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Isotope Dependence of the Spin Gap iYBa;Cu40g as Determined by Cu NQR Relaxation
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We performed high accuracyCu NQR spin-lattice relaxation and SQUID magnetization measure-
ments on'®0 and'30O exchanged YB&w,O; to determine the isotope shift of the temperature of the
opening of the spin ga@™, and the superconducting transition temperat{e, The corresponding
isotope exponents arer- = 0.061(8) and ez, = 0.056(12) which are the same within the error bars
and suggest a common origin for the superconducting and the spin gap. [S0031-9007(98)08085-5]

PACS numbers: 74.72.—h, 74.25.Nf, 74.62.Dh

One of the central and heavily debated questions imf the isotope effect on the spin gap in Y124 and its
high-temperature superconductivity research concerns treomparison with the superconducting gap is a unique
origin of the so-called pseudogap occurring in the normakxperiment to explore the relation between the two gaps.
state of underdoped superconductors [1]. The pseudogapIn this Letter, we report a high-accuracy NQR study
refers to the transfer to higher energy of the densityof the planar®>Cu nuclei, supplemented by susceptibility
of low-energy excited states. One may ask whethemeasurements, 0O and'®O exchanged Y124 samples
the pseudogap is caused by superconducting correlationshich revealed the presence of an isotope effect on both
which develop abové& ., or whether it is an independent 7. and T*. Both isotope exponents, defined as=
phenomenon. In nuclear magnetic resonance (NMR) ane-A In(T*)/A In(m) and correspondingly fdF,, are finite
neutron scattering experiments, the pseudogap reveadmd have, within the experimental error, the same value.
itself as a spin gap. For instance, the Cu spin-latticélhis result is contrary to a recent study [5] which reported
“relaxation rate per temperature unit7,7)"!, increases the absence of an isotope effect in the pseudogap of Y124
with falling temperature and reaches a maximuniat  as determined b{’Y NMR.
which is a proper scale for the temperature dependence of In our *Cu NQR experiments, we measured the tem-
the spin gap. For YB&ZwOg (Y124), the corresponding perature dependence of three NQR parameters®(e
values arel. = 81 KandT* = 150 K. NQR frequency, the spin-lattice relaxation (characterized

Recently [2], we detected anomalies in the temperaby the time constanf;), and the Gaussian component of
ture dependence of several NMR and NQR (nucleathe spin-spin relaxation (time constdhi;), and this for
quadrupole resonance) quantities measured in the norm#l0 and'30 enriched samples. THECu nuclei yield a
state of Y124, for instance in NQR frequencies, Knightsingle NQR signal at the frequency
shifts, line widths, and relaxation times. These anomalies, eQV. 1
which occur around’t = 180 K, are the signature of an vo = 7& 1+ 3 7%, (1)
electronic crossover which involves enhanced charge fluc-
tuations in planes and chains. Because of the proximityvhereeQ is the Cu quadrupole momeri,; is the largest
of Tt and T*, we have argued that the spin gap effectprinciple component of the electric field gradient (EFG)
in Y124 is caused by a transition due to a charge densitjensor present at Cu site, amdis the EFG’s asymmetry
wave (CDW) instability [3]. Using the-J model and parameter, which is nearly zero in our case.
including electron-phonon interaction, we could, among The spin-lattice “relaxation rate per temperature unit,”
others, explain the strong temperature dependence of th&;7) !, is given by the Moriya formula [6]:
magnetic shift of the planar Cu nuclei, which we had mea-
sured previously [4], and we predicted a dependend&of  (T1T)~" = kp(y*/2u3) > 1A%(@)|x" (@, wo)/wo . (2)
on the isotope mass. Thus, corresponding measurements q
allow one to check the consistency of the CDW model. whereA(q) is the Fourier-transformed hyperfine coupling

NMR/NQR are techniques that can determine theconstant, andy”(q, o) is the imaginary part of the

pseudogap with a precision allowing one to establistdynamic electronic spin susceptibility. The ratgTsg
whether an isotope effect is present or not. Y124, becauggllows from

of its well-defined oxygen stoichiometry and its negligible

oxygen diffusion, is the ideal compound for such a (1/T6)? oc/dqu“(q)Xz(q), (3)
study that requires experimental results not hampered

