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Superconductivity in Laj gs-4/3Srg.15:4/3¢CU1-xMn,O4 with x up to 0.2
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The effect of Mn substitution for Cu in mixed-valence Mn-doped §54/3Sr 15+4/3Ch xMN,O,4 has been
investigated by electric resistivity, dc magnetic susceptibility, and electron spin resonance measurements.
Robust superconductivity with up to 0.2 coexisting with ferromagnetism was observed surprisingly. Perco-
lative superconductivity is suggested based on the discussion about the origin of the ferromagnetism.
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I. INTRODUCTION La; g5-2SM 15+2CU,Mn, 0O, was used. By virtue of
It is well known that the characteristics of Cy@lanes the double doping which means that thé"Sroncentration

are essential to understand the unconventional supercondds- increased and the E& concentration decreased
tivity and the anomalous transport behavior of normal statéorrespondingly when doping more Mn ions on Cu sites,
in cuprate superconductotsContinuous efforts have been We successfully prepared samples with high doping levels
devoted to the study on effects of substitution for Cu. At the(0<x=<0.5 and observed the superconductivity in competi-
early stage in the cuprate superconductivity research, it waon with an antiferromagnetic correlation between Mn
indicated that the impurities on the Cu sites can lead to sigions which is confirmed to be tetravalent. To further
nificant suppression of superconductivity regardless of theiexplore the relationship between the magnetism and
spin configurationd,which is in contrast to the insensitivity superconductivity, we prepared mixed-valence Mn doped
to nonmagnetic impuri_ties in conventionals-wave  Laj ge 43S0 .15:43ChMn,0, (0<x=<0.2. With this
superconductord Further, it was found that, although both chemical formula we expected that the charge carriers con-
the magnetic and nonmagnetic impurities exhibit similar ef-centration would be kept to 0.15 per Cu site and the atomic
fects in suppressing superconductivity, the nonmagnetic imx,mper ratio M&*/Mn** would be adjusted to 2/1 which is

purities ind-wave cuprates result in stronger impairment ofy,e st proper ratio leading to ferromagnetism in the colos-
supercolnd_uct!wty. The rheason is that the spatial relf_;lxatlmn 0?al magnetoresistance materials. Below we show that mixed-
spin polarization near the nonmagnetic impurities is slowe ) .
than that near the magnetic impurities due to the deIocaIize(éalence Mn doped pure-phase samples witp to 0.5 were

spatial distribution of the induced moments near thesuccessfully prepared by this double-doping method and sur-

former#-® Besides, it was found recently that the superconJ.DriSingly the superconductiyity can even surviye a M_n_dop-
ductivity can coexist with the “striped” antiferromagnetic or- "9 level 0fx=0.2 and coexist with ferromagnetism originat-
der which is induced by an applied magnetic field in a cu-N9 from Mn ions in this system.
prate superconductr.

While a tremendous body of research papers on the ef-
fects of impurities substitution on superconductivity pro- Il. EXPERIMENTAL DETAILS
vided much insight into the magnetic correlation and the ) )
pairing symmetry in the cuprate superconductors, it is a pity A series of polycrystalline samples of the general formula
that most of the doping research mainly focused on thé-81.85-4/xS%.15+43ChMnO, (0=x=<0.2 was prepared
lightly doped samples and little effort has been made to th®y the conventional solid-state reaction method. Powder
effects of heavy doping, except for some cases of doping-ray-diffraction (XRD) analysis was carried out by a
with Zn and Ni2 Li,8 and Mn(Refs. 9 and 1p(more can be Rigaku-D/maxyA diffractometer using high-intensity
found in Ref. 11 and references thepeiifhis shortage is CuKa radiation. The infrarediR) transmission spectra were
possibly due to the difficulty that doping with heterovalent obtained MAGNA-IR 750) using powder samples with KBr
cations on Cu sites will lead to valence unbalance thus preserving as a carrier. Raman scattering spectra were recorded
venting the formation of pure-phase samples with high dop4{JY LABRAM-HR) using a 514.5 nm laser, with the power
ant concentration. In the existing cases of heavy doping, thé5 mW and exposure time 5 min. The electric resistivity as a
localized electrons introduced by the dopants suppress tHfgnction of temperature over the range 15-280 K was mea-
superconductivity and enhance the resistivity, and relativelygured with a four-probe method in a circular helium refrig-
little insight into the superconductivity has been found. Inerator. The temperature dependence of dc magnetic suscep-
our opinion, it is yet natural that the antiferromagnetism in-tibility was measured on a superconducting quantum
duced by an applied field can coexist with the supercondudnterference devicéSQUID) magnetometefQuantum De-
tivity because the regions in antiferromagnetic order can b&ign MPMS under a field of 10 O&5-150 K) and 40 kOe
regarded as resistive defects embedded in the superconductd—300 K in (ZFC) mode. The electron spin resonance
matrix and have little impact on the superconductivity. (ESR spectra over a temperature range of 110—-400 K were

