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The high magnetic-field phase diagram of the electron-doped infinite layer high-temperature superconduct-
ing (high-T;) compound Syd.a, ;Cu0, was probed by means of penetration depth and magnetization mea-
surements in pulsed fields to 60 T. An anisotropy ratio of 8 was detected for the upper critical field$ with
paraIIeI(Hﬁg) and perpendiculafHg,) to the CuQ planes, WithHﬁg extrapolating to near the Pauli paramag-
netic limit of 160 T. The longer superconducting coherence length than the lattice constant alengxibe
indicates that the orbital degrees of freedom of the pairing wave function are three dimensional. By contrast,
low-field magnetization and specific heat measurements @§Gsk ;CuG, indicate a coexistence of bulk
s-wave superconductivity with large moment Gd paramagnetism close to the [as, suggesting a strong
confinement of the spin degrees of freedom of the Cooper pair to the fla@es. The region of the magnetic
field-temperature phase diagram betwdegf and the irreversibility line in the magnetizatiohmh in
Srydlag ;CuO; is anomalously large for an electron-doped higheuprate. The large reversible region even
approaching zero temperature rules out thermal depinning scenarios. The temperature deperldfé’rmiecnf
differs fundamentally from those predicted for the quenched-disorder-induced vortex phase transititires for
at low temperatures. Thus, our finding of a strongly supprek&fédelative to H?E at low temperatures is
suggestive of the existence of additional quantum fluctuations, possibly due to a magnetic-field-induced com-
peting order such as the spin-density wa8®W).
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I. INTRODUCTION length (£,) from a Hao-Clem analysi8 of the reversible
. . magnetization of grain-aligned polycrystal and found that
In the highT, cuprate superconductors, it has been sugeyxceeds the spacing between the Gp@nes, indicating 3D
gested that anisotropy plays an important role in the supeisyperconductivity. On the other hand, they also find signifi-
conducting pairing mechanism and the elevafgdn both  cant anisotropy between magnetic fields<5 T oriented
experimental and theoretical wotk. It is surprising there- parallel and perpendicular to the Cuflanes, with an aniso-
fore to find superconductivitySC) with T,=43 K in the op-  tropy ratio 7=§c/§ab=H§§/H§2=9-3, which is larger thary
timal electron-doped infinite-layer cupratesy §,;Cu0, =5 observed in YBgCuwO;_; but much smaller thary=55
(M=La,Gd, which exhibit only a 16% difference between observed in optimally doped Br,CaCyOg_s.>1 It is in-
the a and c tetragonal lattice parameters. The structure ofteresting to note that the only major crystallographic differ-
SrygMg 1CUG, is the most basic among all high-cuprates, ence between tha-b and thec directions in Sgd.a5,CuG,
consisting entirely of Cu@ sheets separated by rare-earthis the presence of oxygen in theb plane, which allows
(RE) ions with tetragonal lattice parameters3.41 A and  coupling of adjacent Cu spins and has been implicated as the
a=3.95 A2 The recent success in producing high-qualitycause of antiferromagntic ordering or spin fluctuations in
polycrystalline samples of the infinite-layer cuprates with noother members of the highs cuprate family, as well as a
observable impurity phastbas engendered a renewed inter- possible mechanism for superconducting pairing. The impor-
est in these compounds. X-ray near-edge absorption spetance of the Cu@planes to the SC in §gMg,CuG, is fur-
troscopy indicate electron dopirigand bulk SC has been ther supported by the fact that Ni substitution on the Cu site
verified by powdered magnetizatigM) measurememsand  rapidly suppresses$,, whereas out-of-plane Gd substitution
specific hea{C) measurement&ata presented later in this on the Sr site leave§, unchanged:*
work). Several recent studies of these high-purity polycrys- In this work we determine the upper critical fiett, and
talline samples suggest three-dimensida#)) superconduc- the irreversibility fieldH;, of SrlLa; :CuO, by means of
tivity in Srg dLag ;,CuQ,. Scanning tunnel spectroscof§TS  magnetization and penetration depth measurements in pulsed
measuremenisindicate an unconventional but isotropic magnetic fields up to 60 T in order to directly investigate the
s-wave superconducting gap with no pseudogap at zero fiel#legree of upper critical field anisotropy and the role of vor-
The swave symmetry of the gap is also supported bytex fluctuations. We also present specific h@t and mag-
specific-heat measurements and Cu-site substitutionetization(M) measurements in low dc fields to 6 T as a
studies$® although it may be contradicted by NMR function of temperaturéT) of Sr,Gd,y,CuQ,, confirming
measurementsKim et al® estimated thec-axis coherence the bulk coexistence of Gd paramagneti$fM) and SC.
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FIG. 1. Specific heat divided by temperatu@/T, vs T at =
H=0 minusC/T at H=14 T of polycrystalline Syd.a;,:Cu, E T
showing the superconducting transition. T lii
3 9K
. i . © 15K
Our results suggest strong confinement of the spin-pairing 2K
wave function to the Cu@ planes and significant field- BE
induced superconducting fluctuations. 20
60 grain-aligned polycrystal (©
Il. EXPERIMENTAL METHODS Hilc 3oTK
Polycrystalline samples of §gay,;Cu0, and § 40 ggE
Srh.dGdy 1CUO, were grown under high pressures as de- = 15K
scribed previously, andc-axis grain-aligned samples of < 20l . 10K
Sry dlag 1CuG, were prepared by mixing powdered polycrys- H, 4K
talline compound with epoxy and exposing them to a 11 T i 14K
magnetic field®> Magnetization measurements in pulsed 0 LTV A 15 20
magnetic fields were performed at the National High Mag- H(T)