by reproducibility problems. Therefore, the NQR studywhere y(q) is the static spin susceptibility [7].
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x"(q,w), x(q), and A(q) for the planar Cu are radio frequency pulses. The absolute temperatures of the
strongly enhanced at the antiferromagnetic (AF) wavdwo samples have an uncertainty of at most 0.03 K and the
vector Qar = (w/a, w/a). Therefore, (T T)"' «  temperatures of the two samples differ by less thadrnk.
X"(Qar, wg), and 1/Ta¢ = x(Qar) = 2/7 [, do X  From the observation of th8Cl NQR line width, it was
x"(Qar,w)/w. If the o dependence ofy”(Qar,w) also possible to exclude, within each sample, the presence
is not affected by its temperature variation, except forof temperature gradients larger than 0.1 K. Because of
a scaling factor,(7,7)"! and 1/T,; have the same “slow drifts” during the long measuring times, the error in
temperature dependence. However, a redistribution of theemperature is less th@® K for the final T, result.
spectral density from low to high energies in the excitation We will now present our experimental results and
spectrum, i.e., the opening of a pseudogap, induces taeir analysis. The magnetization curves of the three
reduction of (7,7)~! without affecting sensiblyl /7. samples were measured by field-cooled magnetization
Thus, if present, a reduction of the spin gap induced byneasurements using a SQUID magnetometer and an
the isotope substitution shows up as an increase in thapplied field of 10 G. The resultant magnetization curves
(T,T)"" values without a detectable effect dfiTg. (see insert of Fig. 2) show sharp transitions from normal

We took great care in sample preparation and handlingp superconducting state which is a signature of the good
and in performing the NQR measurements which yieldecdhomogeneity of the samples. The curves yieldla
high-precision data. A Y124 polycrystalline sample wasshift of 7.(18) — T.(16) = —0.47(10) K, and an isotope
synthesized by the solid-state reaction technique which isxponent ofar, = 0.056(12), in agreement withwy =
described in detail elsewhere [8]. X-ray investigations0.076(10), the only result available in the literature [5].
showed that 98% of the sample was phase pure Y124lhe magnetization curves of tHéO exchanged and the
The sample was divided in three parts. One part receivedntreated sample coincide.
no additional treatment; the second and third part were According to Eq. (1), width and shape of an NQR
annealed in®0 and !0, respectively, under exactly the line depend on the EFG distribution, induced by crystal
same conditions. The annealing process was performed inhomogeneity and imperfections, in the sample. The
a sealed ampoule 825 °C and in an oxygen atmosphere NQR lines of all three samples have the same shape and
of 1.3 bar with heating and cooling rates of 10 andwidth which has a low value of 120 to 130 kHz depending
5°C/min, respectively. During the exchange processpn temperature. These facts prove again the high quality
the oxygen atmosphere in the ampoule was refresheand homogeneity of the samples and demonstrate that the
four times. By measuring the weight loss of th&®0  degree of disorder of the samples has not been altered
exchanged sample after back exchange®af with 1°0, by the oxygen substitution process. This latter fact is
we found that thé®O content was 88%. confirmed by the identity of the magnetization curves of

Room temperature x-ray measurements revealed the'°O exchanged and the untreated sample.
small difference in the lattice parameters of the two oxy-
gen exchanged samples. The lattice parameters, given in
A, are 3.8411(1), 3.8717(1), 27.2372(8) for tH®© and
3.8408(1), 3.8718(1), 27.2366(8) for th&® samples.

The NQR measurements were carried out by using a
standard pulse spectrometer. The two oxygen exchanged
samples were inserted into a probe head with two radio
frequency coils which allowed an automatic switchover
of the electronics from one sample to the other. This
procedure minimizes the effect of possible slow drifts of
the characteristics of the electronic apparatus or of the
temperature. Both resonant circuits were damped to ensure
three things: a homogeneous inversion of the NQR line,
a nearly identical performance of both circuits, and the
independence from temperature of the characteristics of

these circuits. For each temperatufe was measured by 19L K . L . L
; ; ; ; 100 140 180
the inversion recovery sequence several times (typically 12 . f X
20 times) to reduce the statistical error and to estimate the 100 200 300
error through the distribution of thE, results. T (K)

To determine the sample temperatures, we insertes'c:iIG L ec i lattice “relaxati . . .
; ; .1. ®Cu spin-lattice “relaxation rate per temperature
K%103 powdgrtrl%tgltple gvfo oxygen suhbstlttf[ted sarr][ple Unit” (T,T)-!, of 0 (s) and 8O (o) exchanged Y124
and measure § QR frequency whose emperature samples. The data are fitted using a modified version of Eq. (4)
dependence is precisely tabulated for thermometric use [9%s described in the text. Inset: Zoom of theT)~' data

This procedure also monitors the heating effects of thearound7*.

