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Magnetization of superconducting lanthanum copper oxides
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Magnetization studies of the high-transition-temperature lanthanum-copper-oxide superconduc-
tors have been carried out to determine the electromagnetic and Aux-pining properties of these
materials. Over much of the field-temperature plane the magnetization curves are highly reversi-

ble, which allows thermodynamic relations to be used to obtain an estimate of the free energy.
The material appears to have a granular character and very low flux pinning.

INTRODUCTION

A new family of materials based on the lanthanum-
copper-oxide system has been shown to have remarkably
high superconducting transition temperatures. ' 5 The
electrical resistance was observed' to drop by several or-
ders of magnitude at temperatures above 30 K, and it was
quickly established that there was Meissner screening aris-
ing from a phase having the K2NiF4-type crystal struc-
ture. Many features of the upper critical field, crystal
structure, and phase diagram have been established.
In this Rapid Communication we report magnetization
curves for these new materials. The data provide informa-
tion about the free-energy difference between the super-
conducting and normal state over much of the magnetic-
field-temperature (H-T) plane, and also provide a prelim-
inary estimate of flux pinning. The goal of the work has
been to determine some of the fundamental thermodynam-
ic and transport properties that will be important in the
application of these materials to microelectronic and mag-
net conductor applications.

EXPERIMENT

Samples were prepared by using high-purity Ames Lab-
oratory powders La203, CuO, BaCO3, BaO, SrO, and
CaO. The predried powder mixtures were pressed into 8

in. pellets of approximately 65% of the theoretical density
and sintered in air at 1100'C for two days in alumina cru-
cibles. X-ray powder-diffraction patterns clearly show the
formation of the tetragonal K2NiF4-type structure (space
group I4/mmm) for the Sr compound and an orthorhom-
bic modification (space group Fmmm) for the Ba and Ca
compounds. Lattice parameters were determined by the
method of least squares using 14 (17) reflections for the
tetragonal (orthorhombic) unit cell plus an internal silicon
standard (a 0.543083 nm). For the three samples in
this study, we obtain the following: (Lai s5Srp i5)Cu04,
a 0.3774(1) nm, c -1.3231(5) nm; (Lai ssBap i5)Cu04,
a 0.5352(4) nm, b 0.5385(4) nm, c 1.3253(7) nm;
(Lai s5Capi5)Cu04, a-0.5332(9) nm, b 0.5386(9) nm,
c -1.3166(16)nm.

Resistivity data were taken with a standard four-probe

technique with 0.002-in. -diam-pt wires spot welded to a
rectangular sample cut from the sintered pellet. Magneti-
zation data were taken with a commercial SQUID magne-
tometer9 in which the sample is moved slowly through the
pick-up coil. Temperature was measured with carbon
glass thermometers calibrated to an accuracy of 0.010 K.

RESULTS AND DISCUSSION
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FIG. 1. Transition from the normal to superconducting state.
Magnetization taken at H 100 Oe.

The onset of superconductivity in these samples was
detected by measurements of both the electrical resistance
and the magnetic moment arising from magnetic flux ex-
pulsion. Although we have done extensive measurements
on all three systems (Ba, Sr, and Ca), most of the results
reported in this paper are on the Sr system because of its
higher transition temperature. Resistance measurements
were performed on a sample 1.85-mm long, with cross-
sectional dimensions of 1.96 and 0.84 mm. As shown by
the open circles in Fig. 1, the electrical resistance at 10
mA measuring current breaks away from linear behavior
at about 50 K and drops by four orders of magnitude in
the temperature interval from 37 to 35 K. The measuring
current of 10 mA and sample resistance of 5.7 mQ at 40 K
yield a normal current density of 0.63 A/cm and a resis-

5319 1987 The American Physical Society



5320 D. K. FINNEMORE et aI.

tivity of 6000 p0 cm for the sintered sample. No correc-
tion has been made for the porosity of the material.

Magnetization data' taken by cooling the sample in a
magnetic field of 10 m T are shown by the solid circles of
Fig. 1. The data are plotted as ( —4+M)'~, since M is
found to vary approximately as (1 —T/T, )i near T, . As
we show below, such a temperature dependence is to be ex-
pected for a material composed of phase-decoupled (or
only very weakly Josephson-coupled) superconducting
grains with linear dimensions comparable to the penetra-
tion depth X(T,H). Extrapolation of these data to M 0
yields T, 355 K at H 10 mT.

