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We have used Raman, susceptibility, aftYf NMR measurements on the YB2u,0g superconductor
synthesized using pur€®Cu or ®°Cu to investigate the oxygen and copper isotope effect¥.imnd the
normal-state pseudogap. We find no copper or oxygen isotope effects in the norm&Pstdteght shift for
temperatures in excess of 150 K. There [gositivecopper isotope effect ifi, and, for temperatures less than
150 K, anegativecopper isotope effect in the normal-std®Y Knight shift. This differs from the oxygen
isotope effect which ipositivefor both T, and the®®Y Knight shift below 150 K. These results indicate that
the normal-state pseudogap may not originate from precursor superconducting pairing.

Isotope effect measurements were of crucial importancerature concerning the origin and nature of the normal-state
in establishing the phonon-induced BCS model ofpseudogap.While many recent papers have pointed to the
superconductivity. In the weak-coupling BCS model the possible link between the pseudogap and incoherent pairing
isotope effect derives from the superconducting transitiorcorrelations existing well abovel.,2 we have argued
temperaturél . being proportional to the Debye temperature. strongly against this view.

Since the Debye temperature is proportionaMd?, where Our previous high-resolution®® nuclear-magnetic-

M is the atomic mass, the isotope-effect coefficieat, resonancéNMR) measurements offO and 80 exchanged
=—InT./dInM=0.5. The later inclusion of Coulomb repul- yBg,Cy,0, found no isotope effect in the normal-state
sion in the pairing interaction resulted in predictedalues  night shift data for temperatures above 158 Khis would

of less than 0.5 and enabled a reasonably good fit to the dagbpear to be inconsistent with previous precursor pairing

Wther? lO\.N values ofx ::orr.estpr)]onﬁ. tﬁ :OWTC vatluesz. The models in which the pairing and pseudogap correlations are
situation Is more comp’ex In the high-lemperature Su.perconéssentially identical. However, a recetiCu nuclear quad-
ducting cupratesHTSC's), where « is small near optimal

16, 18,
doping and maximunT, (Ref. 3 and large for low hole ygzlg rtago?n%?gg\leggnsfsgé 0: ef?egniﬂef? fﬁg?ig?:_d
concentrations and small, values® A number of diverse 2~ P !

models have been developed to account for the oxygen iS,(Bn_eratures up to 350 K which is comparable to that observed

lo . . .
tope effect in HTSC. However, there is no consensus as t! Tc- 11is led the authors to conclude a common origin
which model is correct. between the superconducting gap and the “spin gap.” Not-

Unlike the oxygen isotope effect data, contradictory re-iNg our own null effect in the Knight shift the authors further
sults exist in the case of the copper isotope effect. For exconcluded a distinction between the responseqaiQar
ample ac, has been reported to be0.17 in YBaCuOgqy  =(7 ) (from the spin-lattice relaxation rat&’T;) and the
with T,=49.5 K* +0.38 in YBaCu;0;_;with T,~48 K°  q=(0,0) responséfrom the %% Knight shift). We conve-
and +0.22 in Y, Py Ba,Cu;0; with T,=45 K8 Negative  niently restate their conclusion as a distinction between the
Cu isotope effect exponents were found in ¥8&,0,_sfor  spin gap and the pseudogépgap in the quasiparticle spec-
all & value4¢ while positive values were found in trum).

YBa,Cu;0,_5 for T,<90 K and for various substituted In this paper we question these conclusions. We report
forms of YBaCu,Og.® Further experimental research is Raman, susceptibility, ané’Y NMR measurements of both
clearly required to resolve these inconsistencies. the oxygen and copper isotope effects in ¥B8a,0Og. This

Isotope effect measurements in the normal state are alstompound is ideal for such studies because it is underdoped
of interest in relation to the normal-state pseudogap abigve and highly stoichiometric.
which has a profound effect on most physical properties and YBa,Cu,Og ceramic samples were prepared from isotopi-
is also widely regarded as being linked to the pairing mechaeally pure °Cu or ®3Cu metal. CuO powder from each iso-
nism. In particular, the pseudogap causes the spin susceptépe was obtained by dissolving the Cu metal in nitric acid
bility to decrease rapidly with decreasing temperature as evifollowed by decomposing the nitrate at 700 °C in air. Phase
denced by a reduction in the Knight shift or the bulk pure YBaCu,Og polycrystalline samples were synthesized
susceptibility. There is considerable disagreement in the litby standard solid-state reaction at 945 °C and 60 bars oxygen
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FIG. 1. Plot of the magnetization against temperature for
YBa, 3Cu,05 (solid curve$ and for YBg %Cu,0Oq (dashed curves
Inset: plot of the Cu2 mode in the Raman spectra for ¥i8@u,0q
(solid curveé and YB3 %°Cu,0q (dashed curyesamples.