netic Field LaboratorfNHMFL) in Los Alamos, NM, in a
3He refrigerator in a 50 T magnet using a compensated coil.
The sample consisted of four pieces of polycrystalline
Sry.dlag ;CuG, with a total mass of 4.8 mg to maximize sig-
nal and minimize heating. The irreversibility field,, was
identified from the onset of reversibility in tHd(H) loops.

C
of a Sp dLag 1CuO, polycrystal at various temperatur@s The es-
timated change in penetration deptlis indicated on the right axis.
Inset: Af as a function ofT at zero field, wherel.=43 K. (b)

Derivative of A with H for various T, with arrows indicating the

FIG. 2. (a) Change in resonant frequendyf of the TDO tank
ircuit relative to the normal state as a function of magnetic ti¢ld

The penetration depth of &yla, ;CuO, was determined by  yink corresponding toHS,. (c) Af vs H for c-axis-aligned

measuring the frequency shiftf of a tunnel diode oscillator
(TDO) resonant tank circuit with the sample contained in one
of the component inductof$.A ten-turn 0.7 mm diam alu-

Sry.glag 1CuG, with H parallel toc for various temperatures.

increasing field can only be determined foE 30 K; for

minum coil was tightly wound around the sample with &|qyerT the sample remains superconducting to 60 T\&ds

filling faqtor of greater than 90%, with the coil axis oriented ggtimated by extrapolation. The frequency shift of the empty
perpendicular to the pulsed field. For bulk samples, smalfyj has been subtracted from all data. The onset of diamag-
changes in the resonant frequency can be Zrelated to changgstism with decreasingl in the A\(H) data can be identified
in the penetration depthA\ by AN=-[(R/r)(Af/fo)),  \yith the largestH.,, H2 for fields in the Cu@ planes. The
whereR is the radius of the coil and; is the radius of the 556t is defined asl where Af>5 kHz (AN>30 nm), just
sample:® In our caseR~r;=0.7 mm and the reference fre- above the noise of the experiment. Different onset criteria
quencyfo~60 MHz such thatAf~(0.16 MHz/um)AX. have only minor effects on the determination ldfS, as
shown in Fig. 3, where-lﬁg using an onset criteria of 5 and
10 kHz are shown as filled circles and diamonds, respec-
_ tively. This identification oﬂ—lﬁg is independently confirmed
A. Studies of Sp d-a91CuO, by measurements afaxis grain-aligned samples wit in
The bulk nature of superconductivity inggtay,CuO, is  thea-b plane, shown as open circles in Fig. 3.
confirmed by specific-heat measurements shown in Fig 1. Determination of the critical fields fdd along thec axis,
The ratioAC/ yT,=2.2 assumingyy=1.2 mJ/mol K. %, has been performed using both polycrystalline samples
The frequency shifAf relative to the normal state and the andc-axis-aligned samples witH parallel toc. For the poly-
correspondingA\ of bulk randomly oriented polycrystalline crystalline samples, a change in slope is observesl(k),
Srp.d-ag 1CuG, are shown in Fig. @) as a function oH. The  indicated adHS, in Fig. 2(b). This change in slope would be
inset shows thd dependence oAf in zero magnetic field. ©

