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We report the observation of resolved Y NMR lines due to Zn nearest neighbors (nn) in

YBaq(Cu& „Zn„)sOe,e4. Comparison of the Curie dependence of their frequency shifts with sus«p-
tibility data allows us to conclude that the Zn induced local moments reside on the nn Cu orbitals and
to explain the absence of resolvable nn lines for x = 1. Analysis of the magnitude of the long-range
spin-density oscillations monitored by the Y NMR width indicates that the reduction of T, might
be connected with magnetic efFects. For 2:=0.64, the low T increase of the spin-lattice relaxation
rate of Y nuclei near Zn is shown to be governed by the local moment dynamic susceptibility.

PACS numbers: 74.72.Bk, 74.25.Ha, 74.62.Dh, 76.60.Cq

Substitutions in cuprates present the opportunity for
controlled study of impurity effects in the metallic cor-
related CuOs planes. To achieve this aim, NMR studies
of near neighbor resonances of the impurity should be of
considerable interest, as has been demonstrated in clas-
sical magnetic dilute alloys such as Cu-M (M: 3d ele-

ment) [1]. Such studies have been crucial in answering
fundamental questions related to the impurity: magni-
tude of its coupling with the carriers, Kondo effect, T
dependence of local moment susceptibility, and fiuctua-
tion time, etc. Similar work in cuprates should also offer

a novel insight on the magnetic properties of the metallic
state, which are still poorly understood.

Zn substitution in YBaz(Cut „Zn„)sOs+, (Os+ .Zn)
is of particular interest, as it strongly modifies the phase
diagram with varying oxygen content [2]. T, is reduced

by Zn and a "spin-glass-like" region of static magnetism

[3] appears between the antiferrornagnetic (AF) and the
superconducting compositions. While the q = 0 planar
susceptibility g, far from the impurities is hardly affected

[2], the magnetic pseudogap at the AF wave vector, qAF
= (m, m) disappears with Zn doping [4]. Previous ssY

NMR data in Os~2, .Zn [2] and ssY and ssCu NMR data
in 07.Zn [5,6] indicate that Zn induces local moments in

the CuOz planes, at variance with ssCu NMR in 07.Zn

by Ishida et aL [7]. From ssCu NMR in YBazCu40s. Zn,
Zheng et aL [8] argue for the formation of local moments
on orbitals orthogonal to Cu(d~~ „~)-O(2p ).

In this Letter, we examine in detail the eEect of Zn

on ssY NMR, in oriented powders of Os+~..Zn with 0.5%
& y & 4%, for x = 0.64 and 1. In the dilute samples,
for z = 0.64, we detect Y near neighbor (nn) resonances,
which enables us to study, for the first time, the magnetic
modifications induced by Zn in its vicinity. Among var-
ious issues, we confirm the formation of local moments
and show that they predominantly lie on the Cu(d ~ „~)-
O(2p ) orbitals. Finally, from an analysis of the long
distance spin polarization for x = 1, we deduce that the

coupling of the local moments with the conduction band
might be sufficient to induce pair breaking of the super-
conducting carriers.

The samples were prepared by standard solid-state re-

action techniques as described elsewhere [9]. The ssY

NMR signal was observed in a field of 7.5 T (v = 15.64
MHz) by standard pulse NMR techniques. The ssY shift
was measured with respect to a YCls solution.

The 100 K line shapes for Os+, Zn samples are shown

in Fig. 1. Various facts allow us to ensure that the satel-
lite resonances observed in Os s4.Zn are not due to spuri-

ous phases: (i) Their position depends on the sample ori-

entation with respect to the applied field, (ii) the relative

intensity of the outer line increases with Zn content, while

its position is unchanged, and (iii) no structure appears
in the line shape of 07.Zn at frequencies of the satel-
lites in Os s4.Zn, while this sample is obtained merely by
vacuum reduction of 07.Zn at low T (( 450'C) . This
further reveals a marked difference between the magnetic
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FIG. 1. Spectra for Oe+ ..Zn (T=100 K, H~ ~ab). Note that
for 06.64.Zn~y„ the spectrum was obtained with a fast repe-
tition rate, enhancing the satellites with respect to the main
line due to their shorter Tq. The dotted line is a fit to three
Gaussians.
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TABLE I. The experimental intensities (in % of total spectral intensity) of the satellites sre
compared with those expected from a statistical occupation of the Cu(2) sites by Zn, assuming full
substitution on these sites, i.e., c = 1.5y.