% 30 15

pressure. X-ray diffraction confirmed that the samples were NMR Shift (ppm)
single phase. The oxygen isotope exchange technique is de-
scribed elsewher?.

Zero-field-cooled temperature-dependent susceptibilit
data were obtained using a vibrating sample magnetometg
with an applied field of X 10 “T. Raman measurements
were made at room temperature using a backscattering gglanes at 149.5 cit in YBa, ®3Cu,0g shifts down to 147.3
ometry with thex=514.5 nm of an argon ion laser. cm ! in YBa,%Cu,0q. The fractional change in the mode

The 8% NMR data were obtained for temperatures rang-position of 1.47% equals, within errors, the expected value
ing from 130 to 350 K using a Doty Super-VT Penguin from 1—/63/65 of 1.55%. A similar shift is observed in the
probe in a Varian Unity 500 spectrometer with14.74T Cul mode from Cu in the CuO ribbons. We note that the
superconducting magnet. Magic angle spinnidAS) at  assignment of this mode to a pure Cu mode is consistent with
frequencies greater than 2.5 kHz was used to remove dipolex (i) Raman study on YB#°Cu;0,_; and YBg®°Cu,0,_5
dipole coupling and hence significantly reduce the width of(Ref. 11 and (ii) the absence of an oxygen-isotope-induced
the NMR resonance. The exceptionally narrow linewidthshift in the frequency of this modeé.For the oxygen isotope
(~100 H2 and accurate temperature contfet0.2 K) al-  effect in T, for YBa,Cu,Og, we have previously found,
lows very precise determination of the shifts which were=(0.076+0.010) K® This is comparable tar, previously
referenced to 1 molar aqueous solution of YQWioreover, found by Zhaoet al. in YBa,CuO;_5° Morris et al. in
both the selected temperature and the selected isotope ¥ gPry ,Ba,Cus0; (Ref. 5, and more recently Raffet al.in
any one measurement were chosen more or less at randoNBa,Cu,Og.'° Thus both the copper and oxygen isotope ef-
thus eliminating any systematic effect due to possible heatfects are of similar magnitude and sign. This result is impor-
ing from sample spinning. The data were obtained using théant because it shows that both the oxygen and copper vibra-
single 90° pulse technique. tional modes contribute equally B, which is inconsistent

We consider first the isotope effects .. Figure 1  with models based solely on one of the higher-frequency
shows the susceptibility data from repeated measurements @xygen vibrational modes.

YBa, %3Cu,0g (solid lineg and YBa %°Cu,0q (dashed lines Turning now to the pseudogap, we show in Fig. 2 that an
samples where it can be seen tfatis smaller byAT,  oxygen isotope effect in the normal-stét®r NMR spectra
=—(0.25=0.06) K in the sample with the larger Cu atomic is only observed at low temperatures. These results are simi-
weight. TakingT.,=81.6 K we find ac,=0.098t£0.024, a lar to those observed in YB&u,Og with naturally occurring
value comparable to that observed by Morgsal® in  Cu(69.09%%Cu and 30.919%°Cu).° On the other hand, we
Y1 «PrBaCuOg and Y;_ ,Pr,BaCusO; with similar T.  show in Fig. 3 that the copper isotope effect in the normal-
values and approximately a factor of two less than that obstate is different from the oxygen isotope effect. In contrast
served by Zhaet al® in YBa,Cu;O,_ 5 with T,~72 K. Both  to the oxygen isotope spectra in Fig. 2, we find only a small
the magnitude and sign are different from those observed bghift at 140 K but it is in theoppositedirection to the oxygen
Francket al? in YBa,CuO;_ 5 with similar T, values. The isotope effect. This is seen more clearly in Figa)4where
origin of this difference is not clear but it could arise in the we plot the change in the position of t8Y NMR MAS
oxygenation processes for YR2u;0,_ s from differences in  peak, AKg, against temperature for all our isotope effect
the diffusion coefficient if the samples are not at equilibrium.measurements. There is no oxygen or copper isotope effect
Because of the rigid stoichiometry, we believe the measurefor temperatures greater than 150 K. Below 150 K, our new
ments on the YB#u,Og system to be more reliable. Raman data confirms that\K; is positive for the oxygen isotope
measurements, shown in the inset to Fig. 1, reveal that eadffect, as previously observéayhile AK is negative for the

of our samples contain either 1009%Cu or 100% ®°Cu.  copper isotope effect.

