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Suppression of superconductivity in Sr2RuO4 caused by defects
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We have investigated depairing effects in Sr2RuO4, the unconventional superconductor in the layered per-
ovskite structure. We prepared crystals of Sr2RuO4 with very low levels of impurity elements, and systemati-
cally controled their superconducting transition temperatureTc ranging from 1.5 to 0.6 K by adjustments of
crystal growth conditions. The dependence ofTc on the residual resistivityr0 in these crystals suggests that the
defects are strong pair breakers, in addition to impurities. We further characterized the effects of pair breaking
in this unconventional superconductor. We found that the in-plane coherence lengthjab(0) evaluated from
Hc2(T) is inversely proportional toTc , and decreases with increasing mean free pathl; the latter behavior is
opposite to that of conventional superconductors. In addition, we examined the temperature dependence of
Hc2ic which substantially deviates from the BCS theory and even from a recent theory of ap-wave supercon-
ductor.@S0163-1829~99!11225-6#
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I. INTRODUCTION

The superconductor Sr2RuO4 ~Ref. 1! shares the same lay
ered perovskite structure as the La-based cuprate supe
ductors. More and more experiments2–5 confirm that
Sr2RuO4 is a non-s-wave superconductor and is most pro
ably a p-wave superconductor. One of the most power
pieces of evidence is the nonmagnetic impurity effect
ported by Mackenzieet al.2 This finding indicated that the
nonmagnetic impurity, Al, strongly suppressesTc of
Sr2RuO4, which can be interpreted well by the modified pa
breaking theory of Abrikosov-Gorkov~AG!.6 For unconven-
tional superconductors, the same mechanism of suppres
is expected to be valid for the lattice defects. Additional
previous experiments showed that the crystals with the s
impurity level of Al might have quite differentTc and that
the residual resistivityr0 is a better controlling parameter o
Tc .2 These two points motivated us to clarify the addition
pair-breaking effect due to lattice defects for Sr2RuO4.

In this paper, we have investigated the influence of latt
defects also on the upper critical fieldHc2(T) and character-
ized how the coherence lengthj varies withTc . The relation
betweenj and the mean-free pathl will be discussed. Fur-
thermore, we adopted a recent theory7 of a p-wave supercon-
ductor to examine the temperature dependence ofHc2 along
the interlayerc direction (Hc2ic) for the crystal with the
highestTc , and compared it with the BCS theory predictio

II. EXPERIMENT

All the crystals used in this study were grown using
floating-zone image furnace. The feed rods, containing 1
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excess Ru serving as flux, were melted in the mixture
10% O2190% Ar with a total pressure of 3 bar. The crysta
were grown at the feed speed of 4 to 6 cm/h. In the proces
of both reaction and sintering of polycrystalline feed rod
we always placed a layer of Sr2RuO4 powders between the
sample of Sr2RuO4 and the aluminum crucible to prevent A
contamination. Previous study indicated that all the crys
grown in this way have almost the same low impurity leve
,50 ppm.2 Nevertheless, theTc of the present crystals de
pends sensitively on growth conditions, especially on
feed speed. Higher feed speed~.5 cm/h! always produced
crystals with lowerTc(,0.8 K), and the optimal feed spee
was;4.5 cm/h for the highestTc(;1.5 K). At lower speed,
the growth condition was not optimized andTc decreased.
This observation strongly suggested that the higher f
speed produced serious defects in the crystal, thus resu
in lower Tc . To investigate the effect of annealing on lattic
defects, we annealed some of the as-grown crystals at di
ent temperatures, 1200–1500 °C, for three days in air.

