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An inelastic neutron-scattering experiment has been performed in the high-temperature superconductor
YBa,CuzOg gg to search for an oxygen-isotope shift of the well-known magnetic-resonance mode at 41 meV.
Contrary to a recent predictidh. Ereminet al, Phys. Rev. B69, 094517(2004)], a negligible shift(at best
<+0.2 meV) of the resonance energy is observed upon oxygen isotope substittftior: 180). This suggests
a negligible spin-phonon interaction in the high<cuprates at optimal doping.
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In conventional superconductors, pairing between elecbepending on whether or not the magnetic fluctuations are
trons is mediated by lattice vibratiohs'his has been dem- observed in the normal state, the resonance peak either cor-
onstrated by an isotope effect on the supercondudi8© responds to a modification of magnetic spectrum in both mo-
transition temperaturd,.. In high-T, copper oxide supercon- mentum and energgin underdoped cupratg§-12or simply
ductors, T, exhibits a weak shift at optimal doping upon emerges from the magnetic electron-hole continuimop-
isotope substitutiod, which increases at lower doping. In timally doped and overdoped cupratésl721
particular, the oxygen-isotope shifO— *%0) has been ex-  This mode is typically assigned to an excitonic bound
tensively studied® At optimal doping, a small isotope- state in the superconductivity induced gap in the spectrum of
effect exponent is deducedy; =-dInT./dInM=0.05  electron-hole spin-flip Stoner excitatiof’s3® Within that
much lower than thé value expected from pure electron- framework, the resonant mode is a direct consequence of
phonon interaction, casting some doubt on a superconductingnconventional superconductivity afwave symmetry oc-
mechanism mediated by phonons. Further, the proximity oturring in the high¥. copper oxides. This approach is par-
the antiferromagneti¢AF) insulating state and the uncon- ticularly suited for optimally doped superconductors where
ventionald-wave symmetry of the SC gap favored mecha-normal-state magnetic fluctuations are consistent with a
nisms for high-T superconductivity where electron-electron broad magnetic electron-hole continuum. Further, the most
(el-el) interactions predominate. However, there has been eecent neutron developmetftsallow “silent bands”(where
revival of interest in electron-phonon coupling as several exthe magnetic collective mode is overdamptbe related to
periments point towards a non-negligible electron-phonorthe detailed momentum shape of the Stoner continuum ex-
interaction®=8 In particular, the “kink” change of slope of pected from the Fermi surface topology and theave su-
electronic dispersion observed around0 meV by angle- perconducting order parameter. This connection has been ex-
resolved photoemission spectroscofdRPES along the plicitly assigned in Ref. 30. This spin exciton mode can be
nodal direction in various cuprates could be interpreted as aderived from an effectivé—J Hamiltonian?%-2° Within that
electronic coupling to a phonon mofléds a matter of fact, model, an interesting proposal has been rédeat mag-
various physical properties, such as penetration depth netic properties could display significant isotopic effects if
ARPES spectrd display relatively large isotope effects thus both the hopping integrat, and the superexchange interac-
highlighting the open question: What can be the role oftion between neighboring spingl, are renormalized by
phonons in determining the superconducting properties ofhonons. By changing the oxygen isotol§® by %0, they
cuprates? predict a change of the resonance peak position of a few

On the other hand, the spin excitation spectrum of thaneV, mostly due to a renormalization of the hopping inte-
copper oxide superconductors is particularly rich. Abdye  gral.
magnetic fluctuations are mainly observed around the planar Thus, by measuring the isotope dependence of the posi-
wave vectorQar=(7/a,w/a), characteristic of antiferro- tion of the resonance peak, INS could provide direct evi-
magnetism(AF) in the undoped parent compouritt? Be-  dence for the presence of the electron-phonon coupling in
low T, a collective magnetic mode, referred to as the “resocuprates. In contrast, we here report the probable absence of
nance peak,” appears at a well-defined entfdyat an isotope effect in the magnetic-resonance peak in
(mwla,wla) and exhibits strong dispersions for wave vectorsYBa,Cu;Og g9 (YBCO).
aroundQ ¢ (Refs. 15—1Y. This mode is now observed in all The inelastic neutron experiment was performed on the
high-T, superconductor systems studied by inelastic neutroniT spectrometer at Laboratoire Léon BrillouiLB) in
scattering (INS) experiment$81® whose maximumT,  Saclay. The spectrometer used a vertically and horizontally
reaches 90 K. Recently, an analogous feature has even befatusing monochromator and analyzer, comprising(CLf)
reported in the single-layer material 1.gSr,CuQ, as well?®  crystals and pyrolytic graphit¢PG002 crystals, respec-
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FIG. 2. (Color online@ Neutron intensity measured ap

