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Anisotropy and reversible magnetization of the infinite-layer superconductor Sr0.9La0.1CuO2
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We present reversible magnetization measurements of ac-axis aligned Sr0.9La0.1CuO2 infinite-layer super-
conductor withTc.43 K. The magnetization measured as a function of temperature and angle between thec
axis and the external magnetic field are analyzed in terms of the Hao-Clem model. Consequently, the critical
fields @Hc(0), Hc1

c (0), and Hc2
c (0)] and thecharacteristic lengths@jab(0) and lab(0)] are derived. We

introduce a novel technique to describe the angular dependence of magnetization using the Hao-Clem model by
employing the effective mass anisotropy. The anisotropy ratiog59.3 and the zero-temperature coherence
length along thec axisjc(0)55.2 Å are obtained by the technique. The coherence lengthjc(0) is longer than
the c-axis lattice parameterc53.41 Å, which implies three-dimensional coupling between CuO2 planes even
at zero temperature.

DOI: 10.1103/PhysRevB.66.214509 PACS number~s!: 74.72.Jt, 74.60.Ec, 74.25.Ha
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I. INTRODUCTION

For the cuprate superconductors previously studied,
zero-temperature coherence length along thec axis,jc(0), is
much smaller than thec-axis lattice parameter. As the tem
perature increase towardTc , a dimensional crossover from
two dimensions~2D! to 3D occurs at a certain temperatu
T* where jc(T* )5c/A2.1 For YBa2Cu3O72d ~Y-123!
known as the least anisotropic cuprate superconductor, a
stantial 3D temperature region aroundTc is observed due to
strong interlayer coupling.2 However, the 3D region for
strongly anisotropic compounds, such as Bi-based super
ductors, is found to be extremely narrow.3

The infinite-layer superconductors~ILS! have attracted
much attention due to their simple structure: infinite stack
of CuO2 planes separated only by alkaline earth ions.4–9

Since the unit cell of an infinite-layer superconductor do
not have a charge reservoir block~CRB!, such as a rock-salt
or a fluoritelike block in usual high-Tc superconductors, the
distance between CuO2 planes is the shortest among the c
prates. Hence, one can expect a strong coupling betw
CuO2 planes and consequently a low anisotropy in superc
ducting properties.

Recently, Chenet al.10 reported the absence of a zero bi
conductance peak in tunneling measurements on infin
layer Sr0.9La0.1CuO2, implying as-wave superconducting or
der parameter symmetry in the compound.11 This has a
thread of connection with growing evidence for the existen
of a nodeless gap on the Fermi surface of various elect
doped cuprate superconductors.12–15 Additional support for
conventional pairing in ILS can be found in recent impur
doping experiments.16 A 3% substitution of nonmagnetic Z
impurities at Cu sites does not induce anyTc suppression,
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while a 2% substitution of magnetic Ni impurities at Cu sit
is accompanied by a complete suppression of supercon
tivity. On the other hand, in thed-wave case, even sma
concentrations of nonmagnetic impurities give rise to
strong suppression inTc . The conventional pairing in ILS is
in sharp contrast to hole-doped cuprates and may be clo
related to stronger interlayer coupling between the Cu2
planes.10

In this work, we carry out reversible magnetization me
surements of an infinite-layer Sr0.9La0.1CuO2 @Sr~La!-112#
superconductor withTc.43 K. In this compound, the
charge carriers~electrons! in the CuO2 planes are supplied
from partially substituted La ions. With thec-axis aligned
sample, we measure the temperature dependence of ma
tization in various external magnetic fields and derive va
ous superconducting parameters such as the critical
Hc(0) and the coherence lengthjab(0). To examine the di-
mensionality of the compound, we measure the magnet
tion as a function of the angle between thec axis and the
external magnetic field and obtain the anisotropy ratiog
5jab /jc . From these, we find that the usual 2D temperat
region with jc(T),c does not exist belowTc in this com-
pound.

II. EXPERIMENTS

Details of sample preparation are given in Ref. 17. A c
bic multi-anvil-type press was used to synthesize Sr~La!-112.
The precursors were prepared by using the solid-state r
tion method. Starting materials of La2O3, SrCO3, and CuO
were mixed to the nominal composition of Sr0.9La0.1CuO2.
The mixture was then calcined at 950 °C for 36 h with se
eral intermittent grindings. The pelletized precursors, sa
wiched by Ti oxygen getters, were put into a Au capsule i
high pressure cell. The pressure cell was compressed up
©2002 The American Physical Society09-1
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GPa and then heat treated using a graphite-sleeve heate
The structural characterization of the sample was car

out using scanning electron microscopy~SEM! and the Ri-
etveld analysis of a powder x-ray diffraction~XRD! pattern.
The SEM image of the sample shows closely packed gr
with an average radiusR.5 mm. The Rietveld analysis
shows that the doping concentration in our Sr12xLaxCuO2 is
approximatelyx.0.1, which is the same as the nomin
composition. This compound has a tetragonal symme
(p4/mmm) with lattice parametersa53.950 Å and c
53.410 Å, which agree well with a previous report of ne
tron powder diffraction analysis by Jorgensenet al.6 Within
the resolution of the above analyses, no discernible amo
of impurities were observed.