Previously we have investigated the heavily Mn obtain at 9.07 GHZX band with a JEOL JES-FA 200 spec-
doped La gShy 1Cu0, (LSCO)'?2 where the double-doping trometer.
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FIG. 1. Powder XRD pattern&) and Mn concentratiox de-

(b)
pendence of lattice parameteasand ¢ (b) for all the samples at
room temperature.
Ill. RESULTS AND DISCUSSION ’ )(()=2
0.14

0.12
0.1

A. Dopant Mn matching matrix closely

As shown in Fig. 1a), the diffraction peaks in the XRD

Raman intensity (arb. units)

patterns for(0=x=<0.2) can be indexed according to the 0.08
single tetragonal phase with ,KiF, structure. Standard 0.06
least-squares refinement of the patterns revealed that the lat- 0.04
tice parameters andc, as shown in Fig. (b), are nearly 8'02

unchanged upon Mn doping for all the samples. This is con-
sistent with the facts that the radii of Mhand Mrf* ions are

similar to that of C@* ions and that manganese oxides
La;,Sr+,MnO, with the same KNiF, structure as LSCO
can form with 0<x<0.7513-1¢ Based on the early results,

the two IR modes at about 510 and 6807¢nm Fig. 2(a) are . , . , . , .
assigned to the 4\ stretching mode of apical oxygen atoms 200 400 600 800 1000
and the stretching mode of in-plane oxygen atoms,
respectively:’ The two Raman scattering peaks at about 430
and 680 cm' in Fig. 2b) are ascribed to tha,q vibration of FIG. 2. IR spectrda) and Raman specti) for all the samples
apical oxygen atoms along the tetragonal axis and th@t room temperature.

symmetry-forbidden in-plane oxygen vibration induced to be

Raman shift (cm™)

Raman active by local disorder, respectivél\Because all B. Coexistence of superconductivity and ferromagnetism
these IR and Raman vibration modes are closely related to o o _
the Cu-based KNiF, structure; i.e.(La/Sp,CuQ,, the ab- 1. Superconductivity surviving Mn doping level of=0.2

sence of each mode splitting into two modes of different Figure 3 shows the temperature dependence of resistivity
frequencies upon increasing doping reveals that the Mn dofer 0<x<0.2. For 0<x=<0.06[curves(a)—(d) in Fig. 3], the

ing does not lead to the change in structure and vibratiomesistivity decreases abruptly at about 37 K, manifesting the
spectra, and the dopant Mn can match the matrix closely. occurrence of superconductivity, and the superconducting
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FIG. 3. Temperature dependence of electrical resistivity(dpr 0 25 50 75 100 125 150
x=0, (b) x=0.02,(c) x=0.04,(d) x=0.06,(e) x=0.08,(f) x=0.1,(g) T(K)
g

x=0.12, (h) x=0.14, and(i) x=0.2. Inset is the enlarged view

around the superconducting transition fay—(d). FIG. 4. Temperature dependence of dc magnetic susceptibility

for all the samples. ZFC an#i=10 Oe. Insets are the enlarged
transition get broadened upon increasingxofor x=0.08,  views around superconducting transition for0.04, 0.06, 0.08,
all the curves exhibit a minimum; for=0.08, 0.1, and 0.12 (.12, 0.14, and 0.2.
[curves(e)—(g) in Fig. 3], there is an abrupt decrease in re-
sistivity at 36, 31, and 25K, respectively, exhibiting
the characteristics of superconductivity; Bor0.14 [curve
(h) in Fig. 3] there is a kind at 18 K; Fox=0.2[curve(i) |t can be seen from Fig. 4 that the susceptibility in normal
in Fig. 3] the resistivity versus temperature relationshipgate is zero fox<0.08 and shows a small positive value for
exhibits semiconductorlike behavior. Upon doping morepigher doping levek=0.1. This observation motivated us to
Mn ions, the resistivity increases rapidly: For example.riher measure the susceptibility of the samples under a
the resistivity at room temperaturt275 K) for x=0 is high field of 40 kOe(ZFC), as shown in Fig. 5. Clearly, an

about 2.2<10°%Qcm, while for x=0.12 it is about : -
5 o : upturn in susceptibility can be observed at low temperature
1.4x 10 “ 2 cm. Taking the kink on the curve for=0.12 as for samples with higher doping levels where the supercon-

the evidence of the superconductivity, obviously it can be, >~ ™ . L
understood that the superconducting drop of resistivity iduct|V|ty is weak and is suppressed by the external high field.

