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Enhancement of Superconductivity ofSr2RuO4 to 3 K by Embedded Metallic Microdomains
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We have found that the quasi-two-dimensional superconductor Sr2RuO4 with the intrinsic transition
temperatureTc ­ 1.5 K exhibits a remarkable enhancement inTc up 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 structure of Sr2RuO4. We suggest
that the enhanced interlayer coherence provided via metallic Ru plays a key role in the doubling ofTc.
[S0031-9007(98)07463-8]

PACS numbers: 74.62.Bf, 74.70.–b, 74.80.–g
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Layered superconductor Sr2RuO4 [1] shares the same
crystal structure as high-Tc superconductors of copper
oxides. The superconductivity of Sr2RuO4 is a subject of
active current investigations [2], particularly because th
spin-triplet pairing has been suggested both theoretica
[3,4] and experimentally [5–8], in contrast with the spin
singlet pairing of conventional superconductors as we
as of the high-Tc copper oxides. The unconventiona
nature of the superconductivity is exemplified by th
extreme sensitivity of the transition temperatureTc to
disorder introduced by nonmagnetic impurities [9]. I
was also deduced from that experiment that the impurit
free intrinsic Tc should be about 1.5 K. In fact, after
improving the quality of the single crystals, we have no
achieved a very sharp superconducting transition at 1.5
Curiously, there had been an indication of another diama
netic transition at substantially higher temperatures [5].

In the present study, we have for the first time esta
lished that this intriguing transition is in fact due to su
perconductivity; moreover, we have clarified the materi
origin of the higher-Tc phase. Here we report a remark
able enhancement ofTc by a factor of about 2 in a two-
phase composite structure made of a single-crystalli
matrix of Sr2RuO4 in which microdomains of ruthenium
metal are embedded. We will also present the anisotro
field-temperature phase diagram of this new superco
ducting phase. On the basis of the observed enhancem
in the interlayer coherence lengths, we suggest that suc
dramatic increase inTc quite possibly originates from the
quasi-two-dimensional character of Sr2RuO4.

Single crystals of Sr2RuO4 were grown by a floating-
zone technique with Ru self-flux using a commercia
image furnace equipped with double-elliptical mirror
[10]. Intriguingly, depending systematically upon the
composition of the ceramic feed rod and the speed
the crystal growth, the superconducting transitions a
either very sharp at 1.0–1.5 K (“the 1.5-K phase”) o
rather broad extending up to about 3 K (“the 3-K phase”
The 3-K phase is consistently obtained for higher R
content of the feed rod andyor faster growth rate, both
of which increase the Ru concentration in the meltin
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zone. For a typical 3-K crystal, the ratio of Sr to R
in the feed rod was 2 to 1.2 and the crystal growth w
performed at the rate of 23 mmyh under a gas mixture
of 10% oxygen in 90% argon with the total pressure
of 0.2 MPa. We have so far reproduced the occurren
of the 3-K superconductivity in more than ten differen
growth batches.

A crystalline rod from these batches, typically 5 mm i
diameter, consists of a clean surface sheath of Sr2RuO4
with a thickness of about 0.5 mm and the core regio
of the two-phase composite structure of Sr2RuO4 and Ru
metal. Displayed in Fig. 1 are the optical microscopy pi
tures of the polished surfaces of a sample of the 3-K pha
taken from the central region. The pictures show lamel
precipitation of Ru metal embedded in the primary pha
of Sr2RuO4, typical of a eutectic solidification [11]. In
this process, the solidification near the surface occurs fr
the liquid with the Ru concentration less than that of th
eutectic point; only pure Sr2RuO4 should solidify as the
primary crystal, leaving Ru-rich liquid inside. Active
evaporation of Ru from the molten surface also helps
sustain the radial concentration gradient. When the l
uid inside reaches the eutectic concentration, the eut
tic solidification of Sr2RuO4 and Ru starts and persists
to the center. In this two-phase composite region, t
volume fraction of the Ru metal should be uniquely de
termined by the composition of the eutectic point. Th
thickness of a Ru platelet is about1 mm, the length and
depth of each segment are both of the order of 1 to10 mm,
and the separation between the stripes is of the order
10 mm. Such an ordered pattern of stripes, known to for
in the direction of the crystal growth in a lamellar eu
tectic, persists more than 5 mm along the stripes for t
crystal shown in Fig. 1. The direction along the stripe
with respect to the crystalline axes of Sr2RuO4, how-
ever, is not unique and often varies within a single-doma
Sr2RuO4. In fact, the pictures of Figs. 1(a) and 1(b) rep
resent (100) and (010) planes, respectively, of the identi
crystalline block.

