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We have found that the quasi-two-dimensional superconduct®u®), with the intrinsic transition
temperaturel. = 1.5 K exhibits a remarkable enhancementlinup to 3 K, if lamellar microdomains
of ruthenium metal are embedded. Measurements of the anisotropy in the upper critical fields indicate
that the 3-K superconductivity is sustained essentially in the layered structureRafGr We suggest
that the enhanced interlayer coherence provided via metallic Ru plays a key role in the douldling of
[S0031-9007(98)07463-8]

PACS numbers: 74.62.Bf, 74.70.—b, 74.80.—g

Layered superconductor JRuQ; [1] shares the same zone. For a typical 3-K crystal, the ratio of Sr to Ru
crystal structure as high; superconductors of copper in the feed rod was 2 to 1.2 and the crystal growth was
oxides. The superconductivity of SRuQy is a subject of performed at the rate of 23 mth under a gas mixture
active current investigations [2], particularly because theof 10% oxygen in 90% argon with the total pressure
spin-triplet pairing has been suggested both theoreticallpf 0.2 MPa. We have so far reproduced the occurrence
[3,4] and experimentally [5—8], in contrast with the spin- of the 3-K superconductivity in more than ten different
singlet pairing of conventional superconductors as welgrowth batches.
as of the highF. copper oxides. The unconventional A crystalline rod from these batches, typically 5 mm in
nature of the superconductivity is exemplified by thediameter, consists of a clean surface sheath eRSD,
extreme sensitivity of the transition temperatufe to  with a thickness of about 0.5 mm and the core region
disorder introduced by nonmagnetic impurities [9]. It of the two-phase composite structure ofnQO, and Ru
was also deduced from that experiment that the impuritymetal. Displayed in Fig. 1 are the optical microscopy pic-
free intrinsic T. should be about 1.5 K. In fact, after tures of the polished surfaces of a sample of the 3-K phase,
improving the quality of the single crystals, we have nowtaken from the central region. The pictures show lamellar
achieved a very sharp superconducting transition at 1.5 Kprecipitation of Ru metal embedded in the primary phase
Curiously, there had been an indication of another diamagef SrpLRuQ,, typical of a eutectic solidification [11]. In
netic transition at substantially higher temperatures [5]. this process, the solidification near the surface occurs from

In the present study, we have for the first time estabthe liquid with the Ru concentration less than that of the
lished that this intriguing transition is in fact due to su- eutectic point; only pure $RuQ, should solidify as the
perconductivity; moreover, we have clarified the materialprimary crystal, leaving Ru-rich liquid inside. Active
origin of the higherf, phase. Here we report a remark- evaporation of Ru from the molten surface also helps to
able enhancement d@f. by a factor of about 2 in a two- sustain the radial concentration gradient. When the lig-
phase composite structure made of a single-crystallinaid inside reaches the eutectic concentration, the eutec-
matrix of S,RuQ, in which microdomains of ruthenium tic solidification of S§RuQ, and Ru starts and persists
metal are embedded. We will also present the anisotropito the center. In this two-phase composite region, the
field-temperature phase diagram of this new superconvolume fraction of the Ru metal should be uniquely de-
ducting phase. On the basis of the observed enhancemdertmined by the composition of the eutectic point. The
in the interlayer coherence lengths, we suggest that suchthickness of a Ru platelet is aboutum, the length and
dramatic increase iff, quite possibly originates from the depth of each segment are both of the order of I0t@.m,
quasi-two-dimensional character of, BuQ. and the separation between the stripes is of the order of