y (%)
0.5

1
2
4

Sat. 1
6+2

13+2
20+5
20+10

Sat. 2
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First/third nn
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FIG. 2. Variation of AK of the satellites and the main line
in Oo.o4.Zni%. Full (open) symbols represent data for H[[c
(H[[ab). Dotted lines for satellite 1 sre fits with Eq. (1) (see
text). The solid lines for the main line sre the data for pure
Oo o4 [15]. Inset: schematic of the neighbors of the Zn site
with Y nuclei contributing to the satellites being indicated.

properties of the two sample compositions.
Experimental line shapes similar to that of Fig. 1 were

fitted with a sum of three Gaussians. To make site assign-
ments, data were taken for repetition times much longer
than the spin-lattice relaxation times Ti. The intensities
of the satellites were compared with that expected for
statistical single occupancy of one neighboring shell by
Zn for an in-plane concentration c [that is 8c(1 —c)~ for
the first shell, 16c(1 —c)is for the second, etc.]. The in-

tensity (Table I) of the outer line is consistent with that
of the first or the third nn shells assuming that all the
Zn are substituted in the planes (c = 1.5y). We are in-
clined to believe that the outermost line is due to the
first nn since, as we will show later, it experiences the
strongest effect on the T variation of frequency shift b,K
and Ti. The situation for satellite 2 is less clear, but for
dilute samples its intensity is consistent with the total
occupancy of the second and third nn with the first nn
unoccupied by Zn.

The variations of b,K(T) for the various lines are plot-
ted in Fig. 2. For the main line, b,K(T) was found inde-
pendent of Zn content confirming the absence of carrier
density variation with Zn substitution [2], contrary to the
arguments of Ref. [7,10,11]. b,K of satellite 1 becomes
more negative as T decreases, indicating a negative hy-
perfine coupling with the Curie susceptibility y, due to
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FIG. 3. (TiT) ' versus T for the satellites and main line
in Oq. Zn and 06.64.Zn. The solid lines are the data for the
pure samples [15]. Inset: data for satellite 1 which is seen to
be enhanced with respect to that for the main line.

local moments, which will be analyzed shortly.
To measure Ti on the satellites and the main line we

took spectra for various repetition rates of the x/2 —x
pulse sequence. For Qs s4.Zn, the peak intensities of the
fitted spectra (Fig. 1) allowed us to determine the Ti's
of the individual lines (Fig. 3). We found that the outer
line has the shortest Ti while the main line Ti is hardly
affected both for 07.Zn and Os s4.Zn. This result contra-
dicts that of Dupree et al. [5] who saw a sizable increase
of the ssY relaxation rate in Or. Zn at room temperature.

These data lead us naturally to point out that the Zn
induced local moments reside in the immediate vicinity
of the nonmagnetic Zn, that is on its four nn Cu or 0
orbitais. Further, we can discriminate between these pos-
sibilities via an analysis of the hyperfine couplings [12].
No sizable fraction of the local moment can reside on
the O(2p ) orbital, as this should yield a positive, rather
than the observed negative, Curie contribution to the
first nn NMR line shift (Fig. 2). In undoped Os+, the Y
spin polarization arises from its coupling with the small
fraction of holes on the O(2p ) orbitals due to their co-
valency with the Cu(3d, i „~) holes, while the spin po-
larization of the doped holes is negligible [12]. So, if the
local moment holes were predominantly on the O(2p~) or-
bitals, their hyperfine coupling should be about an order
of magnitude larger than in the undoped material, con-
trary to the analysis performed below. For this we use
here susceptibility data [3] on sintered pellets (grinding
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induces extrinsic Curie terms [13]) for which particular
care was taken to get perfect reaction. These data report
the lowest y, = C /T to date for full oxygenation. |
was found to increase by a factor of 6 from 06 9q.Zn4%
to Os s4..Zn4y. The values for C, 1.58 and 9.2 x10
emu K/mole Zn, correspond to efFective moments, p,g =
gp~[S(S+ 1)] ~, of 0.36 and 0.86 p~/Zn.

