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Sign reversal of the oxygen isotope effect of. in Sr,RuO,
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We investigated the oxygen isotope efféé) on the transition temperatufie in the spin-triplet supercon-
ductor SpRuQ, (with the intrinsicT ;= 1.5 K). A clear IE shift inT, was observed. Moreover, we found that
the |E coefficient alpha exhibits an unusual variation With For lowerT, crystals containing impurities and
defects,a is positive and increases with decreasing «(T.) is described well by the universal behavior
expected theoretically. However, for crystals with approachingl' .y, « deviates from the universal(T,;)
and becomes negative. We discuss its possible mechanism on the basis of existing models.
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[. INTRODUCTION wherey is the digamma function, ang,=7%/47 7T, (7is the
scattering time, and is inversely proportionaldg). T is
SrLRuUQ, is the first layered perovskite superconductorthe value ofT in the limit 7— . The intrinsicT ., deduced
without copper: On the basis of similarities of its Fermi- from this fitting is 1.5 K.
liquid parameters t¢He and of the presence of the ferro-  If we further assum@ ,=T¢(M) andT.=T.(M) in Eq.
magnetic relative compound SrRgCRice and Sigrist pro- (1), whereM is the atomic mass of the relevant isotope, it is
posed the possibility of spin-tripletp-wave super- easy to obtain the relation betweeg (the intrinsic IE coef-
conductivity? Recent extensive experimefits provided ficient in the ideal sample free of impurities and defpaisd
considerable pieces of evidence for this expectation. An earx (in the presence of impurities and defedy taking the
lier theoretical study suggested thatwave pairing in derivative of Eq.(1) and using the definition of the IE coef-
Sr,RuQ, is likely mediated by ferromagnetic(FM) ficient a=—dInT./dInM [this can also be expressed @s
fluctuation® However, the uniform spin susceptibilftand = —(M/AM) (AT /T.) for AT.<T.. The derived
the NMR measuremehtevealed an enhanced paramagnetrelation* can be written as
ism. A recent study by inelastic neutron scattetidid not
reveal any sizable FM fluctuations, but demonstrated the ex- al ag=[1— ' (ys+ 112 ys] 1, (2
istence of incommensurate spin fluctuations predicted by the
band-structure calculatiori8.In terms of these facts, Mazin Wherey’ is the derivative ofy. This relation shows that the
and Singh discussed the possibility of a competition betweer increases with decreasirg, in the presence of impurity.
p and d-wave superconductivities in $uQ,.'° Although In principle, theT . dependence af/ « in the presence of
the pairing mechanism is most likely due to spin fluctuationgmpurity, as shown by Eq2), is a universal one irrespective
and electronic correlation, the roles of the enhanced paraf the pairing mechanism, as long as the system satisfies the
magnetism and incommensurate spin fluctuations are n#G equation. Since thp,-vs-T. curve for SgRuQ, can be
clear at present. fitted with Eq. (1) very well, S,RuQ, is expected to be an
It is known that the isotope effe€iE) is an effective tool ideal system to test this theoretical universglT;) depen-
in a study of the pairing mechanism of superconductivity. Andence. Therefore, we systematically investigated Tthele-
investigation by Raman scattering the on normal state opendence otr in Sr,RuQ, using crystals with different...
Sr,RuQ, revealed the existence of an anisotropic electron-
phonon interaction! To clarify how thep-wave pairing in Il EXPERIMENTAL METHODS
SrRuG, is influenced by the electron-phonon interaction, we '
investigated the oxygen IE on the transition temperaiure The single crystals of JRuQ, used in this study were
in SLRUO,. grown by a floating-zone method. Most of the crystals with
There is another important aspect to studying the oxygenlifferent T, were obtained by an adjustment of the crystal
IE of SLRUQ,. We have shown that nonmagnetic impurity growth conditions. For crystals witfi;<1.0K grown at a
Al and defects in SRuQ, result in a strong suppression of faster speed, our previous stddighowed that annealing un-
T..'21 The experimentap, (residual resistivityvs T, can  der high temperaturé>1000 °Q can increasd strikingly.
be fitted very well using the modified Abriksov-Gor’kov Hence it may have serious effect on the determinatiom of
(AG) equation shift caused by oxygen isotope substitutions, since'fe
—*0 substitution has to be done by annealing at a tempera-
ture higher than 1000 °C. To avoid this annealing effect on
IN(Teo/Te)= (1124 ys) — 4(1/2), (1) T, we prepared some lowdi: crystals by Al doping. Al-
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though the distribution of Al in the crystal rod was not very
homogeneous, we succeeded in obtaining two small pieces
with a sharp transition an@.<1.0K through careful selec-
tions. Annealing these samples at higher temperature did not
show any substantidl, enhancement.