FIG. 1. (Color onling Magnetic susceptibility of both sample =(-0.5,-0.5,10.8 and atT=100 K showing an oxygen phonon
arrays used in this experiment. Onset superconducting temperaturggode in both the"*0 and*®0 samples.
occur at 88.8 K for samples witfO and 90 K for'®0. The curve
of each mounting has been obtained by weighting the susceptibilitgimilarly doped YBCO(Ref. 4. The slight excess in isotopic
curve of each individual single crystal by their mass. The dispersioshift in T, is possibly significant and may suggest a slightly
of T, for the samples of each array is less than 0.3 K. lower oxygen content and doping state for tH® sample,

despite the attempt to ensure identical thermal histories. To

tively. The measurements were performed with a fixed finahddress this issue, we further determineddfattice param-
neutron energy of 30.5 meV. A filter was inserted into theeter of both samples. Accurate measurements using the triple
scattered beam in order to eliminate higher-order contaminaaxis 4F1 spectrometer installed on a cold source at LLB
tion. The crystals were oriented such that momentum transyield c=11.674 A+0.004 foS;gandc=11.678 A+0.004 for
fers Q of the formQ=(H,H,L) were accessible. We use a S;g Thesec-lattice parameters are consistent with an oxygen
notation in whichQ is indexed in units of the tetragonal content of aboux=0.89 (Refs. 32 and 38 and given the
reciprocal lattice vectors 2/a=1.63 A1 and 2r/c slope dc/9x=-0.11 A (Refs. 32 and 3B indicates that the
=0.54 AL, 180 sample has a possible lower oxygen content Ay