The Tc andHc2ic(T) of the crystals were determined b
ac susceptibility using a commercial3He refrigerator with a
2-T magnet. The ac susceptibility was measured by
mutual-inductance method with an ac field of 0.1 mT a
frequency of 1000 Hz, applied in the same direction as the
field. The misalignment of the crystals for theHc2ic mea-
surement was less than 4°. SinceHc2(T) is much less sensi
tive to the field direction forHic compared withHiab, the
misalignment of less than 4° will not have a substantial
fluence on the value ofHc2ic(T). The resistivity was mea-
sured by a standard four-probe method.
610 ©1999 The American Physical Society
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III. RESULTS AND DISCUSSIONS

Figure 1 shows the ac susceptibility data of some typ
as-grown and annealed crystals.C1, C2, and C3 are as-
grown crystals, whileC18, C28, andC38 are obtained by
annealingC1, C2, andC3 at 1500 °C. Here, we defineTc as
the intersection of the linear extrapolation of the most rapi
changing part ofx8 and that of normal statex8. From Fig. 1,
it can be seen that the enhancement inTc by annealing for
the crystal with as-grownTc of 1.408 K is much less than
that for the crystals withTc50.618 K and 0.953 K. This
indicates that the defects in the crystals with lowerTc are
more severe than that in the crystals with higherTc . The
annealing reduces the defects in the crystals with lowerTc to
some extent. Therefore we can say that the defects are r
the main factor to determineTc for crystals with very low
levels of impurity elements.

Y. Inoueet al.8 have studied features of microstructure
Sr2RuO4. They pointed out that the defects in Sr2RuO4 are
mainly located in the modulated structure along thec direc-
tion and the layered defects distributed locally. Especially
the crystal with much lowerTc(;0.4 K), a lot of modulated
structures with various periods were found.

We measured the resistivity of some as-grown and
nealed crystals with differentTc ranging from 1.5 to 0.6 K.
Figure 2 shows the dependence ofTc on residual resistivity
r0 for these crystals~open circles!. Solid circles were ob-
tained by crystals with different amount of impurities.2 The
crystals for points 3 through 6 are cleaved from the sa
region of a crystal block and annealed at four different te
peratures ranging from 1200 °C to 1500 °C. The crystals
points 9 and 10 were cut from the different regions of t
same batch and they had the sameTc . The r0 was deter-

FIG. 1. ac susceptibility of some as-grown and annealed crys
of Sr2RuO4. C1, C2, andC3: as-grown crystals;C18, C28, and
C38 obtained by annealingC1, C2, andC3 at 1500 °C for three
days in air.x8: in-phase component andx9: out-of-phase, dissipa
tive component of the susceptibility.
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mined by fitting the resistivity data between 4.2 and 25 K
the formular5r01AT2. As mentioned above, this impurit
suppression onTc ~solid circles! can be fitted well by the
modified AG function,2 which is given by the solid line in
Fig. 2. For the open circles, we can see clearly that the
crease ofTc follows almost the same tendency as the fitti
curve with increasingr0 except for point 10. It is unlikely
that the deviation of this point from the fitting curve
caused by measurement errors, because the sample
points 9 and 10 had almost the same room temperature
sistivity. Hence, we believe that the deviation of point
from the fitting curve actually comes from the inhomogen
ity of defects for crystals with such lowTc . This kind of
inhomogeneity characteristic of defects has been observe
transmission electron microscope, as remarked above.
therefore conclude that the lattice defect is also an additio
strong pair breaker in addition to impurity elements
Sr2RuO4.

To study the influence of defects onHc2(T) and charac-
terize howjab(0) varies withTc , we measuredHc2ic(T) for
eight samples with differentTc by ac susceptibility. Figure 3
shows a typical set of ac susceptibility data measured un
different external dc magnetic fields for the sample with t
highestTc (Tc51.489 K). TheTc definition used here is the
same as the one we described above. Figure 4 shows the
of Hc2ic(T) for six samples. As seen in Fig. 4, theHc2(T)
curves simply shifts downward with decreasingTc . Since
the lowest temperature attained with our3He refrigerator is
;0.3 K, we do not have any data points for temperatu
lower than 0.3 K. It is not easy to estimateHc2ic(0) with
high precision directly just by extrapolation of the expe
mental data points. Therefore, to estimateHc2(0) for each
curve, we adopted the following formula,

Hc2~0!520.6795~dHc2 /dT!T5Tc
Tc , ~1!

which is derived in a recent theory of ap-wave
superconductor.7 This equation shows only a little differenc

ls

FIG. 2. Dependence ofTc on residual resistivityr0 . Open
circles: results from the present work; solid circles: data for imp
rity effect taken from Ref. 2; the solid line: a fit of the Abrikosov
Gor’kov pair-breaking function to the solid circles~Ref. 2!; the
meaning of numbers 1–10 are described in the text.
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in the coefficient from the Werthamer-Helfand-Hohenbe
~WHH! formula9 for conventional superconductors,

Hc2~0!520.693~dHc2 /dT!T5Tc
Tc . ~2!

