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Using Ni Substitution and 170 NMR to Probe the Susceptibility x/(q) in Cuprates
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We present Cu@plane!'’0 NMR measurements for Ni-substituted Y#&a50.,. The Ni moment
induces an oscillatory spin density responsible for the broadening of the NMR line. In slightly
overdopedy = 1 compounds, this broadening scales with the Ni susceptibility. In contrast, such a
scaling is not found in underdoped = 0.6 samples. We associate it with thie dependence of
the antiferromagnetic staggered spin susceptibjjityQ.r) intrinsic to the Cu@ planes. Discussion
with respect to**Cu NMR transverse relaxatiorf{;) and neutron scattering data shows that the AF
correlation length¢ is T independent. [S0031-9007(97)03937-9]

PACS numbers: 74.25.Nf, 74.62.Dh

The normal state of higi.. superconductors exhibits a T variation of the 7O linewidth for the underdoped
peculiar magnetic behavior, distinct from that of a normalcomposition. The specific geometry of th&0 nuclei
metal [1]. In the underdoped regime, well abo¥e,  within the planes allows us through extended numerical
the static susceptibilityy(q = 0) shows an anomalous simulations to demonstrate that theD linewidth probes
“pseudogap” decrease with decreasing temperafd.  the amplitude ofy/(Qar) rather thané. Comparison with
Simultaneously, antiferromagnetic (AF) correlations occuf®*T,; shows that is nearlyT independent, in opposition
within the CuQ planes, as evidenced by an enhancemenwith previous analyses. On the contrary, no anomalous
of the imaginary part of the susceptibility’ near the variation of the'’O linewidth is found for the slightly
AF wave vector seen both in neutron scattering [3] andverdoped compounds. This difference contrasts with
3Cu NMR longitudinal relaxation time [4]. These AF the similar relativeT variations of%T,; found for the
correlations might play a crucial role in the mechanismoverdoped and underdoped regime [8] and emphasizes the
of superconductivity in these materials [5]. Thus, theexistence of a qualitative difference between these two
AF correlation lengthé and both the imaginary and the regimes.
real part of the staggered susceptibilityqtr are major In this framework, we have chosen Ni as a local per-
parameters for any coherent description of the cupratesurbation nearly independent of the hole content. Indeed,
No clear experimental agreement on thedependence SQUID measurements show that the Ni susceptibility fol-
of £ and x/(q) is yet achieved. An integral information lows a pure IT Curie law down toT,, with an effective
on x'(q) is available througlf®*Cu transverse relaxation moment per impurityp. = 1.9up for YBCOgg (here-
data (37,5) [6—9]. These data are usually analyzed as arafter Q) and p.iy = 1.6up for YBCO; (hereafter G)
increase of¢ at low T [10], whereas neutron experiments [13]. It contrasts with the case of Zn, for whigh de-
for x” suggest that is T independent in YB&Cwi O+,  creases by a factor of 2.4 fromg@to O;. Most NMR
[3]. No other technique has been used up to now tcstudies on impurity effects have been carried out With
determiney’(q) atq # 0. or®Cu[11,12,14,15]. FOBCu nuclei, the largély; leads

We propose here a new approach to prqig), using to NMR spectra too broad to allow standard NMR Fourier
magnetic impurity substitution effects in the Cuflanes. transform spectroscopy. By contrast, for ¥ nuclei,
The impurity magnetic momergug(Sz) acts as a local Hy¢ is so small that the dipolar and the indirect polariza-
field H(r) o (Sz)8(r), which induces an in-plane spin tion broadenings are found comparable in the case of Ni
polarizations(r) « y'(r){Sz). This polarization may be [16]. These two contributions are therefore hard to sepa-
probed by the NMR of nuclei coupled to the planes:rate. Intermediate between these two cases, hauclei
at r from the impurity, the NMR frequency shiffv «  optimally probe only the induced spin polarization.