High-quality single crystals of YB&£u;'%0,_j, of typical ~ =0.02+0.03. Thus, it is in agreement with the possibility that
mass~0.1-0.2 g, were prepared. They have been separatqrt of the difference i, for each sample is related to a
in two distinct sets of similar total mags-0.6 g. The two  slight difference in doping. Using the relationship between
batches of samples were mounted in a furnace in separatygen content and the hole dopitftthis would correspond
guartz tubes side by side to ensure identical thermal historyo a difference of~n,=0.004+0.006 in doping.
One tube was charged with high-purt§0 oxygen gas while In order to check the isotope exchange process, we per-
the other was charged with 99%0 enriched oxygen. After formed Raman scattering at room temperature as well as INS
annealing for 24 h at 830 °C the pair of tubes was removedneasurements of a particular oxygen phonon mode. The
evacuated, recharged, and reannealed for a total of 10 effaree oxygen modes observed in Raman scattering, namely
changes to ensure maximal isotope exchange. Both sampllee c-axis vibration of the apical oxygen and the in-phase
sets were then slow cooled over 48 h to 550 °C then anand out-of-phase oxygen vibrations in the Gu@ane, re-
nealed there for 10 days to ensure the same uniform oxygenealed isotopic shifts to lower energy in tH© sample with
ation of the chains. The samples were lightly underdoped agespect to thé®0 sample. Assuming that they are pure oxy-
confirmed by thermoelectric power measureméht8ased gen modes, the fraction of exchanged oxygen yis
on previous annealing experience for YBCO ceramics and=0.95+0.05. Being a surface-sensitive technique, Raman
crystals* we expect the samples to have an oxygen contergcattering does not indicate if the isotope exchange occurred
of =6.89 and an underdoped hole concentrationngf within the bulk of the samples. This might be problematic as
~0.145. The magnetic susceptibility for each individual oxygen diffusion is very slow. We then measured with inelas-
sample has been measured by a superconducting quantui@ neutron scattering a particular phonon mode whose eigen-
interference devicéSQUID) magnetometer. The crystals for vector is predominantly related to a vibration along ¢texis
each individual sample were then aligned on two distinctof the oxygens of the Cugplane!® This phonon mode, mea-
arrays(referred hereafter aS;5 and S;g) of similar volume, sured atQ=(-0.5,-0.5,10.8 where its structure factor is
each array being made of about four single crystals. Théarger, is found at 43.6+0.1 meV i, and 41.3+0.1 meV
magnetic susceptibility measurements of each samplen S;g (Fig. 2). Again, assuming that the phonon is a pure
mounting are shown on Fig. 1: one can identify the onset obxygen mode, this corresponds to an isotope exchange of
the superconducting transition at 90 K 8 and 88.8 K for  =0.92+0.08. In fact, the eigenvector for that specific mode
S A difference inT, of ~-1.2 K is then observed between corresponds to about 90% weighting by the oxygen atoms.
both samples. It is actually larger than the reduction expectedherefore, the energy shift of the phonon measured in INS is
from the usual isotope effect which is about —0.77+0.2 K forfully consistent with the nearly full oxygen exchange de-
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o~ 300 . ‘ ] as well as in width (7.1+0.3 meV for S;g and and
= L a) . 1 7.8+£0.3 meV forS;g). In principle, the observed width is not
&§ 250 L ] intrinsic but is controlled by the convolution product of dis-
é ] persive excitations aroundw,w) with the spectrometer
< 200 1 resolutiont>*® The product of the peak amplitude by its
= [ width in Fig. 3b), representing the magnetic-resonant spec-
s 450 i tral weight at(r, ), is similar in both samples within errors.
e b _ Using the spectral weight of the phonon presented in Fig. 2,
5 [ 16— —T=100K 1 one can calibrate the absolute magnetic intensity of the reso-
£ 100 - ot?}‘”& Sal nance peak>'3 For both samples, we deduce an energy-
2 Lo = TZ180K ] integrated magnetic spectral weight of 2.6x@4at the
B 'e,J,'HJ(:J.‘e;H:JM:H“HHMH.’: (7T,7T) wave vector, or 0.0610.02% for energy- and
100 - 1 g-integrated magnetic spectral weight in agreement with a

previous report for a similar doping levél.

We then basically observe no isotope effect of the
magnetic-resonance peak'mR:—d In wg/dINnM=0. To be
complete, there is, however, the possibility of a slight differ-
ence in doping between the two samples which might induce
a slight change in the resonance energy if the resonance en-
ergy is proportional td, as it is typically observet:'* (To
what accuracy this proportionality strictly applies is still an
open question.According to this empiric relation, the reso-
nance peak energy could be renormalized by about 0.5% in
7 the 80 sample as compared with tHéO sample, i.e., an
i ) i g o D i At i st T energy shift of~-0.18 meV. In such a case, an isotope ef-

25 30 35 40 45 50 55 60 fect can be estimated afwg= +0.23, yielding an isotope
Energy (meV) exponent ofa,.s=—0.05. Therefore, the isotope shift of the
resonance peak energy can bat most Jdwg

FIG. 3. (Color onling Resonant magnetic peak intensity in both <0.23 meV+0.2 meV. The deduced isotope effect on the
the %0 and*®0 samples(a) Raw neutron intensity at 12 and 100 K resonance peak is then very small and actually similar in
for both samples(b) Difference of the neutron intensity 12-100 K magnitude to the small isotope effect of the superconducting

for each sample. The total counting time reached 1.5 h per point afansition for optimally doped cupratesy =0.05 (Ref. 2,

each temperature to reduce the error bar on the energy of the resgfthough with an opposite sign. It should be noticed that the
nance to 0.12 meV. The curves are not normalized by samples ma:

