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Anisotropy and reversible magnetization of the infinite-layer superconductor Sgd.ag,CuO,
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We present reversible magnetization measurementscedbas aligned Sygla, ;CuG; infinite-layer super-
conductor withT.=43 K. The magnetization measured as a function of temperature and angle between the
axis and the external magnetic field are analyzed in terms of the Hao-Clem model. Consequently, the critical
fields [H.(0), H(0), andHE,(0)] and thecharacteristic length§&,,(0) and \,,(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 rati®.3 and the zero-temperature coherence
length along the axis £,(0)=5.2 A are obtained by the technique. The coherence lefigf) is longer than
the c-axis lattice parametar=3.41 A, which implies three-dimensional coupling between Cp@anes even
at zero temperature.
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I. INTRODUCTION while a 2% substitution of magnetic Ni impurities at Cu sites
is accompanied by a complete suppression of superconduc-
For the cuprate superconductors previously studied, thévity. On the other hand, in the-wave case, even small
zero-temperature coherence length alongcthgis, £.(0), is ~ concentrations of nonmagnetic impurities give rise to a
much smaller than the-axis lattice parameter. As the tem- Strong suppression ifi.. The conventional pairing in ILS is
perature increase towartk, a dimensional crossover from N sharp contrast to hole-doped cuprates and may be closely
two dimensions(2D) to 3D occurs at a certain temperature :jgtggloto stronger interlayer coupling between the £uO
T* where &(T*)=c/\2.! For YBaCuO, 5 (Y-123) g . o
known as the least anisotropic cuprate superconductor, a suga:Qr;g'ﬁtg%rfk’a\:]vﬁr::fﬁ]ri%_cl’:terf\g;_s'bl%lzngngSe:('Eg;'_ﬂZTea'
stantial 3D temperature region arouidis observed due to superconductor withT 24§/K 'Inaot'rlﬂs comoound. the
strong interlayer couplin§.However, the 3D region for b ¢ : b '

. . X charge carriergelectrons in the CuQ planes are supplied
strongly anisotropic compounds, such as Bi-based supercogy, , partially substituted La ions. With the-axis aligned
ductors, is found to be extremely narrdw.

B sample, we measure the temperature dependence of magne-
The infinite-layer superconductorLS) have attracted ization in various external magnetic fields and derive vari-
much attention due to their simple structure: infinite stackingy,s superconducting parameters such as the critical field
of CuO, planes separated only by alkaline earth i6ms. H (0) and the coherence lenggh,(0). To examine the di-
Since the unit cell of an infinite-layer superconductor doesmensionality of the compound, we measure the magnetiza-
not have a charge reservoir blo@BRB), such as a rock-salt- tjon as a function of the angle between thexis and the
or a fluoritelike block in usual higfi-, superconductors, the external magnetic field and obtain the anisotropy ragio
distance between Cy(planes is the shortest among the cu-=&,,/£.. From these, we find that the usual 2D temperature
prates. Hence, one can expect a strong coupling betweaegion with £.(T)<c does not exist belowl; in this com-
CuG, planes and consequently a low anisotropy in superconpound.
ducting properties.

Recently, Cheret al° reported the absence of a zero bias IIl. EXPERIMENTS

conductance peak in tunneling measurements on infinite- peails of sample preparation are given in Ref. 17. A cu-
layer Sp.olag ,CUQ,, implying as-wave superconducting or- - pic multi-anvil-type press was used to synthesizé §r112.
der parameter symmetry in the compodhdThis has a The precursors were prepared by using the solid-state reac-
thread of connection with growing evidence for the existenc@jon method. Starting materials of }@;, SrCQ, and CuO
of a nodeless gap on the Fermi surface of various electronyere mixed to the nominal composition of,Sra, ;,CuO,.
doped cuprate superconductdfs!® Additional support for  The mixture was then calcined at 950 °C for 36 h with sev-
conventional pairing in ILS can be found in recent impurity eral intermittent grindings. The pelletized precursors, sand-
doping experiment¥ A 3% substitution of nonmagnetic Zn wiched by Ti oxygen getters, were put into a Au capsule in a
impurities at Cu sites does not induce ahy suppression, high pressure cell. The pressure cell was compressed up to 4
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FIG. 1. Low-field magnetization #M(T) of c-axis aligned
Srp L8y ;CuG, measured foH =5 Oe parallel to the axis. Upper
and lower curves represent field-cool@deissne) and zero-field-
cooled (shielding 47M(T)’s, respectively. Inset: Comparison of
zero-field-cooledM (T)/|M (5 K)| curves before and after grain
alignment.
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FIG. 2. Irreversibility lineH;,(T) obtained from 4rM(T) for
0.2 T<=H=<5 T. Solid line represents the formukd;,(T)=Hy(1
—TI/T,)", fitted to data. Inset: Zero-field-cooled magnetization
curves measured in the field range for EA<5T witha 1 T
step.