At temperatures slightly below T„ the 5.5-T magnet
available with the SQUID magnetometer is sufficient to
measure the entire magnetization curve. Hence, estimates
of both the upper critical field H, i and the thermodynamic
critical field H, can be obtained. Data for both 32 and 33
K are shown in Fig. 2. Since the lower critical field H, ~ is
5 mT, it cannot be seen on this plot.

A remarkable feature of these data is the reversibility of
the magnetization curves (Fig. 2). Data taken by sweep-
ing the temperature give the same result as data taken by
sweeping the magnetic field. To an accuracy of a few per-
cent it does not matter whether the magnetic field is in-
creasing (open symbols) or decreasing (solid symbols).
Magnetic Aux moves in or out of the sample with very lit-
tle evidence of pinning. For applied fields less than about
0.1 T, however, values of —4aM in decreasing field are
less than in increasing field, as expected, but this effect is
within the scatter of the data over most of the field range
shown in Fig. 2.

An accurate determination of H, ~ is complicated by the
paramagnetism of these materials in the normal state. "
The value of H, p, however, can be conservatively estimat-
ed as the field where M reverses sign. These data then give
an H, ~ of 4.6 T at 32 K, 3.0 T at 33 K, and 1.3 T at 34 K.
This gives a slope of —dH, AT 1.75 T/K. Extrapola-
tion to T 0 using the Werthamer-Helfand-Hohenberg
theory' yields H, ~ =43 T.

0.3—

S -d( —4~M)/dH - —,
' &(R/&),

where

P(x) -1 —(3/x) coth(x)+ 3/x

is a monotonically increasing function of x. Since k in-
creases with temperature and diverges as A. A.o
x (1 —T/T, ) '~i at T„Sdecreases monotonically with T
and approaches zero as S (R /10%0 )(1 —T/T, ). This
analysis, using data similar to that of Fig. 3, but at tem-
peratures closer to T„gives R/A, o in the range 7-10.

Extension of London's method to the mixed state of the
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Experimental results for —4+M in the Meissner state
(H & H, ~ ) versus applied field H for the sample
(La~ s5Sro ~q)Cu04, shown in Fig. 3, exhibit a tem-
perature-dependent slope. The offsets seen near H 0 are
due to residual fields trapped when the current in the 5.5 T
superconducting magnet is reduced to zero. Measure-
ments in a copper magnet yielded the same slopes, but did
not show these offsets. At T 2 K the initial slope
S d( 4+M—)//dH is abut 1.3, which is somewhat less
than the value 1.5 expected for spherical particles with ra-
dii much larger than the penetration depth. As the tem-
perature increases, S decreases, at first slowly, then more
rapidly; S finally approaches zero linearly as T approaches
T,. At T-30 K, for example, S=0.5, and for T/T,)0 85, S=4 41(1 T/Tc).

Such a temperature dependence of S follows from a
description of the sample as an array of weakly coupled,
roughly spherical superconducting grains whose average
radius R is comparable with the penetration depth k. As
shown by London' in explaining magnetization experi-
ments' on very fine-grained preparations of colloidal mer-
cury, the theoretical initial slope is
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FIG. 2. Magnetization curves near T, showing the degree of
reversibility.

FIG. 3. Magnetization curves below H, ~ showing the temper-
ature dependence of the slope.
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grains yields for the measured magnetization

4rrM(H) [ 4rrMp(H;„)]3P(R/A, )/[2+P(R/k)], (1)

where Mo(H;„) is the equilibrium magnetization appropri-
ate to a bulk cylindrical specimen in a parallel field, in
which case the internal field H;„would be equal to the ap-
plied field. The penetration depth appearing in Eq. (1) is
both temperature and field dependent; 's ' near T„

)i,(T,H) =No(1 —T/T, ) ' '(1 —H/H )

Because of the factor in Eq. (1) involving P(R/), ), the
quantity H, defined by the integral