Hys x'(r){Sz) is due to the hyperfine couplingy; with The single crystal grain powders were prepared by stan-
the spin density. Hence, the broadening due to thelard solld state reaction techniques. We have performed
shift distribution among the nuclei yields information 7O/ = —) exchange a¥O does not carry any spin. The
on x'(r). We will show here that the use of tHéO  samples were annealed at 5@) for 48 h in a Q (50%
NMR probe allows us, for the first time, a thorough '7O) atmosphere, leading to an enrichment of 8% e
investigation of y/(r). This approach contrasts with per oxygen site. The {samples were obtained by oxida-
the usual impurity studies of the specific propertiestion at 300°C in 'O, atmosphere. The reduction to the
of the magnetic defects [11] and their influence onOgg composition by heating under vacuum was controlled
superconductivity [12]. We find an anomalously largeby thermogravimetric measurements. The powders mixed
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with Stycast epoxy were then aligned by curing il.& T spin polarization proportional tq/(r) is induced. Since
field (c|[H). The critical temperatur&. as determined by the NMR spectrum is a mere histogram of the local
SQUID measurements was found to decrease linearly witfields among all’O nuclear sites, its width represents the
nickel concentration [13]. ThEO NMR spectra were ob- spatial distribution ofy’(r). In a free electron 2D metal,
tained from a standar§ — = pulse sequence, in a field the susceptibilityy’(r) « n(Er) cod2krr)/r? induces a
Hyllc. The!”O NMR shifts were measured with respect to broadening [21]
the water frequencyyy = 43.2524 MHz). The quadrupo- _
lar second order shifts caused by electric field gradients on Avimp = (Arni = Avpue) < n(Ep)iSz)x. (1)
the 3 spin of 170 were taken into account using alreadyWheren(E) is the density of states at the Fermi level.
known quadrupolar parameters [17]. In the central transiAs (Sz) follows a 1/T Curie law for all the samples
tion —3 < » of the NMR spectra, three lines are resolved.considered here, the variation af * Avin, versusT
They correspond to the apical oxygen, the plane oxygerflirectly reflects the quantity:(Er)x in this approach.
and an unidentified one probably due to an intrinsic defaulfVe find this quantity to be nearly constant with
(also seenin [18]). In our samples, the chain site could nowithin our experimental accuracy for;(i samples, as
be distinguished, probably because our enrichment procgresented in Fig. 2 forx = 2%, and already seen by
dure reduces thH0 content of the chains. %Y NMR for Zn substituted samples. The magnitude of
With Ni substitution, we find that th& O planar NMR € = TAvimp mostly determined from the loW-data is
lines are symmetrically broadened for botlCand G. plotted in Fig. 3(a). It scales Ilnearly_wnh concgntratlon
Their position, which represents the intrinsic average spif» as expected from Eq. (1). In this formulation, the
susceptibility of the Cu@planes, remains unchanged. As T variations of TAvin, for Ogs should represent the
the latter is very sensitive to the doping, we conclude tha¥ariation of n(Er). In a Fermi-liquid picture,n(Er)
the density of carriers is not affected by substitution ofshould be proportional tg'(q = 0), and should therefore
Ni. The pseudogap behavior qt= 0, i.e., the decrease decrease at lowl for O because of the pseudogap.
of the static susceptibility with decreasing temperature fofn contrast, we find a strong increase ®fvim, at
O compounds, is not modified either. This confirms!ow T for all Ni concentrations, as shown in Fig. 2 for
that nickel creates only a local perturbation, as already = 2%. This drastic change in th& dependence is
pointed out for the case of zinc [11]. a new strong evidence afon-Fermi-liquid beha_woqof _
The observed widths of the planar oxygen line areunderdoped compoun.ds.. Nevertheless, an osqlllatlng spin
plotted in Fig. 1 [19]. In comparison, th&dependent polarlgatlon occurs within the planes as t.he Ilne_shapes
broadening effects on the apical oxygen line are quitétre still symmetrical. In contrast, if the spin density was
negligible. The dipolar couplings with the Ni moment ferromagnetically polarized by the Ni, tHéO line would
are identical for both sites. The observed broadening€ broadened only on the high frequency side. Therefore,
of the planar line with respect to the linewidth of the any model fory’ must account for an oscillating spin
pure materialA v, is therefore only due to the indirect Polarization and for an increase f(r) with decreasing
coupling with the nickel moment through the Culanes T below200 K.