sample 4rM(T) measured for the external fieltHq,,

GPa and then heat treated using a graphite-sleeve heater. =5 Oe, parallel to the axis. The superconducting transition
The structural characterization of the sample was carriedccurs afT =42.7 K with a transition widthA T, of roughly

out using scanning electron microscof§EM) and the Ri-
etveld analysis of a powder x-ray diffracti¢KRD) pattern.

10 K. At T=5 K, the nominal shieldingMeissney fraction
47mM/H gy is about 110%39%) of —1. The shielding frac-

The SEM image of the sample shows closely packed grainson corrected for the demagnetization factorm ¥y

with an average radiuR=5 um. The Rietveld analysis
shows that the doping concentration in ouy Sta,CuG; is

=47M/Hgg is about—0.81, whereHs=Hgy—47MD is
the effective magnetic field and=1/3 is the demagnetiza-

approximatelyx=0.1, which is the same as the nominal tion factor for spherical grain. In this estimation ofr§.¢, it
composition. This compound has a tetragonal symmetrys assumed that the size of spherical grains is much larger

(p4/mmm with lattice parametersa=3.950 A and ¢

than the magnetic penetration depthThe somewhat large

=3.410 A, which agree well with a previous report of neu-apparentAT, is a reflection of small grain size(5 um)

tron powder diffraction analysis by Jorgensenal® Within

rather than high concentration of impurities. As we stated in

the resolution of the above analyses, no discernible amountle previous section, prominent impurities are not observed

of impurities were observed.
To obtain ac-axis-aligned sample, the Farrell methdd

in the XRD pattern and SEM picture. Moreover, the transi-
tion is much broader after the alignmefimset of Fig. 1,

was employed. The sample powder was passed through since the particle size is considerably reduced through grind-
fine sieve to remove possible intergrain coupling. This fineing and sieving for alignment.

powder was aligned in a commercial epoxy with an external

magnetic field of 11 T. After alignment, only tH&02 re-

The inset of Fig. 2 shows representative reversible mag-
netization curves #M(T) measured in the external field

flection was seen in the XRD pattern. The full width at halfrange 1 THq<5 T parallel to thec axis. (In this high-

maximum of the x-ray rocking curve of tH&02) reflection
is less than 1 degree, which indicates exceleakis align-

field region, the reversible magnetization is extremely small
compared tdH gy, SOH=H—47mMD=H,,.) The curves

ment. The composite of the sample powder and epoxy ishift to lower temperature as the field increases and are al-
approximately 9.5 mm in length and 3 mm in diameter, andmost parallel to each other. The parallel shift can be under-
the mass of sampleuprate is 21.7 mg. stood in terms of the Abrikosov mod&lwhere the magne-

The magnetization was measured as a function of temtization increases linearly with the magnetic field. This
perature and the angle between thexis and the applied manifestly mean-field behavior suggests weak thermal fluc-
magnetic field by using a superconducting quantum interfertuations in this material. More concrete evidence for this can
ence devic§SQUID) magnetometefMPMS-XL, Quantum  be found from a scaling analysis of the fluctuation-induced
design. The background contribution from epoxy and impu- magnetization for the high-field regiéf?* In our previous
rities was subtracted from the observed values. report?? we showed that the high-field magnetization scales
excellently with the scaling parametefT—T.(H)]/
(TH)??, implying weak fluctuation effects.

Figure 2 shows the irreversibility linél;,(T), obtained
Figure 1 shows the low-field magnetization of the alignedfrom the 47xM(T) for 0.2 T<H<5 T. The irreversible tem-

IIl. RESULTS AND DISCUSSION
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peratureT;,(H) is defined as the temperature at which the ' 025
simple criterionM Fc/Mch:0-98 holds. The solid Iin_e rep- 0.06
resents the empirical formulbd,; (T) =Hq(1-T/T.)", fitted —
to data. Values of the adjustable parameters aie ﬁ
=42.6 K,Hy,=22 T, andn=1.67. The value ofiisclose to &
S
S
¥

o from M(T)

0201 ® from M(6)