Here it can be seen that the Cu mode from Cu2 on the,CuO To understand and model this data we must first consider

FIG. 2. Plot of the®® NMR spectra at the temperatures indi-
ated for'%0 exchanged YB#£3Cu,0q (solid curve$ and 0 ex-
hanged YBa®Cu,0q (dashed curvés
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curve that fits the NMR data from a number of HTSC over a
wide range of hole concentratioffsTo justify a functional
310K form for the scaling curve we start with the Pauli spin sus-
ceptibility, ys= ,uéfN(E)(—af/ﬂE)dE, whereN(E) is the
density of statesDOS) andf(E) is the Fermi function, and
assume a triangular density of states that fills in with increas-
ing temperature. This leads to

8% =N(Eg)[1—zx tanH'(1/z)In(cosh1/2))]+ %%, (1)

whereN(Eg) is the DOS at the Fermi level in the absence of
the pseudogap,z=2kgT/E,4, %% is the temperature-
independent®®Y chemical shift, andE, is the pseudogap
energy defined as the gap edge. This scaling curve and the
associated density of states contain the essential experimen-
tal observations of a linear DOS, a linear-in-temperature
NMR shift at low temperatures and a temperature-
o 3 = independent NMR shift and/T at high temperature®,
NMR Shift (ppim) whereSis the electronic entropy. We show in Figlb$ by
the dashed curve that this scaling curve does indeed fit the
FIG. 3. Plot of the®*Y NMR spectra at the temperatures indi- data withEy/kg=418 K andn=4.55. We emphasize that,
cated for YBa®CuOg (solid curves and for YBa®Cu,Os  without introducing a specific model, scaling of tH&y
(dashed curves NMR data aboveT. shows that it is only the hole-
concentration dependence of the pseudogap energy and not
the origin of the 8 NMR shift. Using the Mila-Rice its absolute magnitude that can be determined. This is obvi-
Hamiltoniart? it was possible to show that the NMR shift ous because one curve must be chosen to scale the other
can be expressed as a linear function of the static spinurves against. Thus using a different form for the density of
susceptibility*®> Within this model, there is hyperfine cou- states will result in a different absolute magnitude. However,
pling from Cu spins on the eight nearest-neighbor Cu sites tdt is AE,/E that is important for studying the isotope effect
the 8% nucleus. in the normal-state pseudogap and not the absolute magni-
We show in Fig. 4b) that —8%K (solid curve decreases tude.
with decreasing temperature. This temperature dependence, If an isotope effect existed in the normal-state pseudogap
in particular the suppression gf on cooling, has previously we could define a coefficientyEg= —dIn(Eg)/dInM and

been attributed to the normal-state pseudddapodeling of henceAEy/Ey=—ag AM/M. Using the experimental ob-
the normal-state pseudogap is complicated by recent obse

f ¢ anisotropic filing in of th hstat Lervation that89KS:g9Ks(z), where z=2kgT/Ey, it can
vations ot anisotropic_Tifing In 0 € normai-state easily be shown that an isotope effectby will lead to a
pseudogap with increasing temperattielo be able to

model the isotope effect in the normal state, we use a scalinChange in the®Y NMR Knight shift of A™Ks=(~20Ks/
P ' %2)AE4/E, and hence ABK = (20K /92) ag AMIM

which removes the dependence on the absolute magnitude of
the normal-state pseudogap. Using Ef). for the scaling
function and our experimental, andac, values we show in

Fig. 4(a) that the data cannot be accounted for by assuming
an isotope effect in the normal-state pseudogap with the
same value as that il.. Here the solid curve denotes the

Intensity (Arb Units)

AK, (ppm)