To obtain ac-axis-aligned sample, the Farrell method18

was employed. The sample powder was passed throu
fine sieve to remove possible intergrain coupling. This fi
powder was aligned in a commercial epoxy with an exter
magnetic field of 11 T. After alignment, only the~002! re-
flection was seen in the XRD pattern. The full width at h
maximum of the x-ray rocking curve of the~002! reflection
is less than 1 degree, which indicates excellentc-axis align-
ment. The composite of the sample powder and epox
approximately 9.5 mm in length and 3 mm in diameter, a
the mass of sample~cuprate! is 21.7 mg.

The magnetization was measured as a function of t
perature and the angle between thec axis and the applied
magnetic field by using a superconducting quantum inter
ence device~SQUID! magnetometer~MPMS-XL, Quantum
design!. The background contribution from epoxy and imp
rities was subtracted from the observed values.

III. RESULTS AND DISCUSSION

Figure 1 shows the low-field magnetization of the align

FIG. 1. Low-field magnetization 4pM (T) of c-axis aligned
Sr0.9La0.1CuO2 measured forH55 Oe parallel to thec axis. Upper
and lower curves represent field-cooled~Meissner! and zero-field-
cooled ~shielding! 4pM (T)’s, respectively. Inset: Comparison o
zero-field-cooledM (T)/uM (5 K)u curves before and after grai
alignment.
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sample 4pM (T) measured for the external fieldHext

55 Oe, parallel to thec axis. The superconducting transitio
occurs atT542.7 K with a transition widthDTc of roughly
10 K. At T55 K, the nominal shielding~Meissner! fraction
4pM /Hext is about 110%~39%! of 21. The shielding frac-
tion corrected for the demagnetization factor 4pxeff
54pM /Heff is about20.81, whereHeff5Hext24pMD is
the effective magnetic field andD51/3 is the demagnetiza
tion factor for spherical grain. In this estimation of 4pxeff , it
is assumed that the size of spherical grains is much la
than the magnetic penetration depthl. The somewhat large
apparentDTc is a reflection of small grain size (,5 mm)
rather than high concentration of impurities. As we stated
the previous section, prominent impurities are not obser
in the XRD pattern and SEM picture. Moreover, the tran
tion is much broader after the alignment~inset of Fig. 1!,
since the particle size is considerably reduced through gr
ing and sieving for alignment.

The inset of Fig. 2 shows representative reversible m
netization curves 4pM (T) measured in the external fiel
range 1 T<Hext<5 T parallel to thec axis. ~In this high-
field region, the reversible magnetization is extremely sm
compared toHext, soH5Hext24pMD.Hext.) The curves
shift to lower temperature as the field increases and are
most parallel to each other. The parallel shift can be und
stood in terms of the Abrikosov model,19 where the magne-
tization increases linearly with the magnetic field. Th
manifestly mean-field behavior suggests weak thermal fl
tuations in this material. More concrete evidence for this c
be found from a scaling analysis of the fluctuation-induc
magnetization for the high-field region.20,21 In our previous
report,22 we showed that the high-field magnetization sca
excellently with the scaling parameter@T2Tc(H)#/
(TH)2/3, implying weak fluctuation effects.

Figure 2 shows the irreversibility lineH irr(T), obtained
from the 4pM (T) for 0.2 T<H<5 T. The irreversible tem-

FIG. 2. Irreversibility lineH irr(T) obtained from 4pM (T) for
0.2 T<H<5 T. Solid line represents the formulaH irr(T)5H0(1
2T/Tc)

n, fitted to data. Inset: Zero-field-cooled magnetizati
curves measured in the field range for 1 T<H<5 T with a 1 T
step.
9-2
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peratureTirr(H) is defined as the temperature at which t
simple criterionMFC/MZFC50.98 holds. The solid line rep
resents the empirical formula,H irr(T)5H0(12T/Tc)

n, fitted
to data. Values of the adjustable parameters areTc

542.6 K, H0522 T, andn51.67. The value ofn is close to
n51.5 found for Y-123.23 In quasi-2D superconductors
there exists a transition from a power-law behavior at l
fields to an exponential behavior of;exp(1/T) at high fields
in H irr(T), referred as the decoupling transition.24 For ex-
ample, the decoupling transition occurs atH.0.1 T in
Bi2Sr2CaCu2O8 ~Bi-2212!. On the other hand, Y-123 doe
not show such a feature due to rather strong coupling
tween its CuO2 planes. Therefore, the value ofn51.67 and
the nonexistence of the decoupling transition suggest str
interlayer coupling in Sr~La!-112 similar to that in Y-123.