Ill. RESULTS AND ANALYSIS

expected at the lower upper critical field,,, since the num-
The normal-state resonant frequerfcyhat is reached with  ber of grains in the polycrystal that are superconducting var-
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FIG. 3. Field H vs temperature T phase diagram of FIG. 4. Magnetization M vs H of polycrystalline
Sty L3 :CuUO,. HY is determined from TDO measurements of o~ -
0.9-80.1 © 2 Sry.¢Gdy 1,CuG, at T=5 K. Inset shows field-coole¢closed sym-

polycrystals whereAf exceeds 5 kHZfilled circles or 10 kHz bols) and zero-field-cooledopen symbolsM vs T data atH=5, 2,
(filled diamond$, and fromc-axis aligned samples wherkf ex- and 0.5 T.
ceeds 2 kHz(open circles Hﬁ'ﬁ: onset of irreversibility in pulsed

field M vs H measurements of polycrystald?, is determined from L
change in slope of(H) in TDO measurements of polycrystals ally referred to as a vortex-liquid phase because of thermally

(filed squares or onset of superconductivity im-axis-aligned ~induced fluctuations. However, the large discrepancy be-
samples with 2 kHz onsefopen squargsor 5 kHz onset(open tweenH2 andHZP in Si, oLag ;,CUO, even toT — 0 cannot be
diamonds. Crosses indicate onset of irreversibility it vs T mea-  €xplained by invoking thermal fluctuations. A theory describ-
surements by Jungt al2 Lines are guides to the eye. ing a vortex phase transition at zefaas a result of increas-

, . c ab . ) ing H is necessary. One possibility that warrants further the-
ies with H for H, <H <HG, whereas foH <Hg, the entire  getical investigation is the presence of quantum fluctuations
sample is superconducting, yielding differddtdependen- g 3 result of magnetic field-induced competing orders in the
cies of the flux expulsion in these two regions. This methodCuprate superconducto.Recent neutron-scattering mea-

has been used to extract the anisotropic upper critical fields, .o ments have demonstrated SC coexisting with spin fluc-
from magnetization data on randomly aligned powders Ok \ations or a spin-density wauSDW) in several hight,

polycrystals of MgB and heavy-fermion superconductors by cuprated®23The coexistence of SC and SDW near a quan-

, 16 i DA c .
Bud'ko et al.t ((;ur _|de?t|f|c%t|on OfIHc2 IS stu%portme]d by tum critical point has been investigated theoretically as
measurements @raxis-aligned samples orienteéd Wrhpar- - —yq) 18 g jn particular it has been shown that antiferromag-

aIIeI.to CI: Thﬁ frequ?ncy sh;:‘t asa f“F‘C“O” Og f'ﬁld for the netic spin fluctuations associated with the competing SDW
C'i?('si?.'?gz tsam_p eé’ f'S S c;wn AHSFII(QIHCB an tt ('at UBPET ~ can be enhanced by external field€425The conjecture of a
_crlj!cat 'g. Fe_er;nlneh fn a 'artlh ztonste _C”he”a abre competing o_rder in the SC state ofyJra; ,CuG; is also
Indicated In mg. 5, where again the onset cnteria nave beep, ,qistont with our recent STS studfé<’ where we observe

_crf;]osgn to pe Just atf)_ﬁvef the rr1]0|se Igvellof the e>(<jper||men[he emergence of a second energy gap with increasing tun-
e determination oFc, from the randomly oriented poly- neling current upon the closing of the SC gap. In contrast to

crystalline samples js expected to b.e more accurate becauﬁ?e SC gap, the current-induced gap is not spatially uniform
ther(; arecno errors in samplel or grain allgnmeft. | probably due to interactions of the SDW with charge
The He,(T) curve extrapolates to 12T al=0, close  yisorder62” Neutron-scattering measurements would be

to HE=14 T determined from a Hao-Clem analysis hecessary to confirm the hypothesis of a coexisting SDW
mentioned previously.Our data yield an anisotropy ratio \yith SC in Sp.oLag CUO,.

y=(dH3/dT)/(dHS,/dT) ~8, roughly in agreement with
y=9.3 determined from low field studiés. _