spin density [20]. Indeed, in presence of impurities, a Neutron scattering data in the underdoped com-
pounds unambiguously show the existence of a peak at
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FIG. 2. Plot of TAvy, for x = 2% where Aviy,;, is the Ni
FIG. 1. Full width at half maximum of the CuOplane'’0O  contribution to the width of the plandfO NMR line (left axis).
NMR line for optimally doped YBa (Cu—.Ni,);O; (right  The largeT-variation found in Qg contrasts with the nearly
axis, upper curves) and YB&Cu;_.Ni,);Os, (left axis, lower  independent values in-O The®Cu 1/T,; data of Ref. [7] are
curves). reported for a pure £ compound (right axis).
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imp 2AM =x )3T x'(nya) from Eg. (3) along thex axis in the Cu@ planes for
to the data is shown. (b) Concentration dependencerof *+"_"| "The |ocal field due to the spin polarization occurring

obtained from phenomenological fits withy;,, = a/T? for e ; ; :
YBa,(Cu;—,Ni,);O¢¢ (black circles, left axis). The different 82 fﬁg’ﬁg ﬁgz;’gg?ss;&;epieslfjgtiq I: gj)l)is Isneéz)t?esgggglngeld
broken lines correspond to simulated NMR widths for the oy tang wheng increases. but decreases in magnitude
antiferromagnetic Gaussian model gf(r) given by Eg. (3) ’ ’
for different values of¢.

dominantly coupled to the spin polarization of their two
Qar = (m,m) in the imaginary part of the susceptibility copper neighbors [17,22]. The AF spin polarizations on
x"(q) [3], in agreement with the anomaloliglependence these two copper neighbors are nearly opposite. The re-
of the ®*Cu NMR longitudinal relaxation data. As for sulting polarization on th&O site is the addition of these
x", one might assume a response peakeQat for x’  copper polarizations, and hence is strongly reduced and has
such as [14]: a totally differentr dependence. This is illustrated, for in-
) S EN - stance, for the oxygens on tleaxis in Fig. 4(b). From
x'(@) =4my <;> exd—(a — Qar)’é7]. (D  this figure, the corresponding broadening of @ line
where¢ is the AF correlation length, andthe CuQ unit ;hould b'e less sensit.ive to \_/ariati_ons gbf. Simulations_
cell. Then, by inverse Fourier transform, indeed _y|eld symmetric gnshlfteq I|_nes with a broadening
, . et o almost independent of, in a realistic range of values
x'(r) = x (=1 exp(—r7/4¢7), (3)  petweenl.5a and4a, as shown in Fig. 3(b). Thus, in this
wherer = n,a + n,b represents the position of the cop- model, the broadening of tHéO probe is not very sensi-
per sites in the Cu planes, andy™ is the amplitude tive to ¢ [taking a Lorentzian shape fot'(q) gives similar
of the oscillation. The oscillatory behavior of the po- results]. Hence, the observédariation of7’ A vy, repre-
larization due to the prefactdr1)"*" can be seen in sents only thd dependence of the prefactgf. In Fig. 3,
Fig. 4(a) wherey' is plotted along the axis. the concentration dependence of the experimeitat;,,,
Using Eq. (3), we can perform numerical simulations ofis compared to that of the simulated width. The agreement
the NMR line shape. We used the formalism developeds consistent with this AF model.
in Ref. [21], with60 X 60 planar unit cells and randomly  For zinc-substituted samples [23], we find similgyr
distributed magnetic moments. In order to test this modely, and hole doping dependences ©Av;,,. The local
we have first simulated NMR line shapes for a hypothetelectronic defect structure is known to be very different
ical probe coupled to the spin density occurring only onfor the “magnetic” Ni and the “nonmagnetic” Zn. Thus,
one copper site, without considering the specific case ahe O linewidth is not sensitive to the microscopic
70. These simulations give nearly unshifted symmetri-electronic state of the defect and probes ititeinsic y’
cally broadened lines. Their line shape is intermediate befor the pure compound.
tween a Gaussian and a Lorentzian. The broadening is The Gaussian transverse relaxation raté,& of ©*Cu
naturally found to scale linearly withi, which represents also probesy/(r), as it is attributed to the indirect cou-
the spatial extension of the AF spin polarization in thispling betweerf>*Cu nuclear spins through the spin polar-
model. This is seen in Fig. 4 when comparifig= 3a ization within the planes [6]. In £, the values ofl /T,
and¢ = 5a. However, previous analyses of the hyperfing[7] are found to increase with decreasifigas seen in
coupling of the planal’ O nuclei have shown that these are Fig. 2. A computation for the same Gaussian shape of
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