The first nn Y site has five Cu nn which we assume
are nearly unafFected by Zn, two Cu nn which exhibit
Zn induced Curie magnetism and the nonmagnetic Zn

neighbor. Its ssY shift can be written as
0

0

3
('&o)

Ng 'x
~ 0

6.64

7

b,Ki = (5/8)K, +K, + b'i, (1)

where index o; refers to a principal direction, K, is the
spin shift of the main line, K, =2C, /T is the Curie
contribution to the spin shift due to its two first nn Cu
with a moment, and bg is the chemical shift. The least
squares fit to the data in Fig. 2 allows us to deduce the
two unknown parameters C, and b& . The chemical shift
values found bi (bi~) =100 (140) 6 10 ppm (parts per
10s) are only slightly different from bi (bi~) =165 (150)
ppm found in the pure material [14]. The values of |~

are 13100 (11600) 6 500 ppm K for H~~c (H~~ab) [15].
Using p~K, = 2Hhgy, /4 where y, is the Curie suscepti-
bility per Zn, we get the hyperfine field Hhp = 3.2 kG/Cu
which is slightly larger than for the pure material (= 2

kG). Such an increase of Hhr could result from a small

change of the Cu(3d~~ z~)-O(2p~) hybridization due to
a displacement of the first nn oxygen to Zn. This should
not occur for more distant 0 orbitals, so that Hhq should

be that of the bulk material, for the Y sites which con-

tribute to satellite 2. Furthermore, the Y second nn to
Zn has only one Cu nn local moment, so that the Curie
contribution to its shift is expected to be about 2(3.2/2)
times smaller than for satellite 1, in agreement with the
data. However, a complete analysis would have to in-

clude the induced RKKY-like spin polarization on the
second and further Cu nn to Zn. Finally, with the low

value of C~ found for x = 1, the expected ssY shift for
the first satellite is too small to be resolved. The tail
in the high frequency side of the signal for 07.Zniy; in

Fig. 1 should not be mistaken for a satellite resonance,
as it was not found to scale with Zn content. This tail
could often be seen even in pure samples when perfect
oxygen stoichiornetry is not achieved [12].

Let us now consider the long-range effect of these local
moments, which are reflected by a distribution of 6K
for the Y sites, dependent on their position relative to
the local moments. As evidenced for Os+~.Zn4y [2], the
induced line-broadening h, H of the main Y line also has
a Curie T dependence. For 07.Zn, we used for 6H twice
the half width on the low frequency side of the line, to
avoid the influence of the uncontrolled high frequency
tail in the spectra. In order to quantify the long-range
effects, we looked at the Zn concentration dependence
of TAH/Hp. As displayed in Fig. 4, it initially increases
abruptly and the overall y dependence is rather sublinear.
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FIG. 4. Curie constants in the NMR linewidth (left axis)
versus Zn content y in 07. The solid line is a guide to the
eye. Average iinewidth (main line) for 120 K ( T ( 200 K
(right axis) as a function of y in Oz and 06 64.

In a 2D electron gas a local moment perturbation (S,)
induces at large distances r a spin polarization

n(r) = Ar cos(2kFr)(S, ), (2)

where A involves the coupling to the carriers. Following
Ref. [16], the full width at half maximum of the NMR
signal, for a concentration c of local moments per unit

area, is given by

AH = 47rcAHhf (S,). (3)

Deviations from linearity should occur at large e when

the field distribution reflects the weight of the nn shells,

for which the asymptotic limit does not apply.
In a recent experiment on Or. Znsy;, Walstedt et at [6].

also detected a broadening (T6H/Hp = 0.27 K) of the
planar site Cu NMR line for Hp~~c. In view of the large
differenc in the hyperfine fields for ssY and ssCu, these
data are consistent with our result for ss Y (TAH/Hp =
0.003 K per plane) in Or. Zn4y [17]. If we assume that
the local moment spin S couples to the Cu hole spins

on its first nn through an efI'ective exchange interaction

J,g, in a noncorrelated electron gas picture, we expect
A = a J,sp(eF)/7r, where a is the unit cell area, and

p(eF) is the Fermi level density of states per unit cell per
spin direction. Using the data for y, and Eq. (3) for the
Curie contribution to the ssY NMR width, we determine