The irreversibility field of SgdLag,CuQ, was determined B. Studies of Sp 4Gdo..CUO,
from measurements of magnetizatiod versus H of To elucidate the spin degrees of freedom in the infinite-
polycrystalline Sgg.a,,Cu0, in pulsed fields. Following layer cuprate superconductors, we investigated polycrystal-
similar arguments for tha(H) measurements, we note that jine Sr, ¢Gd,;CuO, at low fields by means of specific-heat
H3P>HS in cuprate superconductors, therefore, we assigmnd magnetization measurements. In contrast to in-plane Ni
the onset of irreversibility for polycrystalline §lay ,CuO,  substitution on the Cu site, out of plane Gd substitution on
to H2. TheH2 versusT data are shown in Fig. 3, in addition the Sr site does not suppreks In fact, the Gd ions exhibit
to H2P data determined from low-field zero-field-cooled andlocal moment paramagnetistRM) that coexists with SC to
field-cooled magnetization measurements in a SQUID maglow T.!* Figure 4 showsM(H) at T=5 K, and zero-field-
netometer by Jungt al3 The region betweeHZ” andH% in  cooled and field-cooled magnetization curves as a function
the phase diagram is significantly larger than is observed inf T in the inset. TheM(H) curve in the main figure can be
other electron-doped higfs compounds wherkl, typically  viewed as a superposition of a SC hysteresis curve and a
tracks H;,.2%7 It is particularly surprising thaH3X(T—0)  Brillouin function resulting from the PM of Gd. Further
~45 T is much smaller tharh-l";‘g(T—>0)~150 T. A large proof for this coexistence is evident in the inset, which
separation betwed;,, andH., at moderate to high tempera- shows a large positive magnetization associated with Gd
tures is often observed in hole-doped cuprates and is gengparamagnetism, but nevertheless significant hysteresis be-
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86— superconductivity is two-dimensiondRD) in nature (&
5| E50[57066%, 010, <¢). In Sy Gd, ;,CuO,, the apparent problem of 3D isotro-
o4 _Ezo pic sswave SC coexisting with strong Gd local moments less
s |7 L =824 CTvsT than 1.7 A from the Cu@planes can be resolved by consid-
Edf o M P o ering different length scales for orbital and spin interactions
E | TH 4. among Cooper pairs. The coherence lengtllerived from
© 1 H=6T hoos BCS and Ginzburg-Landau theories of superconductivity de-
- HeOT 0 — scribes the spatial extent of the orbital wave function of the
= 40 42 44 48] . . A .
0 ' . ' ' ' Cooper pairs and is not necessarily related to the the spin-

)]

10 15 T(K) 20 25 30 spin interaction distance. In the cuprates, the superexchange

o » _ coupling between adjacent Cu spins in the Guflane is

FIG. 5. Main figure: specific he@ vs T atH=0and 6 T. Lines 5 ght to be mediated by the O atoms and is therefore
are fits to a fleld-lnde.pender"l't3 phpnon term plus a contribution highly directional along the Cu—O bonds. Thus the spin and
from Gd paramagnetism, assuming a Gd total momentund of ,ryita| parts of the superconducting wave function can be
=7/2. Upper inset: inverse magnetic susceptibilityxIvs T with  ¢onsidered separately, with the orbital wave function over-
H=100 Oe, fit by a Curie-Weiss law abovk=43 K with uet  |apping adjacent Cuplanes producing 3D superconductiv-
=8.2ug and dcw=-27 K. Lower inset: electronic specific hea€ 1 "\whereas the spin-wave function is strongly confined to
vs T showing the superconducting transition. the CuQ planes.

Finally, we compare our proposed scenario of field-
tween zero-field-cooled and field-cooled curves, indicatingnduced quantum fluctuations for a strongly suppressﬁbl
superconductivity. with a recent theoretical studfythat investigated the effect

In Fig. 5, the magnitude of the paramagnetic contributionof quenched disorder and thermal fluctuations on the vortex
from the Gd ions is investigated quantitatively. The maindynamics of anisotropic type-Il superconductors. In the work
figure showsC(T) atH=0 andH=6 T. TheH=0 data is fit by Kierfeld and Vinokur? it is found that quenched disorder
by a T® dependence to model the phonon contributighe ~ ¢an lead to an order-to-disorder vortex phase transition for
electronic contribution at these temperatures can be ned/ICin the cuprate superconductors, and the phase boundary
glected. ForH=6 T, C(T) can be fit by the sam&® depen- that separates the Iow—.fleld Bragg gl@BsG) from the high-
dence as thé1=0 data, plus an additional contribution from field vortex glas{VG) is nearly independent of for tem-

the Gd paramagnetic moments, derived from mean—fiel(ﬁermures below the depinning temperatiirén the other

theory assuming the Hund's rull=7/2 moment, and one and, at sufficiently high fields, a vortex-glass-to-vortex-
Gd ion for every ten unit cells. The fit is remarkable, consid—IIquId (VL) melting transition can take place with increasing