A similar eutectic structure with needlelike insulatin
Cu2O has been reported in the high-Tc superconductor
© 1998 The American Physical Society 3765
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FIG. 1. Optical microscopy pictures of polished surfaces of
Sr2RuO4 crystal, showing a lamellar pattern typical of eutecti
solidification. The bright regions are Ru metal and the da
regions are Sr2RuO4. The pictures represent the cross section
(a) perpendicular and (b) parallel to the planes of the R
lamellae. The interlayerc direction of Sr2RuO4 is parallel to
the scale bars in these pictures.

La22xSrxCuO4 [12]. In that system, however, no en-
hancement inTc was observed. For the Sr2RuO4 system
we have confirmed by x-ray diffraction that the lamella
are made of Ru metal, not RuO2.

Within the resolution of0.1% for the powder x-ray
diffraction, the lattice parameters of Sr2RuO4 are the
same for regions both with and without the stripe
Furthermore, the electron-probe microanalysis (EPMA
revealed that the primary phase of the stripe region has
same stoichiometry as the undecorated Sr2RuO4 within
the precision of0.3% per element for Sr and Ru [13].
Thus, there is no evidence that the Sr2RuO4 contained
in the two-phase composite region is different from th
pure Sr2RuO4 in any way. Although not detectable by
the x-ray diffraction of the crushed crystals, a very sma
amount of SrRuO3 (a ferromagnetic metal with the Curie
temperature of 160 K) is present mainly on the cleava
surface of Sr2RuO4. Since SrRuO3 is found in both
the 1.5-K and 3-K superconductors and it is estimate
from the magnetization measurements that the level of t
inclusion is too low (less than 400 ppm) to account fo
the observed superconductivity, we conclude that SrRu3
does not contribute to the enhancement inTc.
3766
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Figures 2(a) and 2(b) compare the diamagnetic trans
tions of the 1.5-K and 3-K phases. The curves with smalle
symbols are for a crystal free from the stripe regions, show
ing a sharp superconducting transition with the onset a
1.45 K. TheTc of this 1.5-K phase is known to depend
little on different oxygen treatment [14]; it is not possible
to increaseTc beyond 1.5 K by simply adjusting the stoi-
chiometry of Sr2RuO4. In contrast, the crystal from which
pictures of Fig. 1 were taken exhibits a broad diamagneti
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-
nentx 00 of the complex susceptibility always persists in a
wide temperature range. Nevertheless, the large diama
netic shielding inx 0 guarantees that at least a large surfac
fraction of the sample participates in the enhanced supe
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

FIG. 2. (a) The in-phase and (b) out-of-phase component
of the ac susceptibility, as well as (c) the in-plane resistivity
rab . The curves with smaller symbols are for crystals of
Sr2RuO4 without Ru lamellae, showing sharp superconducting
transitions at 1.4–1.5 K. The curves with larger symbols are
for crystals containing the eutectic structure of Sr2RuO4 and
Ru, indicating broad transitions of the 3-K superconductivity.
For the susceptibility measurements, the ac field of 0.1 mT a
1000 Hz was applied parallel to the RuO2 layer.
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the Ru lamellae embedded in Sr2RuO4 and the occurrence
of the 3-K superconductivity.

The resistive transitions in the in-plane resistivityrab
are represented in Fig. 2(c). The two curves are f
samples taken from the identical crystalline rod. Th
sample cut from the sheath region without the strip
(smaller symbols) exhibits a sharp transition with th
onset at 1.4 K. In contrast, the sample cut from the stri
region exhibits the onsetTc at 2.5 K. Nevertheless, zero
resistivity was not obtained down to 1.3 K. In both case
the normal-state resistivities remain nearly identical up
room temperature and the residual resistivities correspo
to the mean free path, ­ 0.4 mm.

An important observation for the 3-K phase is th
anisotropy in the upper critical fields. Figure 3 repre
sents the variation of the out-of-plane resistivityrc with
the direction of the magnetic field. Since this curv
was obtained for the fieldm0H ­ 3 T and temperature
T ­ 1.5 K, the 1.5-K superconductivity, intrinsic to the
undecorated Sr2RuO4, would be completely suppressed
(see Fig. 4 below). The sharp dips inrc for the field
direction precisely parallel to the RuO2 plane reflect a
strong anisotropy of the 3-K superconductivity. Combin
ing this with the observation of the large diamagnetic si
nals, we conclude that the 3-K phase is characteristic o
layered superconductivity sustained essentially in the p
mary phase Sr2RuO4, rather than in the Ru metal itself or
in an unidentified impurity phase.