Single crystals of SRuQ, were grown by a floating- 10 wm. Such an ordered pattern of stripes, known to form
zone technique with Ru self-flux using a commercialin the direction of the crystal growth in a lamellar eu-
image furnace equipped with double-elliptical mirrorstectic, persists more than 5 mm along the stripes for the
[10]. Intriguingly, depending systematically upon the crystal shown in Fig. 1. The direction along the stripes
composition of the ceramic feed rod and the speed oWith respect to the crystalline axes of,BuQ,, how-
the crystal growth, the superconducting transitions arever, is not unique and often varies within a single-domain
either very sharp at 1.0-1.5 K (“the 1.5-K phase”) orSpRuQ,. In fact, the pictures of Figs. 1(a) and 1(b) rep-
rather broad extending up to about 3 K (“the 3-K phase”).resent (100) and (010) planes, respectively, of the identical
The 3-K phase is consistently obtained for higher Rucrystalline block.
content of the feed rod anldr faster growth rate, both A similar eutectic structure with needlelike insulating
of which increase the Ru concentration in the meltingCu,O has been reported in the hi@h-superconductor
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Figures 2(a) and 2(b) compare the diamagnetic transi-
tions of the 1.5-K and 3-K phases. The curves with smaller
symbols are for a crystal free from the stripe regions, show-
ing a sharp superconducting transition with the onset at
1.45 K. TheT, of this 1.5-K phase is known to depend
little on different oxygen treatment [14]; it is not possible
to increasel, beyond 1.5 K by simply adjusting the stoi-
chiometry of SyRuQy. In contrast, the crystal from which
pictures of Fig. 1 were taken exhibits a broad diamagnetic
transition starting as high as 3 K (curves with larger sym-
bols). It should be noted that, unlike the 1.5-K phase,
we have never observed a sharp transition for the 3-K su-
perconductivity. In particular, a large dissipative compo-
nent y' of the complex susceptibility always persists in a
wide temperature range. Nevertheless, the large diamag-
netic shielding iny’ guarantees that at least a large surface
fraction of the sample participates in the enhanced super-
conductivity. The diamagnetic transition is confirmed also
by dc susceptibility measurements using a SQUID magne-
tometer. After careful examinations on many crystals, we
have established a firm correlation between the presence of

FIG. 1. Optical microscopy pictures of polished surfaces of a
SrLRuQ, crystal, showing a lamellar pattern typical of eutectic
solidification. The bright regions are Ru metal and the dark
regions are SRuQ,. The pictures represent the cross sections
(a) perpendicular and (b) parallel to the planes of the Ru
lamellae. The interlayet direction of SgRuQ, is parallel to
the scale bars in these pictures.

7' (arb. unit)

La,—,Sr,CuQ, [12]. In that system, however, no en-
hancement irf. was observed. For the ffuQ, system
we have confirmed by x-ray diffraction that the lamellae
are made of Ru metal, not RyO

Within the resolution 0f0.1% for the powder x-ray
diffraction, the lattice parameters of ;RuQ, are the
same for regions both with and without the stripes.
Furthermore, the electron-probe microanalysis (EPMA)
revealed that the primary phase of the stripe region has the
same stoichiometry as the undecoratedR80, within
the precision 0f0.3% per element for Sr and Ru [13].
Thus, there is no evidence that the;BuQO, contained
in the two-phase composite region is different from the
pure SsRuQ, in any way. Although not detectable by 0
the x-ray diffraction of the crushed crystals, a very small T (K)
amount of SrRu® (a fer_romagnetic mgtal with the Curie FIG. 2. (a) The in-phase and (b) out-of-phase components
temperature of 160 K) is present mainly on the cleavagef the ac susceptibility, as well as (c) the in-plane resistivity
surface of SYRuQ,. Since SrRu@ is found in both  p,,. The curves with smaller symbols are for crystals of
the 1.5-K and 3-K superconductors and it is estimatedrRUO; without Ru lamellae, showing sharp superconducting
from the magnetization measurements that the level of thgansitions at 1.4-1.5 K. The curves with larger symbols are

. . . or crystals containing the eutectic structure ofR8rQ; and
inclusion is too low (less than 400 ppm) to account forg,, “ingicating broad transitions of the 3-K superconductivity.

the observed superconductivity, we conclude that S(RUOFor the susceptibility measurements, the ac field of 0.1 mT at
does not contribute to the enhancementin 1000 Hz was applied parallel to the Ru@yer.
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the Ru lamellae embedded in,8uQ, and the occurrence ofthe curvestd = 0 K [uoHco)c(0) = ®o/{27 &1 (0)%}
of the 3-K superconductivity. and woHc)an(0) = Po/{27&,1(0)£:(0)}, where &y is