To minimize theT, variation by annealing, we first an-
nealed the selected crystals with differ@ntat 1050 °C for
six days in flowing®0 (stepA). After this annealing, we
measuredr ; by ac susceptibility for each sample, as well as
Raman spectra for some samples. Then using the same fur-
nace, we performefO— 80 substitution(stepB) for these
annealed crystals. This substitution was conducted in a
quartz tube, connected to a buffer volume at room tempera-
ture. The total volume of 21 was filled witfO to 0.95 bar.
The samples were held at 1050 °C for six days.and Ra-
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man spectra were measured again after this substitution. Fur- 0 200 4(')0 ' 6(')0 ' 860 1000
thermore, to evaluate thE; shift caused by the oxygen iso- _ 4

tope substitution more accurately, revers€0o— %0 Energy shift (cm™)

substitution (step C), as well as correspondind, and

Raman-spectrum measurements were made afteBstEpe FIG. 1. Raman spectra of the samplgR8rO, measured after

reverse substitution was done by anneal’ng@ samples in stepA, B, ?nd(? annealings. The inset shows the dependenge of the

the same condition as used in stapFor stepB, we also phonon vibration frequency of the apical oxygen on the isotope

tried using different annealing temperatures, but we found"ass:

that the isotope shift iff; is not observable if the annealing

temperature is less than 1000 °C. samples for NMR measuremeritShe phonon frequency of
The ac susceptibility was measured by a mutual-P, in the 'O samples was 538 cm. We summarized the

inductance method. The precision of measufgés =1 mK. P, frequency data ot0, 1’0, and'®0 samples in the inset

In Raman-scattering measurements, an” Aaser with a of Fig. 1. For these three points, the frequencyPgfshows

wavelength of 514.5 nm was employed as the incident beam fajrly good harmonic mass dependence. It can be deduced

Since SjRuQ, has a tetragonal lattice, four phonon modesihat if the exchange ratio of®0— 180 is 100%, the fre-
are Raman active: twé,y modes and twdq modes. The  qency ofP, is 514 cmit in the 0 samples, which is 15

A14 modes appear for the incident and scattered polarizatiop,,,-
geometries ofa,a or (c,c) andEg4 for (c,a), wherea andc
denote(100 and(001) axes. TheA;; modes correspond to
vibrations of Sr or apical oxygen along tleeaxis, andEg
modes to vibrations of Sr or apical oxygen along ¢éhexis.

! smaller than the measured value. This suggests that the
probable exchange ratio is50%. This exchange ratio oc-
curred in most of the samples we studied. Higher exchange
ratio of ~80% was detected only in four samples. The ex-
The polarization geometry for all the measurements in thiﬁcﬁjgg?e;i:;(isd;%as|sgs hg;evilts)r;(:iroahelzgﬂﬁzlir?_xylgigos;n_ce
study is (c,0, in which the A;; mode appears at 2 AP Y9 » -plane oxy
gen atoms which are non-Raman-active, the intensities of

~202cni }(Py) for Sr vibrations and 545cm(P,) for %, o .
apical oxygerf® The measured ac surfaces were always O NMR peaks indicated that they are equally substituted

finely polished with 1um diamond slurry after each anneal- &S apical pxygeGﬁ.Tr;us we deduce that the in-plane ex-
ing step. change ratio of®0— !0 is also~50%.

