the Gd + ions, and V is the unit-cell volume of the
YGBCO sample. Bz(x) is the Brillouin function defined
as

B (x)=— J+—' coth J+—' x ——'coth—
2 2

where x is proportional to 1/( T+ 8N ) rather than 1/T,

gpg8
k~(T+8~)

where k~ is the Boltzmann constant, 8 is the flux density,
T is the temperature, and 8~ is larger than the ordering
temperature TN.

We fit Eq. (2) to the experimental M „,vs H by treat-
ing 8& as a fitting parameter. The results are shown as
solid lines in Figs. 1-3, which are much better than the
fits with the simple Brillouin function shown as dashed
lines in these figures for comparison. The values of 8&
are 4.0, 5.2, and 2.5 in Figs. 1, 2, and 3, respectively. In
all cases, values of the Lande factor g are taken to be
1.99, which is the Lande factor for the free Gd + ion.

In the limit of x «1, namely, high temperature and
low magnetic field, the limiting behavior of the Brillouin
function is

(J+1)xBqx=
3

Substituting Bz(x) in Eq. (2), we have the linear approxi-
mation M „,=yB, where y is the volume susceptibility,

J(

J+1)(gpss

)

3k~ V(T+8~)

As can be seen from Figs. 1—3, the paramagnetism of
the Gd3+ ions tilts the magnetization hysteresis loop, and
therefore the width of the magnetization hysteresis loop
hM is broadened. We now consider a fully penetrated
infinitely long slab of thickness d in a parallel field in the
framework of the simple Bean critical-state model. Be-
cause the distribution of flux density in the slab during
the increasing and decreasing-field processes at the same
applied field is quite different, the averaged paramagnetic
contribution should be different too; in the limit of
x « 1 Mp pB its spatial average leads to the fol low-
ing expressions for the magnetization in the increasing-
(M }and decreasing- (M+ ) field branches:

hM, „M+= +y H, +4m
Msup

and

Msup

2
+y H, —4m

where BM,„p is the magnetic hysteresis if there is no
paramagnetic contribution. Therefore

where hM is the apparent width of the magnetization
hysteresis loop. It can be seen clearly that the width of
magnetic hysteresis is broadened to an extent determined
directly by the magnitude of g. According to the Bean
model, the width of the magnetic hysteresis is propor-
tional to the critical-current density J„and therefore

JA
J,= (4)1+4'

where J," is the critical-current density calculated from
the apparent magnetic hysteresis and J, is the intrinsic
critical-current density of the superconductor.

With 8~ derived from fitting Eq. (2} to the experimen-
tal data, y is calculated with Eq. (3). Therefore, the in-
trinsic critical-current densities are obtained from Eq. (4),
and are J,=0.91J," and J,=0.92J," at T=4.2 K, H=0
T for the GBCO sample with H~~ab and H~~c, respective-
ly, and J,=0.94J," for the YGBCO sample. Because y is
proportional to 1/(T+8N), as the temperature is in-
creased, y decreases quickly. For example, at T =40 K,
J, =0.99J," for the GBCO sample (H ~~ah); therefore, the

temperature dependence of the critical-current density
should be modified, and the J,-T curve should be flat-
tened after this correction, which is shown clearly in the
insets of Figs. 1 —3.

IV. DISCUSSION

The above results are obtained based on single-crystal
samples; however GdBa2Cu306+~ sample prepared by
melt-textured growth (MTG) also shows the same
behavior, which indicates the same role of Gd + ions in
all YGBCO systems. The results are presented in Fig. 4
for comparison. GdBa2Cu306+~ powders prepared by
solid-state reaction were cold-pressed into a bar, sintered
in air at 950'C for 24 h, then put into a temperature-
gradient furnace preheated to 1140'C, and maintained
for 10 min, and then quickly cooled to 1070'C. After
cooling to 970'C at a rate of 1.5'C/h, the samples were
kept at the temperature for 3 h and finally cooled to room
temperature. Postannealing of the as-grown sample was
in flowing oxygen at 500'C for about 100 h. The sample
used in this work had a T, (onset) of 93 K and b T, of 0.6
K by ac susceptibility measurements, and dimensions of
1.75X1.80X0.23 mm .

Shown in Fig. 5 is the magnetization hysteresis loop of
the single-crystal YGBCO sample with H~~c, where the
paramagnetism has less effect on the results. Therefore
our discussions are mainly applicable to the direction
with H~~ab, for which three factors may be responsible.
First, the method used to derive the averaged paramag-
netic magnetization M „ from Eq. (1) is satisfactory
only in the case of the Bean model; however, when H ~~c,

the Bean model is a poor approximation, because hM de-
creases with the applied field up to 8 T. Second, in this
field direction, M,„& is much larger than Mz„, (hM is
one order of magnitude larger than that with H~~ab)
which also makes it unsatisfactory to derive Mp„, from
Eq. (1). The last factor is the large demagnetization fac-
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FIG. 4. Magnetization hysteresis loops of
the melted GBCO sample at the temperatures
indicated and with the magnetic field HIIab.
Triangles represent M~„„and solid and
dashed lines are fits with Eq. (2) in which
x ~ 1/( T+ 8& ) and x ~ 1/T, respectively. In-
set is the temperature dependence of hM be-
fore (dashed line) and after (solid line) correc-
tion for the paramagnetism of Gd'+ ions.
(Solid and dashed lines in the inset are only
guides for the eyes. )
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tor along this field direction (H ~~c ) which makes it com-
plicated to discuss the effect of paramagnetism.

The magnetization relaxation of the single-crystal
GBCO sample at 4.2 K and 1 T is shown in Fig. 6. It is
of interest to note that, unlike ordinary superconductors
whose magnetization decreases with time towards an
equilibrium value of about zero, the magnetization of the
single-crystal GBCO sample increases with time towards
a non-zero equilibrium value, which directly shows the
contributions of the paramagnetism to the magnetization

of the single-crystal GBCO sample.
The absolute magnetization relaxation rate

s = —BM;„/Bint is also increased by a factor of 4ny for
the paramagnetism; nevertheless the relative relaxation
rate remains the same in the first-order approxitnation,
and the derived U0 is the same whether the effect de-
scribed above is neglected or not. Similarly, when
BM;„/Bint in the ZFC process is used to measure the
penetration 6eld of a superconductor, the same enhance-
ment factor of 4m' by Gd ions has no inhuence.
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FIG. 5. Magnetization hysteresis loop of the single-crystal
YOBCO sample at 4.2 K and with the magnetic field H IIc.

FIG. 6. Magnetization relaxation at a given 6eld H =1 T for

the single-crystal GBCO sample at 4.2 K.
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V. CONCLUSION

In summary, we have shown that, above the magnetic
ordering temperature TN, the magnetic-field dependence
of the paramagnetic magnetization carried by Gd + ions
in YGBCO systems is well described by the extended
Brillouin function. We have also shown the enhancement
effect of magnetic hysteresis loops by the paramagnetism

of Gd + in these systems, which is evident at low temper-
ature. This efFect exhibits itself in the measurements of
critical-current density, absolute magnetization relaxa-
tion rate, irreversibility line, and the effective activation
energy. In the comparative study of the magnetic prop-
erties of superconductors substituted by rare-earth ele-
ments of a variety of concentrations, this correction is
essential.
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