The open symbols shown on the vertical axis of Fig. 4 d
play Hc2(0) estimated by Eq.~1!. From the rough extrapo
lation of the experiment curves, we found that these e
mated values ofHc2(0) are in reasonable agreement exc
for the sample with the highestTc . To evaluate the error in
this estimation, we used Eq.~1! to check theHc2ic(T) data
thoroughly measured by Yoshidaet al.10, Mackenzieet al.,11

and Risemanet al.12 where the precise estimation o
Hc2ic(0) is available from the extrapolation of experimen
curves because they extended the measurements to
lower temperatures~,0.3 K!. We found that the discrepanc
between theHc2ic(0) obtained by theoretical estimation an
the one gained by extrapolation from experimental curve
less than;2 mT. However, for the sample with the highe

FIG. 3. Temperature dependence of ac susceptibility of Sr2RuO4

measured under different external dc magnetic fields for the sam
with the highestTc (Tc51.489 K).

FIG. 4. Temperature dependence ofHc2 for six crystals of
Sr2RuO4 with differentTc . The open symbols areHc2(0) estimated
by a recent theory ofp-wave superconductivity~Ref. 7!.
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Tc , the error for the estimatedHc2(0) is appreciably larger
than 2 mT. So we just take the intersection of smooth
trapolation of the experimental curve and the vertical axis
the Hc2(0) for this sample.

Figure 5~a! gives the estimatedHc2ic(0) data as a func-
tion of Tc . TheseH2cic(0) data can be fitted well with tem
perature squared dependence as shown by the broken c
i.e.,

Hc2ic~0!5aTc
2, ~3!

where a50.029T/K2. Using the Ginzburg-Landau~GL!
formula for an anisotropic three-dimensional superco
ductor,

Hc2ic~0!5
f0

2pjab~0!2 , ~4!

wheref0 is the flux quantum andjab(0) is the in-plane GL
coherence length, we obtained the relation between the
perimentaljab(0) andTc ,

jab~0!5~f0/2pa!1/2~1/Tc!. ~5!

Such variation ofjab(0) with Tc , shown by the broken
curve, can be seen clearly from Fig. 5~b!, where the previous
data of Yoshidaet al.10 and Mackenzieet al.11 are also in-
cluded~open symbols!; their data also follow the same ten
dency as the fitting curve.

For a BCS-type superconductor, the intrinsic cohere
lengthj0 is proportional to 1/Tc , i.e.,

j05a\nF /kBTc , ~6!

le

FIG. 5. ~a! The estimatedHc2ic(0) as a function ofTc ; ~b! the
in-plane coherence lengthjab(0) as a function ofTc . The open
circles are the previous data of Yoshidaet al. ~Ref. 9! and Mack-
enzieet al. ~Ref. 10!. Broken curves are fits to the data described
the text.
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wherea50.18,\5h/2p ash is the plank constant andnF is
the Fermi velocity. Substituting Eq.~6! into Eq. ~5! and us-
ing the average Fermi velocity measured by quant
oscillations,13 we can estimate thata50.14 for Sr2RuO4,
which is about 20% smaller than the BCS expectation.

We shall next discuss the relation between thejab(0) and
the mean-free-pathl. As shown by Eq.~5!, jab(0) of
Sr2RuO4 can be estimated onceTc is given. On the other
hand, the mean-free-pathl can be estimated from the residu
resistivity r0 using the following expression,

l 5
2p\d

e2r0(
i

kF
i

, ~7!

whered is the interlayer spacing of 6.4 Å, and the sum ofkF
is over the three Fermi surface sheetsi 5a, b, andg, which
are known from quantum oscillation measurements.13 There-
fore, from the dependence ofTc on r0 , the fitting solid line
in Fig. 2, we can deduce thel dependence ofjab(0) in terms
of Eqs. ~5! and ~7!. This is shown by the solid line an
extrapolated dotted line in Fig. 6. The solid circles are
perimental points, and the open circles correspond to po
3–7 in Fig. 2, thejab(0) of which was not measured bu
estimated from Eq.~5!.