é 50 . calculated oxygen isotope effect and the dashed curve is the
E b § calculated copper isotope effect.
g b 13000 " Recent NQR oxygen isotope effect measurements on
g s — YBa,Cu,0g showed values of $T,T that were slightly
ook X larger for T<350 K in the 80 exchanged sample than for
Hoo 13020020 0 30 40 the %0 exchanged sampt8 Moreover, NQR measurements
Temperature (K) of T,g, WhereT,g is the Gaussian component of the copper

FIG. 4. (a) T dependence of the isotope-induced change in thes'p'n'SD''Trelaxat'orl time, at 100 K showed no d'scem'ble_
Knight shift AK obtained from% NMR measurements for: oxy- ©0XYgen isotope dependence. These results were analyzed in
gen isotope effect in YB&£u,0 with natural coppefopen circles  t€rms of an isotope effect in a spin gap with the same mag-
(Ref. 9], oxygen isotope effect in YB&°Cu,05 (open diamonds  Nitude as the isotope effect i, where, in the authors’ view,
and the copper isotopéilled up triangles. The solid (dashed  the spin gap could possibly be due to a charge-density-wave
curve is the shift expected ife = ar_for oxygen(for coppey. (b) instability opening at 180 K°
Plot of theT dependence on th¥Y NMR shift (left axis and solid First, we wish to emphasize again the close relationship
curve and the 19T, data for Raffaet al. (Ref. 10 against tem-  between®Kg and 17°T;. We have previously shown that a
perature(right axis and open up trianglesThe dashed curve is the good correlation exists betweeiiK . and the 19°T; (Ref.
scaling curve described in the text. 14) where we used ouf’K data and the $7T, of Curro
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et all” and Coreyet al*® We now show in Fig. %) that this  over the entire temperature range. This has been interpreted
correlation is even better when we plot the high-precisionin terms of an isotope effect in the characteristic energy of
1/°T, data of Raffaetall® and our high-precisionr®®  the antiferromagnetic spin fluctuations without any isotope

NMR data. effect in a “spin gap.” This interpretation follows from the
We note that £PT, probes the imaginary part of the dy- expansion ~ of  fPT,T, leading to  19°T,T
namic spin susceptibility abouj=Qur=(,7) while the =g,y (T)/ws(T/T,), where the isotope effect is ims;

NMR shift probes the real part of the dynamical spin susceppaiher thany(T). We may similarly understand why the
tibility at q=(0,08)g. The glmost exact corres_pondence b_e'copperTZG at 100 K does not show an oxygen isotope
tween 13T, and 8K again shows that the SPIN response iSefrectl® Using the Mila-Rice Hamiltonian ance(q, ),
The same afj=(0,0) andg= () ?]rjdhthere is no distinct where the coppef,g predominantly samples the real part of
ower crossover temperature at which a gap opens up at o gynamic spin susceptibility abogt= (7, ), we find in

=(m,m) as is suggested by the peak if°T4T. We previ- o it of €25 1,1/T yo= a,(T) xo(T), wherea, is a con-

ously showed t_hat using the Mila_-Rice Ham_ilt_o_nian an(_j _thestant. Therefore, the absence of an isotope effegt(T)
phenomenological dynamical spin susceptibility of Millis

. . ; ' automatically leads to the absence of an isotope effect in
Monien, and PinesMMP) can lead to a direct correspon- y P

dence between T, and K, provided that the dynamical
spin susceptibility xs(g, ), is proportional to the static spin
susceptibility,y<(T), as originally proposed by MMP. Us-
ing the Mila Rice form factors in the limit o§?>1 leads to

2G-

In conclusion, we have shown that there is no oxygen or
copper isotope effect in the normal state of the underdoped
YBa,Cu,Og superconductor for temperatures above 150 K.
B . ‘ Below 150 K small oxygen and copper isotope effects appear
1T, T=ayxs(T)/ ws((T), wherea, is a constant¢ is the — p ¢ they are of opposite sign while the oxygen and copper
antiferromagnetic correlation length, and; is the paramag-  gotope effects inl, are both positive. This further empha-

non frequency. Takings as being proportional to tempera- gj;65 that the pseudogap is unlikely to be related to super-
ture results in a £#T; being directly proportional to as is conducting pairing correlations.

observed. The precise correspondence betwe®fi;1and

8% shown in Fig. 4b) would lead one to expect the same  We gratefully acknowledge C. Bernhard and M. Cardona
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