To describe our reversible magnetization data, we use
Hao-Clem model25 based on the Ginzburg-Landau~GL!
theory. This model considers not only the electromagn
energy outside of the core, but also the kinetic and cond
sation energy change arising from suppression of the o
parameter in the vortex core. This variational model perm
a reliable description of the reversible magnetization in
entire mixed state and an accurate determination of ther
dynamic parameters such as the critical fieldHc(0).26

In the Hao-Clem model, the reversible magnetization
ing expressed in dimensionless form 4pM 8(H8) is a univer-
sal function for a given value of the GL parameterk and is
temperature independent. Here, the magnetization and e
nal field are defined as 4pM 8[4pM /A2Hc(T) and H8
[HA2Hc(T).25 At a fixed temperature, the rati
4pMi(Hi)/Hi( i 51,2, . . . ) in experimental data corre
sponds to the ratio 4pM 8/H8 at a certain point on the theo
retical curve with a givenk. By this correspondence, th
value of A2Hc(T) is determined from the ratioH8/Hi for
eachi 51,2, . . . . If thevalue of k is appropriately chosen
then it results in the smallest error inA2Hc(T). From this
procedure, an optimal valuekc5lab /jab525.3 is obtained
from the data in the temperature range of 24 K<T<38 K,
and 4pM (H) data are represented by an universal cu
with scaling factorA2Hc(T) as shown in Fig. 3. All data
clearly collapse onto a single curve. The uncertainty ofkc is
61.1, which is about65% error. The inset of Fig. 3 show
the thermodynamic critical fieldHc(T) obtained from this
analysis~open symbols!. The solid line represents the BC
temperature dependence ofHc .27 The comparison yields
Hc(0)50.32 T andTc542.7 K. Various thermodynamic pa
rameters such as the critical fields@Hc(0) andHc2(0)] and
the characteristic lengths@lab(0) andjab(0)] are deduced
using the GL relations19 and the Werthamer-Helfand
Hohenberg formula28 assuming the clean limit, as summ
rized in Table I. The total error in the superconducting p
rameters presented here from all sources, including
sample quality and the experimental errors, are estimate
be much less than 5%.

A large anisotropy is an important feature of HTSC. In t
continuum limit, the anisotropy can be represented using
effective mass tensor, and the degree of anisotropy ca
quantified by the ratio,g[(mc /mab)

1/2, where mc and mab
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are the effective mass of electrons inc andab directions. In
experiments, the anisotropy ratio can be obtained by mea
ing the angular dependence of magnetization or magn
torque. The former measures the longitudinal componen
magnetizationMLiH and the latter measures the transve
component of magnetizationMT'H. Previously, Farrell
et al.29,30 measured the magnetic torque curves for hig
anisotropic Bi-2212 and moderately anisotropic Y-123.
applying the London model to the data, they obtained
anisotropy ratiosg.55 andg.5 for Bi-2212 and Y-123,
respectively. Here, we obtain the anisotropy ratio of Sr~La!-
112 by measuringML(u) using a SQUID magnetomete
with a sample rotator. The obtained data are described by
Hao-Clem model,25 which considers the effective mass a
isotropy of material. For comparison, we also apply the Lo
don model31 to the data.

In the London model,31 including the effective mass an
isotropy,ML(u) is represented by

4pML~u!52
f0e~u!

8plab
2

lnS Hc2
c b

B

1

e~u!
D , ~1!

FIG. 3. Magnetization24pM 8[24pM /A2Hc(T) vs external
magnetic fieldH8[H/A2Hc(T). Different symbols denote data ad
dressed at different temperatures. Solid line represents the univ
curve derived from the Hao-Clem model withkc525.3. Inset:
Temperature dependence of the thermodynamic critical fieldHc(T)
derived fromM (T) andML(u). Solid line represents the BCS tem
perature dependence ofHc .