; o ; temperature, and the VG-to-VL phase boundary exhibits a
ering that th_ere are no fitting parameters. In the upper inset trong temperature dependence, which extendsi!fofor
Fig. 5, 1/x is plotted as function off, where the line is a 1_,¢g30 Clearly neither the VG-to-VL nor the BrG-to-VG
Curie-Weiss fit with ue=8.2 ug, which is close to the ppase transition line agrees with the temperature dependence
Hund'’s rule moment of 7.6 and the typically observed Gd  of the H2® line of our Sk d.ay,CuC, sample. The order-to-
moment of 8ug. Thus, we can conclude that all of the Gd disorder vortex phase transition is expected to be nearly tem-
ions in the sample are paramagnetic and coexist with S@erature independent, in contrast with our results. In addi-
down to 1.8 K. The bulk nature of the SC in,g&d,,CuO,  tion, as mentioned in Sec. I, the vortex configuration
is also evident from specific-heat measurements as shown #ssociated wittH|ab in the cuprate superconductors is the
the lower inset of Fig. 5, which shows the electronic contri-least sensitive to disorder-induced fluctuations because of
bution to C plotted asAC/T versusT. AC is determined by strong intrinsic confinement of vortices by the periodic GuO
subtracting the specific heat at H=1 T from the zero-fieldlayered structure. In particular, this intrinsic confinement is
data. The Gd contribution to the specific heat is negligible agxpected to be the strongest for the infinite-layer cuprates
these high temperatures. The peak near 43 K is associatd@cause the-axis lattice constant is identical to the distance
with T., and the ratioAC/yT, is 2.9, close to that of between two consecutive Cy@yers. A thermal-fluctuation-

Sr.dLag ,CuO, mentioned previously, also assuming a Som-induced depinning scenario can also be ruled out since the

merfeld coefficiertt of y=1.2 mJ/mol K. depinning effects observed in3tay ;CuO, remain signifi-
cant asT—0. In a purely thermal depinning scenario, the
IV. DISCUSSION irreversibility field should approach, as T—0. Thus an

additional mechanism for vortex depinning is necessary to

The coexistence of large-moment Gd ions with bulk su-explain the phase diagram for (Qka,,CuO,. Recent
perconductivity in  $§4Gdy ;CuO, is surprising since theoretical®?42% and experiment&l-2%2627 studies for cu-
Sip.dGth 1CUG; is a three-dimensional3D) s-wave super- prate superconductors have shown that competing orders in
conductor with ac-axis orbital coherence length=5.2 A the cuprates may be induced by either increasing magnetic
exceeding both the-axis lattice parametearand the distance field or increasing temperature, and the induced competing
between the Cu@planes and the Gd iori4.7 A).6 Thisisin  order may be further stabilized by disorder. We therefore
contrast to Gg;_,Ba,Cus0;, where SC and Gd paramag- conjecture that the presence of competing order can affect
netism also coexist withé, greater than the Cu@Gd  the vortex dynamics of the cuprate superconductors in a
spacing?®2° however, the symmetry of the superconductingfundamental way. This issue awaits future theoretical inves-
wave function is generally believed to llewave and the tigation.
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V. SUMMARY SC with Gd paramagnetism, with the fuk=7/2 Hund’s rule

. . i ) . moment despite the close proximity of Gd atoms to the £uO
In conclusion, a large upper critical field anisotropy ratio lanes, and aT, of 43K in both SgqGd,,CuO, and

y=8 has been inferred from penetration depth measuremen »oLa01CUO,. This can be interpreted in terms of a strong
of Sipd-20.,CUG, in pulsed fields, despite the r_1earlljy cubic confinement of the spin degrees of freedom of the Cooper
crystal structure. The in-plane upper critical f'd_ﬂiz €X- pairs to the Cu@planes, whereas the orbital wave functions
trapolates close to the Pauli paramagnetic liftf;=159 T, overlap adjacent CuQplanes and exhibit isotropis-wave

suggesting possible spin-limiting superconductivity for thissymmetry as determined by STS measurements.
orientation, as has been observed in YBa0,_5.3! There is

a large separation betweellﬁg and the irreversibility field

Hﬁf’, which extends down td — 0, suggesting the existence
of field-induced quantum fluctuations perhaps because of a This work was supported by the National Science Foun-
competing SDW. In spite of the significant anisotropy in thedation under Grant No. DMR-0103045 and DMR-0405088,
upper critical fields &, is longer than the spacing between and through the National High Magnetic Field Laboratory.
CuG, planes, indicating three-dimensionality of the orbital V.Z. acknowledges support from the Caltech Millikan Post-
wave function. The low-field measurements of doctoral Fellowship program and the Department of Energy
SryoGdy 1CUG, polycrystals indicate a coexistence of bulk through the LANL Director-Funded Postdoctoral program.
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