PH, 2

H,' /8rr= — MdH (2)dp
is less than the bulk thermodynamic critical field H„
which is defined by Eq. (2) with H,*, M and H replaced by
H„Mo, and H;„. It is easily seen from Eqs. (1) and (2)
that H,' (H, [3Po/(2+ Po)] ', where Po(T) P [R/
)i, (T,O)] can be obtained from measurements of
S(T) d( 4rrM)/dH —in the Meissner state, in which
—4rrMo-H;„(I+Po/2)H. Near T, we may use the
Abrikosov result '

—4xMo(H;„) (H, 2 H;„)/Pg (2x——1),
where P~ 1.1596, to obtain from Eq. (1)

idH„/dT i,
( —41rM) ' = [T,(H) —T]

ko, 1 OPS (2 x. —1 )Tc,
(3)

where T, (H) is the temperature at which H-H, 2(T).
From Eq. (3) and the data of Fig. 1 we obtain x =50.

To estimate H„we have first numerically integrated Eq.
(2) up to the field H, 2, where M changes sign to obtain
H,*(T) 26.7, 14.9, and 5.6 mT at T-32, 33, and 34 K,
which yields the slope [dH,*/dT] T = —11 mT/K. Includ-
ing the correction factor [(2+Po)/3Po]'~ obtained from
measured values of S(T) in the same range, we estimate
the slope of H, at T, to be [dH, /dT]T = —14 mT/K,
which is comparable to that of ordinary superconductors
such as Pb or Nb. Using the BCS result

dH, /dT i T,
—1.74H, (0)/T,

we thus estimate H, (0)=0.3 T. Combining the slopes of
H, and H, 2 at T, yields a second estimate of ~=90. The
zero-temperature values of the penetration depth, coher-
ence length, and lower critical field are estimated, using
dirty-limit theory, to be X(0)=330 nm, g(0)=3.0
nm, and H, i (0) = 5.2 mT. The average radius of a super-
conducting grain is thus calculated to be in the range
1.3-2.0 pm. Using the formula y 0.0558(dH, /
dT)T, we obtain y 0.11 mJ/cm K compared with

y 0.16 mJ/cm K for Pb (Ref. 24). From the expression
y- (2ir /3)N(0)kit and the unit cell volume
a2c 1.88X 10 cm3 we obtain N(0) 2.7 states-eV-
unit cell. For the jump in specific heat at T„ the data pre-
dict

C, —C„-(T,/4')(dH, /dT)T -5.5 mJ/cm3K .

The above values of [dH, z/dT]T, and y yield a normal-
state resistivity of p„=350 pQ cm for the superconduct-
ing grains. This suggests that the measured resistivity of
6000 iud cm just above T, is dominated by high-resistivity
material separating the superconducting grains. Below T,
of the superconducting grains, the high resistivity material
can carry only weak Josephson currents (-10 A/cm ).

In addition to the study of the Sr compound described
above, a fairly complete study also has been made of a
powder sample of (La~ s5Bao i5)Cu04 with a T, of 32.5 K.
The Ba sample is very similar to the Sr sample in that the
magnetization curves are reversible, the slope of the mag-
netization below H, ~ falls with increasing temperature,
and there is very little flux pinning for magnetic fields
above 20 mT. A (Lai s5Cao t5)Cu04 sample showed a T,
of 21 K. An extensive study of this material will be report-
ed elsewhere.

CONCLUSION

The pressed pellet samples of (Lai ssSro. is)Cu04 are
well behaved high-x superconductors with a free-energy
difference between the superconducting and normal states
comparable to that of Pb or Nb. Magnetization curves are
reversible over large portions of the H-T plane, indicating
very low pinning. Values of H, 2 determined from flux ex-
clusion near T, indicate a low-temperature upper-critical
field on the order of 40 T. Moreover, the magnetization
data appear to be well described by modeling the material
as an array of relatively small superconducting grains that
are very weakly Josephson coupled. This granular nature
may be a consequence of the sample preparation technique
and may not necessarily represent an inherent material
property. The granular character of the material, the high
T„and the rather low-flux pinning make this material at-
tractive for microelectronic applications. The preparation
of high-critical-current conductor material, however,
offers a substantial challenge.
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