Bverall effect might be simply overshoot by the difference in

duced from the Raman data. The oxygen exchange thus o8©Ping between both samples.
curred throughout the bulk of the material, thus confirming The absence of an isotope effect on the resonance energy
the sample homogeneity. is actually quite surprising as, in Fhe spin exciton model, the
We now turn to the central result of this report. Following Pound-state energy is very sensitive to both band structure,
previous studie®01316.17we identify the resonant magnetic Via the hopping integralg,t’,..., and the interactionsg.
mode by constructing, for each sample, the difference beWithin a random-phase approximatidRPA) scheme, the
tween constan® scans measured at 12(KT,) and 100 K  esonance energy at the AF wave vector is usually defined as
(>T.) and at the wave vecto=(-0.5,-0.5,5.L The the pole of the interacting susceptibility, 1
magnetic-resonant mode in both samples is shown in Fig; 9/2 Rexo(Qar, wr)=0 (Refs. 23-3Q where xo(Q,w)
3(b) as well as the raw energy scans for both samples in Fig 1/t i the bare spin susceptibility of éwave supercon-
3(a). At T=100 K, the background, which displays the sameductor. The interactiorg can be either the superexchange
phonon mode as the mode shown in Fig. 2 but with mucHNteractions;2426:25:243,c at (ar, ), or some spin-fermion
weaker intensity? is also shifted upon the isotope substitu- oupling?>2"-*Looking in more detail at the pole condition,
tion. This phonon is known to exhibit no temperature depenone clearly sees that a shift mandt have opposite effects
dence acros$,. Further, the phonon-scattering structure fac-On the resonance energy: if the interaction is reduced, the
tor for the chosen wave vector with=5.1 is reduced enough reésonance energy will increase, whereas if the band hopping
that the background subtraction procedure in the determind0tegral is reduced the resonance energy will decrease. Using
tion of the resonance peak energy, its broadening, and i@Uch a model, Eremiret al* expected | shift of about
amplitude does not affect significantly the observed differ-—2 MeV of the resonance peak frafi© to 0, correspond-
ence of Fig. &). The resonance peak energy is found ating to «, =0.4. That was because the band-structure hop-
wr=41.26+0.12 meV inS;g and wz=41.31+0.12 meV in ping integralt is thought to be the quantity strongly depen-
Sie The two energies are therefore not distinguishable withirflent on the electron-phonon coupling. As the obserggd
errors. The two peaks exhibit a slight difference in amplitudehas an opposite sigiif any) of the theoretical predictiof?, it

50 |

Neutron difference (Mn=2x10°)
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is doubtful that the electron-phonon coupling is renormaliz- In conclusion, using inelastic neutron-scattering experi-
ing the band-structure hopping integral. Within that model,ments, we observe no significant shift of the magnetic-
one can nevertheless explain the observed positive sign @&sonance peak energy in YBCO upon substitution of oxygen
Jug, Dy @ small renormalization of the interactianrather 169 py jts isotope'®0. In contrast to previous claims, this
than t. Our maximum estimate 06, <0.23 meV would  suggests that the spin-phonon coupling is negligible in high-
typically yield 59/g<-0.4%, in agreement with the ex- T, cuprates near optimal doping. The absence of a measur-
pected impact of the interactions teffiMore specifically, if  aple effect on the INS resonance mode does not, however,
the interaction is assigned to the AF superexchange, we olxxclude the possibility that isotope substitution can have a

tained an isotopic change dhr compatible with the one, poticeable effect on the magnetic properties at much lower
8J/1J~-0.6% (Ref. 3, deduced from the Néel temperature doping.

in undoped cuprates. Finally, this simple analysis of the tiny

shift (if any) of the resonance peak energy in terms of the We thank llya Eremin and M.V. Eremin for stimulating
spin-exciton model shows that the various microscopic termsliscussions, alerting us to possible isotope effects in the reso-
entering in its expression do not exhibit a strong isotopenance energy. This work was supported in part by the
effect, thus placing a severe limit on the role of electron-Deutsche Forschungsgemeinschaft, Grant No. KE923/1-2 in
phonon coupling in high-, cuprates. the consortium FOR538.
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