To examine whether the oxygen isotope penetrates
throughout the whole sample, we measured the dependence
of Raman spectra on the depth polished at the measured sur-

Figure 1 shows the Raman spectra of one of the sampleface. We found that®0 does not penetrate deep into the
C821 3. CurvesA, B, andC correspond, respectively, to the crystals, because we did not detect any frequency shift after
results of measurements done after st andC anneal- a surface layer of thickness 2@0n was removed. Neverthe-
ings on the identical sample. Clearly the Sr vibration moddess, the'®0 penetration depth is estimated to be greater than
P, does not show any frequency shift within the experimen-100 um. This is sufficient for the ac susceptibility measure-
tal precision with oxygen isotope substitution. In contrastment, since it only detects within an order of magnitude
the apical oxygen vibration mode, exhibits a remarkable greater than the London penetration depth~4 and 0.2
isotope shift with%0—0 or ¥0— 0 substitution, the ~um along thec-axis and in-plane directions, respectively
relative magnitude of which is 15 cm. Since the peak Within the regions detected by ac susceptibility, ti@ iso-
widths remain nearly the same, we conclude that the substiope distribution should be homogeneous, since the observed
tution is fairly uniform at least within the regions Raman transition width in ac susceptibility did not broaden Hp
spectrum can detect. It is worthwhile to mention that we alssubstitution, as we will show below.
performed 'O substitution for'®0 in SLRuQ, using the Even with 50% substitution offO for %0 on the surface
same annealing conditions as in s&pwhile preparing the layer, a clear IE o . was observed for crystals with differ-

Ill. EXPERIMENTAL RESULTS
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duced superconducting critical temperaturg/T,y in SLRUO,.

. . The dashed line is the universalT.) dependence given by Eq.
FIG. 2. Temperature dependence of the imaginary part of the a&), with a,=0.18. The data points witli,/T.,=0.476 and 0.683

susceptibility (") for the sample$r_:1) C98B1 and(b) C7712, mea- are obtained with the Al-doped samples.
sured after steg\, B, andC annealings.

dence ofe is intrinsic to SgRuQ,, rather than due to con-

tamination and/or annealing effect, since the changer of

with T is significant compared with the magnitude of the
rror bars.

entT.. Figures 2a) and Zb) show they” (imaginary part of
the ac susceptibilitydata of two typical sampleSC98B1
and C7712) measured after each annealing step. We defin
T. as the peak temperature gf. Although this definition
somewhat underestimates the transition temperature, we use
it for the sake of better precision. We ug, TS, andT¢ to IV. DISCUSSIONS
denote the measuret, after st%pA, AB and C ag”eagngs- It is clear that the variation of with T, in Fig. 3 cannot
AT9:(AT01+AT62)/2 (ATcl:Tc _T,c *,ATcZ:T_c —To)is e fitted well with Eqg.2) in a whole range. Nevertheless, if
defined as the averaged isotope shiffin In an ideal case, e omit the data abov@, /T.,=0.93, the rest of the data
T2 should be identical td$ . But what we observed experi- can pe fitted well with Eq(2) by assumingry=0.18(see the
mentally for all the samples we studied, as shown in Fig. 2dashed line in Fig. 8 This most probably indicates that the
is T¢# T¢ . The slight reduction i (like C98B1) may be  pair-breaking effect by impurities or defects is prominently
mainly attributable to the contamination from the quartz tUbQ’esponsime for thex enhancement with decreasiﬁ'g for
used for the furnace, while the slight increa@¥{12) inT,  T_/T,,<0.93. We have made two assumptions to derive the
could result from the dominant annealing effect ®3,  universality. The first assumption, the applicability of Eq.
which is not eliminated completely in stef annealing. (1), seems to be satisfied even wh&p actually exceeds
From Fig. 2, it can be seen tha{T. is negative for the 0.93r,.1® We therefore question the validity of the other
SampIeCQSBl but positive forC7712. POSitiVEATC means assumption' the invariance of the functid'[a:Tc(M), in
an inverse IEnegativeq). order to explain the deviation from the universality. Below
To obtain a systematic dependence/of. on T, we  we will discuss an additional mechanism which leads to
investigated many samples Wmh: ranging from 0.6 to 1.5 negative 1E WheﬁrC actua”y approache'ﬁco_
K. For the case off ;<1.0K, the Al-doped samples with a |n the framework of Bardeen-Cooper-Schrieffer theory in
sharper transition were used. All results are summarized ithe weak-coupling limit® the electron-electron pairing is
Fig. 3, whereAT, is transformed intar using the definition mediated by phonons, andis equal to 0.5 if Coulomb re-
a=—(M/AM)(AT./T;) (we assume AM/M=0.5(18 pulsion is neglected, i.ey*=0. Thusa=0.5 is often re-
—16)/16=0.062 for the 50% exchange, and 0.1 for the 80%garded as a measure of the phonon contribution to the pair-
exchangg Obviously a exhibits an unusual variation with ing mechanism. In reality, several factors can atgf for
T.: itis positive and increases with decreasingfor lower-  instance, the pair-breaking effect by impurity as we dis-
T, crystals containing impurities or defects, but becomesussed above. For most of the nontransition elements such as
negative forT. approachingl.,. For the behavior of nega- Hg, Tl, and Cd,« is indeed almost equal to 0.5, while for
tive a with T, close to Ty, we have confirmed this transition elements such as Mo, Os and Rus much less
very carefully. The different symbols in Fig. 3 represent thethan 0.5 owing to nonzerp* (for a review, see Ref. 17
data obtained by independent annealing runs. The error barnegative « was actually observed as well, previously in
in Fig. 3 represent the difference betwekhand TS, which  PdHD) (a=—0.25) (Ref. 18 and U= —2),*® and re-
is caused by contamination and/or annealing effects. Hereently in some highF. superconductor&:?
it should be emphasized that such an unushaldepen- Several possible mechanisms have been proposed to un-
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derstand these inverse IE. They may be summarizdd) as Among these three model$a) does not seem to hold
large value ofu*,?? (b) the van Hove singularity in the sincea=—0.15, which is substantially negative. For model
electronic density of statés,and(c) an anharmonic phonon (0), the van Hove singularity associated with theFermi
effect?* Although all three models were originally based on surface’ may play an important role, but it alone cannot
electron-phonon mechanism, they can be extended to a mofgPlain why a(T.) deviates from the universality only for