The resistive transitions in the in-plane resistivity,  the flux quantum], we obtain the coherence length
are represented in Fig. 2(c). The two curves are fol,,(0) = 18 nm andé&.(0) = 5.0 nm for the 3-K phase,
samples taken from the identical crystalline rod. Thecompared with £&,,(0) = 66 nm and £.(0) = 3.3 nm
sample cut from the sheath region without the stripedor the 1.5-K phase [15]. It should be noted that the
(smaller symbols) exhibits a sharp transition with theinterlayer coherence lengi., expected to scale && !
onset at 1.4 K. In contrast, the sample cut from the stripg@rovided that the anisotropy and the Fermi velocity remain
region exhibits the onsdf, at 2.5 K. Nevertheless, zero unchanged, is actually longer for the 3-K phase despite
resistivity was not obtained down to 1.3 K. In both caseshigherT.. This results in the substantial reduction in the
the normal-state resistivities remain nearly identical up tanisotropy of superconductivity:&,,(0)/&.(0) = 3.6
room temperature and the residual resistivities corresponfdr the 3-K phase, as compared with 20 for the
to the mean free path = 0.4 wum. 1.5-K phase.

An important observation for the 3-K phase is the We have experimentally established tiatof SLRuQ,
anisotropy in the upper critical fields. Figure 3 repre-is enhanced by a factor of about 2 in the presence
sents the variation of the out-of-plane resistivity with  of lamellar microdomains of metallic Ru, formed by
the direction of the magnetic field. Since this curveeutectic solidification. The enhanced superconductivity
was obtained for the fielgh9pH = 3 T and temperature of SrLRuQ, most probably originates in the interface
T = 1.5 K, the 1.5-K superconductivity, intrinsic to the region of the Ru lamellae because this is where a major
undecorated SRuQ,, would be completely suppressed maodification of the electronic structure is expected. Let us
(see Fig. 4 below). The sharp dips jn for the field now discuss the spatial development of superconductivity
direction precisely parallel to the Ry(plane reflect a of such a system on cooling. As the temperature is
strong anisotropy of the 3-K superconductivity. Combin-lowered below 3 K, the gap function in the surface
ing this with the observation of the large diamagnetic sigsheaths of the Ru lamellae will penetrate into the bulk
nals, we conclude that the 3-K phase is characteristic of af both SsRuQ, and Ru. The normal coherence length
layered superconductivity sustained essentially in the priis given by &, = (hvgl/6mkgT)"*{1 + 2/In(T/Tey)}
mary phase SRuQ, rather than in the Ru metal itself or [16] with 7..,(SLRuQ;) = 1.5 K andT,,(Ru) = 0.49 K.
in an unidentified impurity phase. With the Fermi velocityvg given from Ref. [17], we

We have further determined the temperature depemsbtain £,(SLRUQ;) = 0.7 um at 2 K. As &, diverges
dence of the upper critical fieldgoH., of another logarithmically towards 1.5 K, the percolation of the
typical 3-K sample as shown in Fig. 4. (The crystal of theinterconnecting current paths due to the proximity effect
3-K phase used for Fig. 3 has a slightly higligrthan the  proceeds on further cooling until the entire,BuQy
one used for Fig. 4.) For comparison, curves for the 1.5-kbecomes superconducting. The observation of the large
phase are also shown. Hefg&, is defined as the midpoint dissipation in the complex susceptibility indeed supports
of the resistive transition. From the smooth extrapolatiorthis picture that the superconducting sheaths around Ru
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FIG. 3. The variation of the out-of-plane resistivipg. of a  FIG. 4. Temperature dependence of the anisotropic upper
3-K crystal with the direction of the magnetic fiel# for critical fields for the 3-K phase (solid symbols), determined
moH =3 T and T = 1.5 K. The angle between the field from the resistivity midpoint inp.. For comparison, the data
direction and the: axis of SiRuQ, is denoted a®. for the 1.5-K phase (open symbols) are also presented.
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