TABLE I. Transition temperatureTc , the Ginzburg-Landau pa
rameterkc5lab /jab , the thermodynamic critical fieldHc(0), the
lower ~upper! critical field Hc1

c (0) @Hc2
c (0)# for Hic, the anisot-

ropy ratio g5jab /jc , the in-plane coherence lengthjab(0), the
out-of-plane coherence lengthjc(0), and thein-plane penetration
depthlab(0) of infinite-layer Sr0.9La0.1CuO2, derived from the re-
versible magnetizationM (T) andML(u) measurements.

Tc kc Hc(0) Hc1
c (0) Hc2

c (0) g jab(0) jc(0) lab(0)
~K! ~T! ~Oe! ~T! ~Å! ~Å! ~nm!

42.7 25.3a 0.32 336 13.9 9.3 48.6 5.2 147

aIn the temperature range of 24 K<T<38 K.
9-3
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wheref0 is the flux quantum,b is of order unity,Hc2
c is the

upper critical field forHic, u is angle betweenH and the
c-axis, and e(u)[(g22sin2u1cos2u)1/2. This formula is
valid for H!Hc2.

The Hao-Clem model can be used in a simple way
describeML(u). SinceHc(T) is an isotropic parameter, th
angular dependence of magnetization,ML(u), is determined
by the anisotropy ink. Using the effective mass tensor, th
angular dependence ofk is written as25

k~u!5
kc

e~u!
. ~2!

Figure 4 shows representative 4pML(u) curves measured
for H51 T. Solid lines in this plot represent Hao-Cle
model fits withkc523. The theoretical lines give a good fi
to the data. A slight departure atT539.5 K is inferred to
originate from thermal fluctuation effects. The filled symbo
in the inset of Fig. 3 representHc(T) from thisML(u) analy-
sis. As one can see, theHc(T) values determined from bot
M (T) and ML(u) fall smoothly on the same curve. Th
implies a considerable consistency betweenML(u) and pre-
vious M (T) analyses. Dashed lines in Fig. 4 represent
London model@Eq. ~1!# fit to data.

Figure 5 is a plot of the anisotropy ratio obtained fro
each curve in Fig. 4. The open and the filled symbols
deduced by application of the Hao-Clem and the Lond
models, respectively. In the open-symbol set, the cu
shows a plateau at low temperatures and then incre
monotonically with temperature. The increase is postula
to originate from thermal fluctuation effects, as mention
above.32 In the filled-symbol set, no such plateau feature e
ists. In fact, the London model is suitable for the low-fie
region H!Hc2. However, as one can see in Fig. 3, the
versible magnetization data lie in the Abrikosov high-fie
region. In other words, the our data set is outside of
London low-field region, and thus it is expected that t
Hao-Clem model gives a more correct description of
data.

FIG. 4. Angular dependence of the magnetization 4pML(u)
measured forH51 T. u denotes the angle between the appli
magnetic field and thec axis. The solid and dashed lines represe
the theoretical curves from the Hao-Clem and London models.
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It is quite natural to take the value of the plateau in t
open-symbol set as the real anisotropy ratio. With this va
g59.3, we obtain an out-of-plane coherence length
jc(0)55.2 Å by using the relationshipjc5jab /g and the
value of jab(0) in Table I. The criterion for 3D supercon
ductivity below Tc is jc(T).c/A2.1 The value ofjc(0)
55.2 Å is considerably larger than thec/A2.2.4 Å. This
means that the superconducting order parameter of one C2
plane overlaps with those of neighboring CuO2 planes even
at zero temperature.

IV. SUMMARY

We measure the temperature and angle dependence o
reversible magnetization for ac axis aligned infinite-layer
superconductor Sr0.9La0.1CuO2. The irreversible line de-
duced from M (T) curves follows a power lawH irr(T)
5H0(12T/Tc)

n, with n51.67 in the entire experimenta
field region ofH<5 T. This feature differs from in quasi
two-dimensional superconductors where a transition fr
power-law behavior at lower fields to exponential behavior
higher fields exists. Various superconducting parameters
obtained from applying the Hao-Clem model toM (T) data.
We have introduced a simple technique to analyzeML(u)
using the Hao-Clem model. Using this technique, we ded
the anisotropy ratiog59.3 and the coherence lengthjc(0)
55.2 Å. The value ofjc(0) is longer than thec-axis lattice
parameter, which implies that the superconducting order
rameter of one CuO2 plane overlaps with those of neighbo
ing CuO2 planes for all temperatures belowTc . The feature
is also consistently reflected in the irreversibility line and t
fluctuation-induced magnetization.
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FIG. 5. Anisotropy ratiog(T) obtained from 4pML(u). Open
and filled symbols are deduced from analyses based on the
Clem and London models, respectively. The solid lines are gu
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