general case as long as the interaction parameters depend Hh'TC samples. The anharmonic ph.onon effect, madgl .
isotopic mass. For SRuQ,, although its pairing is likely appears to be more relevant_to the_ sign reversal of the IE in
’ @ SrLRUQ,, since its phonon dispersion, revealed by neutron

mediated by spin fluctuation, an IE is expected if we assUME aitering?® shows a strongly anharmonic feature, i.e., a soft-
the orbital motion of electrons affected by phonons iSening of the rotation mode of Ry@ctahedra. The softening
coupled with spin. In fact, a substantial spin-orbital couplinggf the phonons competes with the pair-breaking effect by
in SpRUO, has been supported by a recent observation oimpurity or defects, and becomes dominant in impurity-free
Josephson coupling between a conventional superconductsamples withT.~1.5K, thus accounting for the unusual
In and SpRUO,.?® From this point of view, the above models «(T.) dependence shown in Fig. 3. To clarify this effect,
are still applicable to examine the negative IE ipF8rQ,.  further investigation of the phonon dispersion on

For model(a), <0 is possible for a large.*, but substan- substituted samples by neutron scattering would be useful.
tially negative « is unlikely. For (b), if the pairing is the
electronic origin in the presence of a van Hove singularity
nearer, the cutoff energy may be limited byo=er— ey In conclusion, we observe a clear oxygen isotope effect in
(eyy is the energy of the van Hove singulajitynstead of SrL,RuQ,. a shows a systematic change with. « is posi-

wp (the characteristic phonon frequencgnd no isotope tive and grows with decreasing. for T./T;<0.93, but
shift in T, is expected. In this scenaria,can become nega- becomes negative witfil /T (>0.93. The intrinsicag is

tive by taking the Coulomb repulsion into accodhtThe  negative: ap=—0.15+0.03. This unusuala(T;) depen-
anharmonic phonon effe¢t) was previously proposed with dence may be explained by taking both pair-breaking and
PdHD)'® and recently used to explain the doping depen-2nharmonic phonon effects into account.

dence ofa in high-T superconductor&:?®?’Crudely speak-

ing, some quantities that are independent of ionic masses in
the harmonic approximation can become mass dependent in We are very grateful to T. Ishiguro for his support
the presence of anharmonicity, and this leads to an anomahlroughout this work. We also thank V.Z. Kresin for direct-
lous « value of both above 0.5 and below O. ing our attention to the universality af.

V. CONCLUSION
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