We have further determined the temperature depe
dence of the upper critical fieldsm0Hc2 of another
typical 3-K sample as shown in Fig. 4. (The crystal of th
3-K phase used for Fig. 3 has a slightly higherTc than the
one used for Fig. 4.) For comparison, curves for the 1.5
phase are also shown. Here,Hc2 is defined as the midpoint
of the resistive transition. From the smooth extrapolatio

FIG. 3. The variation of the out-of-plane resistivityrc of a
3-K crystal with the direction of the magnetic fieldH for
m0H ­ 3 T and T ­ 1.5 K. The angle between the field
direction and thec axis of Sr2RuO4 is denoted asu.
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of the curves toT ­ 0 K [m0Hc2kcs0d ­ F0yh2pjabs0d2j
and m0Hc2kabs0d ­ F0yh2pjabs0djcs0dj, where F0 is
the flux quantum], we obtain the coherence lengt
jabs0d ­ 18 nm andjcs0d ­ 5.0 nm for the 3-K phase,
compared with jabs0d ­ 66 nm and jcs0d ­ 3.3 nm
for the 1.5-K phase [15]. It should be noted that th
interlayer coherence lengthjc, expected to scale asT21

c
provided that the anisotropy and the Fermi velocity rema
unchanged, is actually longer for the 3-K phase desp
higherTc. This results in the substantial reduction in th
anisotropy of superconductivity:jabs0dyjcs0d ­ 3.6
for the 3-K phase, as compared with 20 for th
1.5-K phase.

We have experimentally established thatTc of Sr2RuO4
is enhanced by a factor of about 2 in the presen
of lamellar microdomains of metallic Ru, formed by
eutectic solidification. The enhanced superconductivi
of Sr2RuO4 most probably originates in the interface
region of the Ru lamellae because this is where a ma
modification of the electronic structure is expected. Let u
now discuss the spatial development of superconductiv
of such a system on cooling. As the temperature
lowered below 3 K, the gap function in the surface
sheaths of the Ru lamellae will penetrate into the bu
of both Sr2RuO4 and Ru. The normal coherence length
is given by jn ­ sh̄yFly6pkBT d1y2h1 1 2y lnsTyTcndj
[16] with TcnsSr2RuO4d ­ 1.5 K andTcnsRud ­ 0.49 K.
With the Fermi velocityyF given from Ref. [17], we
obtain jnsSr2RuO4d ­ 0.7 mm at 2 K. As jn diverges
logarithmically towards 1.5 K, the percolation of the
interconnecting current paths due to the proximity effe
proceeds on further cooling until the entire Sr2RuO4
becomes superconducting. The observation of the lar
dissipation in the complex susceptibility indeed suppor
this picture that the superconducting sheaths around

FIG. 4. Temperature dependence of the anisotropic upp
critical fields for the 3-K phase (solid symbols), determine
from the resistivity midpoint inrc. For comparison, the data
for the 1.5-K phase (open symbols) are also presented.
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lamellae are only weakly connected by the Josephs
coupling. SincejnsRud becomes comparable to the
thickness of the lamella at 1 K, the proximity effec
is expected to be substantial also in the Ru metal.
fact, we have never detected any sign of addition
transition attributable to conventional superconductivit
of Ru metal.

Enhancement of superconductivity up to 2.7 K in th
eutectic formed by Ir (Tc ­ 0.10 K) with a small amount
of YIr 2 was reported by Matthiaset al. [18]. In that
system a small lattice mismatch between Ir and YIr2 leads
to the strain-induced lattice softening [19], believed to b
responsible for the extraordinary enhancement inTc. In
the present system, however, a preliminary investigatio
by microscopic Raman scattering indicated that the
are no spatial variations in the phonon frequencies [20
We believe it unlikely that the same lattice-softenin
mechanism holds for the enhancement inTc in the
Sr2RuO4-Ru eutectic.

The marked reduction in the anisotropy of the co
herence lengths indicates that the enhanced interla
coupling is the major difference in the electronic states
the 3-K phase. For the 1.5-K phase, the coupling betwe
the conducting RuO2 layers within Sr2RuO4 is marginally
strong so that metallic transport is three dimension
only at low temperatures; dimensional crossover occu
at 130 K to two-dimensional metal with nonmetallicrc
at higher temperatures [2,21]. We therefore specula
that the enhanced interlayer coupling in the presence
the Ru lamellae is mainly acting in favor of enhance
superconductivity. It is worth investigating whethe
similar enhancement ofTc may occur in other quasi-two-
dimensional superconductors. Theoretical investigatio
are also needed to examine how the suppression of
perconducting fluctuations in the quasi-two-dimension
superconductor by enhanced interlayer coherence m
lead to the increase inTc.