—~ 015}

T otof

n=1.5 found for Y-123* In quasi-2D superconductors,
there exists a transition from a power-law behavior at low
fields to an exponential behavior efexp(1/T) at high fields R
in H,,(T), referred as the decoupling transitithFor ex- E 0.02 b
ample, the decoupling transition occurs lt=0.1 T in < i}
Bi,Sr,CaCyOg (Bi-2212). On the other hand, Y-123 does Sr(La)-112
not show such a feature due to rather strong coupling be: Hile
tween its Cu@ planes. Therefore, the value nf=1.67 and 0.00
the nonexistence of the decoupling transition suggest strong
interlayer coupling in St.a)-112 similar to that in Y-123. H' = H[N2H)]

To describe our reversible magnetization data, we use the o
Hao-Clem modéP based on the Ginzburg-Landa@L) FIG..3. .Magnetlzatlon—47rM’%—4WM/J§HC(T) vs external
theory. This model considers not only the electromagneti€"@gnetic fielcH’=H/J2H,(T). Different symbols denote data ad-
energy outside of the core, but also the kinetic and conderfiressed at different temperatures. Solid line represents the unl.versal
sation energy change arising from suppression of the ordeﬁl“rve der'vedd from dthe Ha;o-hCIerr]n mogel W'%:.Z.ls':’)l'ﬁln;et'
parameter in the vortex core. This variational model permitsdngizr?:g:slw ?%e gnzr':/(lze(g) t Seofi delri:]:rgn?er:;g'ﬂ]c:Bgé t)em-
a reliable description of the reversible magnetization in the erature dependence HfL ' P
entire mixed state and an accurate determination of thermd- .

dynamic parameters such as the critical figlg(0).2° are the effective mass of electronsdmndab directions. In

In the Hao-Clem model, the reversible magnetization beexperiments, the anisotropy ratio can be obtained by measur-
ing expressed in dimensionless formr¥'(H') is a univer-  jng the angular dependence of magnetization or magnetic
sal function for a given value of the GL parameteand is  torque. The former measures the longitudinal component of
temperature independent. Here, the magnetization and extefiagnetizationM||H and the latter measures the transverse
nal field are defined as ®M'=47M/\2H(T) and H'  component of magnetizatioM+LH. Previously, Farrell
=H\2H(T).?® At a fixed temperature, the ratio etal?3 measured the magnetic torque curves for highly
47M;(H;)/H;(i=1,2,...) in experimental data corre- anisotropic Bi-2212 and moderately anisotropic Y-123. By
sponds to the ratio#M'/H’ at a certain point on the theo- applying the London model to the data, they obtained the
retical curve with a giverk. By this correspondence, the anisotropy ratiosy=55 and y=5 for Bi-2212 and Y-123,
value of \2H(T) is determined from the ratiéi’/H; for  respectively. Here, we obtain the anisotropy ratio al8F-
eachi=1,2,.... If thevalue of x is appropriately chosen, 112 by measuringM,(6) using a SQUID magnetometer
then it results in the smallest error if2H.(T). From this  with a sample rotator. The obtained data are described by the
procedure, an optimal value,= X\ ,,/&,,=25.3 is obtained Hao-Clem modef® which considers the effective mass an-

0.05F H(0)=032T

0.00

20 25 30 35 40

0 5 10 15 20 25

from the data in the temperature range of 24 K<38 K, isotropy oflmaterial. For comparison, we also apply the Lon-
and 47M(H) data are represented by an universal curvedon modet" to the data.l. _ _
with scaling factory2H(T) as shown in Fig. 3. All data In the London modet! including the effective mass an-

clearly collapse onto a single curve. The uncertaintxofs  isotropy, M (6) is represented by
*+1.1, which is about=5% error. The inset of Fig. 3 shows c
the thermodynamic critical fieltH (T) obtained from this 47M, (6)=— boe() (chﬁ = ) 1)
analysis(open symbols The solid line represents the BCS - w2, B €(0))’
temperature dependence bf..?” The comparison yields
H.(0)=0.32 T andT.=42.7 K. Various thermodynamic pa- TABLE I. Transition temperatur@,, the Ginzburg-Landau pa-
rameters such as the critical fielpld.(0) andH.,(0)] and  rameterk.=X\,,/&,p, the thermodynamic critical fieltt (0), the
the characteristic lengtHs\ ,,(0) and&,,(0)] arededuced lower (uppe critical field H;(0) [HE,(0)] for Hilc, the anisot-
using the GL relations and the Werthamer-Helfand- ropy ratio y=¢,,/&:, the in-plane coherence length,(0), the
Hohenberg formuf® assuming the clean limit, as summa- out-of-plane coherence leng#(0), and thein-plane penetration
rized in Table I. The total error in the superconducting pa-depthA(0) of infinite-layer Sg d.ay,Cu0,, derived from the re-
rameters presented here from all sources, including thersible magnetizatioM(T) andM,(¢) measurements.
sample quality and the experimental errors, are estimated to
be much less than 5%. Te K¢ Hc(o) Hgl(o) ng(o) Y fab(o) fc(o) )\ab(o)
Alarge anisotropy is an important feature of HTSC. In the(K) Mm ©g M @& @A) (m
continuum limit, the anisotropy can be represc_anted usingthg, 7 254 032 336 139 93 486 52 147
effective mass tensor, and the degree of anisotropy can he
quantified by the ratioy=(m./m,p)*% where m and m,;,  3n the temperature range of 24<KT<38 K.
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FIG. 4. Angular dependence of the magnetizatiomM} ( 6) . FIG. 5. Anisotropy ratioy(T) obtained from 4rM(6). Open
measured foH=1T. ¢ denotes the angle between the applied ang filled symbols are deduced from analyses based on the Hao-