blurred by the background of the high resistivity. S;l'his behavior cannot be simply related to the paramagnet-

The dc magnetic susceptibility measured under low fieldS™: T0 understand why the superconductivity can survive
of 10 Oe (ZFC) as shown in Fig. 4 is consistent with the 20% Mn substitution for Qu and the magnetization results,
results in Fig. 3. For &x=0.08, increasing Mn doping We carried out ESR experiment. _
leads to decreasing Meissner signals. kKe0.1, 0.12, and Figure 6 shows the ESR spectra for several typical
0.14, the susceptibility decreases at the same temperaturessnples at different temperatures. For each doping concen-
given by the resistivity results and shows diamagnetic sigtration, the paramagneti¢PM) signal corresponding to
nals at lower temperature eventually. Even for a sample with-ande factorg~2.0 as marked by the vertical line can be
x=0.2, which shows no trace of superconductivity in Fig. 3,0bserved clearly. Also found is another feature besides the
the diamagnetic signal is revealed by the rapidly decreasingM signal, i.e., another clear ferromagné&#dv) signal cor-
susceptibility at low temperature. The magnetic results thusesponding tay> 2.0 as marked by the filled triangle can be
confirm that the superconductivity can survive upon replacobserved under low field at low temperatures. There is only
ing 20% of planar Cu ions with Mn ions. To our knowledge, the PM signal at temperatures higher than 370 K below
critical doping levels higher than this one have not beerwhich the FM signal can also be observed. This temperature
reported so far. is in accordance with the ferromagnetic critical temperature

2. Ferromagnetism in superconductor
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FIG. 5. Temperature dependence of dc magnetic susceptibility H (kOe)
for all the samples. ZFC and =40 kOe. 0.4
400K
300K
in the (La/SnMnO system. The FM signal shifts to lower §$8§
field upon further cooling, revealing a stronger ferromagnetic ﬂ ﬁgﬁ
correlation at lower temperature. Although the lowest tem- @ 340K
perature which was reached in the ESR experiment is 110 K, 'c 380K
. . . =} / 320K
there is good reason to believe that the ferromagnetism 5 - 30K
would coexist with paramagnetism at low temperature as in o gggﬁ
the case of 110 K. This is because from Fig. 4 we can see ; —_ 270K
that the magnetization under the field of 10 Oe at low tem- E gggﬁ
perature is nearly unchanged with respect to that at 110 K. It ° 210K
is known that superexchange interaction between neighbor- = ggﬁ
ing Mn ions can result in the ferromagnetism. In cuprate /\‘\/ 150 K
superconductors, the superexchange interaction thrpdgh :?gﬁ
hybridization causes the antiferromagnetic correlation be- L L L L L
tween the Ct* spins. Because the hybridization strength be- 0 2 H k40e 6 8
tween Mn3l and O% states is quite different from that be- ( ) —5
tween Cu8 and O states:>?it is less possible that the Ay ok
correlation between Mn and Cu can be established. So, when 390K
mixed-valence Mn ions are introduced into the Guilanes, b K
it can be expected that the superexchange interaction be- A g 360 K
tween Mr#* and Mrf* will form and lead to the ferromag- | = K
netism. However, given the homogeneous distribution of Mn 2 \/\ 330K
ions in samples with a low doping leve0.02, 0.04, etc., it S gfgﬁ
is hard to hope for the superexchange ferromagnetism of Mn g 7 300K
ions. In fact, as revealed by the ESR spectra, the distribution 8 —— 290K
of Mn ions is inhomogeneous microscopically, and there are % ‘ gzgﬁ
two kinds of steric states of Mn ions in the Cuy@lanes. One & N/ 230K
corresponds to the randomly distributed and isolated Mn ions ° = 21w
which are in paramagnetic state, and the other corresponds to - 170K
the Mn ions which have other Mn ions in their neighborhood / gg&
and form clusters. These clusters exhibit ferromagnetism 110K
0

which coexists with the superconductivity. The two states of
Mn ions in the CuQ@ planes is reasonable because as we H (kOe)

know, both the(La/Sn,CuQ, and the(La/Sn,MnO, have

the same KNiF, structure and can exist independently.