The results shown in Fig. 6 show thatjab(0) decreases
with increasingl and the intrinsic coherence lengthj0 is
;720 Å. This type of relation between thejab(0) and l
observed in Sr2RuO4 is completely different from that in
conventional superconductors, in which Pippard cohere
lengthjP @comparable tojGL(0)# and l are related by

1/jP51/j011/b l , ~8!

as shown by the dashed line in Fig. 6, whereb is a constant
of the order of unity. For conventional superconductors,jp
decreases asl decreases. In contrast,jab(0) in Sr2RuO4 in-
creases rapidly asl decreases to;900 Å. The reason why
Eq. ~8! is not applicable to Sr2RuO4 is simple, since Eq.~8!
is based on the assumption thatTc changes little withl,

FIG. 6. The coherence lengthjab(0) as a function of the mean
free-path l. The solid and extrapolated dotted lines are dedu
from the solid line in Fig. 2 in terms of Eqs.~5! and~7!. The solid
circles: experimental points@measurements of bothHc2(T) andr0

were performed on the same sample for the three points#; the open
circles: corresponding to points 3–7 in Fig. 2, thejab(0) of which
was not measured but estimated from Eq.~5!; the dashed line: the
relation ofjab(0) andl for conventional superconductors.
-
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whereas for Sr2RuO4 Tc strongly depends onl. In fact Tc as
well asHc2(0) vanishes atl;j0 , thus resulting in the diver-
gence injab(0). Therefore thej2 l relation for Sr2RuO4
represented in Fig. 6 is a manifestation of unconventio
superconductivity.

Finally, let us examine the temperature dependence
Hc2ic and contrast it with the expectation for the isotrop
p-wave superconductor,7 as well as with the BCS prediction
Figure 7 shows the deviation ofHc2ic from T2 dependence
for the crystal with the highestTc ~1.489 K!. The deviation
curves predicted by both thep-wave and BCS theories fo
the case of weak coupling are displayed in this figure as w
For conventionals-wave superconductors,Hc2 only shows a
smaller deviation from theT2 dependence with the maxi
mum deviation magnitude less than 4%.~Here, we assume
for simplicity, that GL parameterk does not depend on tem
perature.! This deviation is negative in weak coupling supe
conductors, such as Sn and Al, but positive in strong c
pling superconductors, like Hg and Pb. It can be seen cle
that the experimental data for Sr2RuO4 show a much larger
deviation from theT2 dependence than that predicted by t
BCS theory. This certainly manifests the feature of unco
ventional superconductivity for Sr2RuO4 from the other side.
Yet, the expectation given by thep-wave theory also shows
substantial difference from the experiment result althou
the difference is less severe. This theory directly deals w
the upper critical field, but does not consider orbital dep
dence of superconductivity,14 which is probably needed for a
more realistic model for Sr2RuO4.

IV. CONCLUSION

We have studied the suppression ofTc in Sr2RuO4 caused
by lattice defects. Our results revealed that the defect is
a strong pair breaker like a nonmagnetic impurity eleme
We further found thatjab(0) evaluated fromHc2(T) is pro-
portional to 1/Tc . The in-plane coherence lengthjab(0) de-
creases with increasingl, which is opposite to the relation o
1/jP51/j011/b l for conventional superconductors. Th
anomalous behavior reflects the characteristic of unconv
tional superconductivity of Sr2RuO4. In addition, we found
that the deviation ofHc2(T) from theT2 dependence signifi-

d

FIG. 7. Deviation ofHc2ic from the T2 dependence for the
crystal with the highestTc ~1.489 K! ~closed circles!. The dotted
and dashed lines are, respectively, the deviation curves expecte
a recent theory for ap-wave superconductor~Ref. 7! and by the
BCS for the case of weak coupling.
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cantly differs from the BCS prediction, and also has a su
stantial difference from the present theoretical expectat
for a p-wave superconductor. The orbital dependence of
perconductivity must probably be taken into account in t
current p-wave theory to give final interpretation on thi
large discrepancy.
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