5913



VOLUME 81, NUMBER 26 PHYSICAL REVIEW LETTERS 28 BCEMBER 1998

The Cu NQR frequency of thé®O sample,»((18), and T»;(16) = 39.02 us, which are the same values
is shifted with respect to the frequencies of th® and  within 0.1%.
the untreated sample. At 300 K, the values ag¢18) = The fact that théT,7) "' curve for the'®*O exchanged
29.7350(20) MHz and v (16) = 29.7455(20) MHz. The  sample lies higher than the corresponding curve for the
shift is caused by an isotope effect on the lattice parame®O exchanged sample, while both samples have the same
ters whose differences, in isotopic variants, are attributed, implies that from the two samples th exchanged
to the quantum mechanical zero-point displacement andne has a lower value spin gap. The fit of {1g7)"!
to the thermal lattice expansion. We will discuss the  data allows one to extract quantitative informations on the
shift and its temperature dependence elsewhere. isotope effect.

In Fig. 1, we present théT,T)"! results whose gen- Since at present no theoretical derivationTgf exists
eral behavior is consistent with the measurements ofvhich takes into account the presence of the spin gap
Refs. [10,11]. However, we were able to reduce the erand its isotope effect, one must analyze thel’) ! data
rors on the(7,T)"' data to the extremely low values with the help of a phenomenological function. We use
of approximately 0.3%; thus, these data have, to outhe relation
knowledge, the highest accuracy of all measurements A
of this type. The maximum of thé7,7)~! data of (r,7)"' = CT‘“[I - tanﬁ(—)}, (4)
the 80 sample is higher than that of tHéO sample T
and it is shifted to lower temperature. The effect is morewhich is frequently used in describirify data [12] and
evident in Fig. 2 where the difference of thH&,7)"! which is based on a function used by Tranquadaal.
data of the two oxygen exchanged samples is plotf13] to describe properly the dynamic susceptibility data
ted. The fit curve will be discussed below. For con-in the presence of a spin gap, as determined by neutron
trol, we also measure(l',T)"! of the untreated sample scattering measurements. The fadftf ¢, with a = 1,
at four temperatures. As expected, the results are, withitakes into account the high-temperature Curie-like diver-
the error bars, the same as those for #@ exchanged gence of(7T,7)"!, and the hyperbolic tangent describes
sample (Fig. 2). This measurement once again conthe temperature dependent gap. is a measure for the
firms that all the changes in the physical propertieggap and it is the only parameter allowed to differ for the
induced by the oxygen annealing process, have to bevo sets of data. It is important to stress tifét defined
considered as due to the isotope exchange only. Fas the maximum of Eq. (4), and are strictly propor-
nally, we measured, al00 K, T,; for both oxygen tional, so that als@* can be used as a proper parameter
exchanged samples and obtain@g;(18) = 39.00 us  for the temperature scale of the gap.

Equation (4) describes reasonably well the two sets
of (T,7)"! data. In particular, the function successfully
predicts a higher maximum for the sample with a lower
T*. A simultaneous fit of Eq. (4) to the two data
sets yields the parametess= 1.157, A(16) = 246.9 K,
anddé = A(18) — A(16) = —1.31(13) K. The resulting
“spin gap isotope exponent” gy = ax = 0.052(7).
However, the statistical analysis for the fit involving
Eqg. (4) reaches g2 value of only 237 for 68 degrees
of freedom which corresponds to an unacceptably low
confidence level. Thus, Eq. (4) does not describe the data
within the statistical accuracy of the measurements.

Therefore, we have modified Eq. (4) by replacing
the temperaturel’ by the expressiorll’ =T + ay +
a1/T + a»/T?* where each of the three new parameters is
required to have the same value for the two data sets, i.e.,
A is again the only parameter allowed to differ for the two

: — : . sets. The fit now yields g value of 52.4 for 65 degrees
100 200 T(K) 300 400 of freedom, which results in a confidence level ©085.
The partialy? for the '°0 and'80 data are5.9 and26.5,
FIG. 2. The difference of the values for the relaxation rate perespectively, which are also statistically reasonable values.
temperature unit (taken from Fig. )(7,7)"", plotted against  Thus, the modified Eq. (4) is a good description of the

temperature ). The data are fitted by the modified Eq. (4). -1 ;
The ¢ symbols present the corresponding difference for thetemperature dependence @4 T)"" in the normal phase

untreated and th€0 exchanged samples. Inset: Magnetization®f Underdoped cuprates. The best value offheshift is
plotted against temperature for the untreatey) the '°O (+),  0.96 K resulting in an isotope exponesf- = 0.061(8).
and the'3O (x) exchanged Y124 samples. We also tried a second and a third degree polynomial
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