When prepared by the conventional solid-state reaction g . ESR spectra for samples witk0.06, 0.14, and 0.2 at
method, it is very possible for thd.a/Sp,MnO, to exist gitferent temperatures. The straight lines and filled triangles denote
independently in thgLa/Sn,CuQ,, so the MR—O—Mn  the positions of the paramagnetic and ferromagnetic signals,
and Cu—O—Cu can exist in the same planes. respectively.
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C. Percolative superconductivity correlation is ferromagnetic or antiferromagnetic. On the one
6
Earlier research showed that, despite the different spifjand, some researchers ti&d°to understand the supercon-

configurations of the dopants on the Cu sites, the impuritiedUCtivity using the resonating valence bond fleahich de-

suppress superconductivity dramatically through the interacSc"iP€S @ singlet quantum spin liquid ground state stabilized
tion with the magnetic correlation in the Cu@lanes, result- by frustration, and high temperature susceptibility measure-

ing in the critical doping levels of only several percdAts ~Ment suggested the antiferromagnetic coupling between
By contrast, in the mixed-valence Mn doped nearest-neighbor spik&2° On the other hand, several stud-

; ; ined the possibility  of  spin-triplet
Lay g5-4/3ST0.15+4/3CUxMn,O, here, the Mn ions in the 65~ examned = UK , ,
clusters establish a ferromagnetic relation with one anothesuperconductivity? E%and evidences in favor have %een
and may have no influence on the magnetic correlation in thg@ined from resonanceand neutron inelastic scatteriiig
CuO, which is responsible for the superconductivity. Thus€Xperiments. Moreover, a brief historical retrospect will tell

the suppression of the superconductivity is alleviated, and J'at the relationship between ferromagnetism and supercon-
much higher critical doping level can be expected. Becaus uctivity has been a topic of research interest. Early research

the dopant Mn ions reside on the Cu sites, naturally the sy©und that in some rare earth metal compounds, notably

perconductivity in this system will take place in the form of ERMB4>* HOMOgS;,* and ErNjB,C *® the ferromagnetic
percolative superconductivity. This is illustrated by the presnuclear-spin order and the superconductivity compete with
ence of the diamagnetic sign@ig. 4) and the absence of an €ach other, the nuclear and electronic system being only
obvious decrease of resistivitFig. 3) for x=0.2, because Weakly coupled. Recently, in close examination inspired by
the superconducting grains are separated from one anothBle identification of the spin-triplet superfluid phase”Hte

and fail to form uninterrupted channels and the general conwhich naturally led to theoretical prediction that spin-triplet

ductivity for the higher doping level=0.2 is poor thus mak- superconductivity would be favored in a metallic state close
ing small change less discernable. to the border of ferromagnetism, the coexistence of super-

conductivity and ferromagnetism has been observed in
UGe,,%” ZrZn,,*® and URhGE? where spin-triplet supercon-
ductivity induced by magnetic fluctuation was suggested. All
As the ground state of the undoped cuprates is an antifethese interesting observations provide useful information for
romagnetic ~ Mott insulator with  nearest-neighbor expanding our general understanding of the superconductiv-
Cu**—Cu?* antiferromagnetic exchange interaction in theity and also calls for further efforts.
CuG, planes, the relationship between the antiferromag-
netism and the superconductivity in the Gulias been the
focus of the cuprate superconductivity research, while the
relationship between ferromagnetism and superconductivity To summarize, the percolative superconductivity which is
in the CuQ planes is seldom reported. However, things arecoexisting with the ferromagnetism or superparamagnetism
different in other systems, such as the cobalt oxyhydrateriginating from the MA*—O—Mn** superexchange inter-
Na, o0, -yH,0.2! This hydrated compound superconductoraction can survive a Mn doping level a&0.2 in mixed-
possesses layered structure as the cuprate superconducteaence Mn doped Lgss-4/3S1.15+4/xC U MNO,.
consisting of triangular CoOsheets separated by insulating
blocks of N4 ions gnd IjO molecule;, yvhich donate elec- ACKNOWLEDGMENTS
trons to create C9 ions with zero spin in a background of
Co** ions with spinS=1/2 andincrease the sheets separa- This work is supported by the National Natural Science
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D. Retrospection and appeal

IV. CONCLUSION
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