magpnetic field and the axis. The solid and dashed lines representciem and London models, respectively. The solid lines are guides
the theoretical curves from the Hao-Clem and London models.  for the eyes.

where, is the flux quantump is of order unity,H¢, is the It is quite natural to take the value of the plateau in the
upper critical field forH|c, ¢ is angle betweerH and the  open-symbol set as the real anisotropy ratio. With this value,
c-axis, and e(0)=(y *sirfg+cosf)’% This formula is =93 we obtain an out-of-plane coherence length of
valid for H<H,. £,(0)=5.2 A by using the relationshig.= &,,/y and the

The Hao-Clem model can be used in a simple way toyalue of £,,(0) in Table I. The criterion for 3D supercon-
describeM (). SinceH¢(T) is an isotropic parameter, the ductivity below T, is &(T)>c/2.* The value of&,(0)
angular dgpendenpe of m.agnetizatiML.( 0), is determined _—g5o R is considerably larger than ti@\2=2.4 A. This
by the anisotropy inc. Using the effective mass tensor, the means that the superconducting order parameter of ong CuO
angular dependence afis written as plane overlaps with those of neighboring Guganes even

at zero temperature.

2

€(0)’ IV. SUMMARY

Figure 4 shows representativer#l| (#) curves measured We measure the temperature and angle dependence of the
for H=1 T. Solid lines in this plot represent Hao-Clem reversible magnetization for a axis aligned infinite-layer
model fits withx.=23. The theoretical lines give a good fit superconductor $elLa,,Cu0,. The irreversible line de-
to the data. A slight departure a=239.5 K is inferred to  duced from M(T) curves follows a power lawH;,(T)
originate from thermal fluctuation effects. The filled symbols =H,(1—T/T)", with n=1.67 in the entire experimental
in the inset of Fig. 3 represeht,(T) from thisM(6) analy-  field region of H<5 T. This feature differs from in quasi-
sis. As one can see, thé;(T) values determined from both two-dimensional superconductors where a transition from
M(T) and M (6) fall smoothly on the same curve. This power-law behavior at lower fields to exponential behavior at
implies a considerable consistency betw&&n(#) and pre-  higher fields exists. Various superconducting parameters are
vious M(T) analyses. Dashed lines in Fig. 4 represent theobtained from applying the Hao-Clem modelNt(T) data.
London modelEq. (1)] fit to data. We have introduced a simple technique to analikg 6)

Figure 5 is a plot of the anisotropy ratio obtained from using the Hao-Clem model. Using this technique, we deduce
each curve in Fig. 4. The open and the filled symbols arehe anisotropy ratioy=9.3 and the coherence lengfh(0)
deduced by application of the Hao-Clem and the London=5.2 A. The value o&.(0) is longer than the-axis lattice
models, respectively. In the open-symbol set, the curvgarameter, which implies that the superconducting order pa-
shows a plateau at low temperatures and then increaseameter of one Cu©plane overlaps with those of neighbor-
monotonically with temperature. The increase is postulatedhg CuG, planes for all temperatures beldly. The feature
to originate from thermal fluctuation effects, as mentioneds also consistently reflected in the irreversibility line and the
above® In the filled-symbol set, no such plateau feature ex-fluctuation-induced magnetization.
ists. In fact, the London model is suitable for the low-field
regionH<H,. However, as one can see in Fig. 3, the re- ACKNOWLEDGMENTS

versible magnetization data lie in the Abrikosov high-field  This work was supported by Creative Research Initiatives
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