In addition to the remarkable enhancement inTc,
the present system provides a unique configuration
the study of superconductivity: the natural insertion o
a metallic island ofm m width enclosed by a single
crystalline matrix of the quasi-two-dimensional, uncon
ventional superconductor. This configuration may prov
useful in clarifying the pairing symmetry of Sr2RuO4
[22–24], as well as the nature of trapped fluxoid and th
characteristics of the electron transmission and reflecti
at the metal-superconductor interface [25,26].

We are deeply indebted to T. Ishiguro for his support i
many respects, and are grateful to T. Fujita with whom
the initial part of the present work was carried out
We also thank T. Akima, M. Sigrist, A. P. Mackenzie
M. Udagawa, Y. Liu, Z. Hiroi, M. Tanatar, and Z.
Fisk for useful information and discussions. This wor
is supported partly by a grant from the Ministry of
Education, Science, Sports and Culture of Japan.
3768
on

t
In
al
y

e

e

n
re
].

g

-
yer
of
en

al
rs

te
of
d
r

ns
su-
al
ay

in
f

-
e

e
on

n

.
,

k

*Present address: Venture Business Laboratory, Kyo
University, Kyoto 606-8501, Japan.

[1] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki,
T. Fujita, J. G. Bednorz, and F. Lichtenberg, Natur
(London)372, 532 (1994).

[2] For a recent review see Y. Maeno, Physica (Amsterdam
282C–287C, 206 (1997).

[3] T. M. Rice and M. Sigrist, J. Phys. Condens. Matter7,
L643 (1995).

[4] I. I. Mazin and D. J. Singh, Phys. Rev. Lett.79, 733
(1997).

[5] Y. Maeno, S. Nishizaki, K. Yoshida, S. Ikeda, and
T. Fujita, J. Low Temp. Phys.105, 1577 (1996).

[6] S. Nishizaki, Y. Maeno, S. Farner, S. Ikeda, and T. Fujita
J. Phys. Soc. Jpn.67, 560 (1998).

[7] K. Ishida, Y. Kitaoka, K. Asayama, S. Ikeda, S. Nishizaki
Y. Maeno, K. Yoshida, and T. Fujita, Phys. Rev. B56,
R505 (1997).

[8] G. M. Luke et al., Nature (London)394, 558 (1998).
[9] A. P. Mackenzie, R. K. W. Haselwimmer, A. W. Tyler,

G. G. Lonzarich, Y. Mori, S. Nishizaki, and Y. Maeno,
Phys. Rev. Lett.80, 161 (1998).

[10] NEC Machinery, Model SC-E15HD. For starting mate
rials, we used SrCO3 with purity 99.99% (with less than
5 ppm Ba) and RuO2 with purity 99.9% (in which Rh is
the main impurity element).

[11] For example, P. Gordon,Principles of Phase Diagrams
in Materials Systems(McGraw-Hill, New York, 1968),
Chap. 6.

[12] L. Trouilleux, G. Dhalenne, and A. Revcolevschi, J. Crys
Growth 91, 268 (1988).

[13] A. P. Mackenzie (private communication).
[14] S. Nishizaki, Y. Maeno, and T. Fujita, J. Phys. Soc. Jpn

65, 1876 (1996).
[15] T. Akima et al. (unpublished).
[16] A. Barone and G. Paterno,Physics and Applications of the

Josephson Effect(Wiley, New York, 1982), Chap. 7.
[17] A. P. Mackenzie, S. R. Julian, A. J. Diver, G. J. McMullan

M. P. Ray, G. G. Lonzarich, Y. Maeno, S. Nishizaki, and
T. Fujita, Phys. Rev. Lett.76, 3786 (1996).

[18] B. T. Matthias, G. R. Stewart, A. L. Giorgi, J. L. Smith,
Z. Fisk, and H. Barz, Science208, 401 (1980).

[19] H. Suhl, B. T. Matthias, S. Hecker, and J. L. Smith, Phys
Rev. Lett.45, 1707 (1980).

[20] S. Udagawaet al. (private communication).
[21] For the 3-K phase the intrinsic interlayer resistivity

cannot be extracted simply from the bulk measureme
of rc, because the current path in the normal state
concentrated in the Ru metal platelets connected by t
in-plane transport path in Sr2RuO4.

[22] M. Sigrist and M. E. Zhitomirsky, J. Phys. Soc. Jpn.65,
3452 (1996).

[23] K. Machida, M. Ozaki, and T. Ohmi, J. Phys. Soc. Jpn
65, 3720 (1996).

[24] D. F. Agterberg, T. M. Rice, and M. Sigrist, Phys. Rev
Lett. 78, 3374 (1997).

[25] M. Yamashiro, Y. Tanaka, and S. Kashiwaya, Phys. Re
B 56, 7847 (1997).

[26] C. Honerkamp and M. Sigrist, J. Low Temp. Phys.111,
895 (1998).