J,sp(eF) = 0.45 6 0.2 for a Cu02 plane [18]. For p(eF) =
1.5 states/eV-Cu-spin direction, we get J,g= 0.3 + 0.15
eV. In the Abrikosov-Gorkov pair-breaking theory [19],
the change in T, is AT, = 0.14vrzcp(eF) J~&S(S+ 1)/k13.
This yields ET,/e = 100 K which, considering our crude

analysis, is in fair agreement with our experimental value

of 800 K. Walstedt et uL [6] reached opposite conclusions

mainly as their value for y„apparently dominated by
extrinsic phases, is 30 times larger than that of Ref. [3].

Determination of the long range effects for 06 64.Zn is

somewhat more dilBcult, as the satellites influence the

NMR spectra. However, a lower estimate of these effects

could be obtained by considering the fitted value of 6H
for the main line, and comparing it to the data for 07.zn
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in a range between 120 and 200 K. The main result (Fig. 4
right axis) is that the linewidths are quite similar for the
two oxygen contents, which might be explained by the
opposing variations of (S,) and p(~i;) [20].

I et us finally comment shortly on the spin-lattice re-
laxation rate, which is given by

1/(TiT) oc ) A (q)y" (q, ~)/~, (4)

where A(q) is the coupling to the magnetic fluctuations
at wave vector q. The 0 and Y nuclei are at symmetry
positions with respect to Cu so that A(qAF) = 0, and the
fluctuations at qp, F are filtered at these two sites. Con-
sequently, in Os+, the T dependence of (TiT) i for Y
and 0 is difFerent from that of Cu which is dominated by
the fluctuations at qAF [21]. On adding Zn, the symme-
try around the first nn Y is broken and, independently of
any specific local moment effect, an increase in ss(TiT)
could occur on this Y site due to nonzero A(qAF). But
as y"(q = qAF, io) is only weakly dependent on oxygen
content at 100 K in the pure compounds, as shown from

(TiT) data for Cu(2) [21], we would expect similar
Ti's for the first nn of Zn in 07.Zn and Os.s4.Zn. This
is contradicted by the data as we do not find any com-
ponent with a short Ti in the ssY spectrum for 07.Zn.
Moreover, the symmetry of the form factor is unlikely to
be modified for the next nn but (TiT) i for satellite 2
in Os.s4.Zn is found to be increased with respect to the
main line. These results imply that the enhancement of
Ti is not due to the local modification of the magnetic
symmetry of the site, but that it is dominated by the lo-
cal moment fluctuations. Such a contribution should be
given as (TiT) oc y,r where r is the spin lifetime. We
find that (TiT) increases faster than T i in Os.s4.Zn,
and therefore that the fluctuation rate r i slows down
at low T, as expected. One might as well deduce that
for 07.Zn the faster dynamics and weaker local moment
might only be detected for T « 100 K.

In conclusion, we have presented here the most com-
prehensive set of data showing the magnetic modifica-
tions induced by Zn on its neighbors. We have demon-
strated that the local moments do not result from holes
trapped on the nn oxygen orbitals, but rather from mod-
ifications of the magnetic properties of the neighboring
Cu holes. The absence of detectable satellite in 07.Zn
samples, in accord with the reduction of the Curie term,
ensures that these modifications decrease with the AF
correlation length of the host material. The use made
here of a simple RKKY analysis of the long distance
spin polarization, and of the pair-breaking formulation
of Abrikosov-Gorkov might not seem appropriate for a
correlated electronic system. However, the deduced ex-
change coupling J,g between the local moment and the

Cu holes has the order of magnitude of that between Cu
spins in the pure material as might be expected on mi-
croscopic grounds. This allows us to conclude that the
magnetic modifications are significant enough to play a
role in the suppression of superconductivity. We think
that the present results open wide a new direction on lo-
cal studies of the magnetic properties of impurity states
in cuprates which should help to test the reliability of
microscopic theories of their metallic state.
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