
PHYSICAL REVIEW B 1 FEBRUARY 2000-IIVOLUME 61, NUMBER 6
NMR study of magnetic and nonmagnetic impurities in YBa2Cu4O8
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We report89Y and 17O NMR measurements on YBa2Cu4O8 doped with Ni and Zn impurities to investigate
the effect of magnetic and nonmagnetic impurities on superconductivity and on the normal state. We find that
Zn induces extra NMR peaks in both the89Y and 17O NMR spectra attributed to nuclei near the Zn impurity
while the Ni moment washes out the NMR signal from nuclei near the Ni impurity. The89Y NMR shift from
89Y sites nearest neighbor and next-nearest neighbor to the Zn impurity can be modeled in terms of a Curie-like
NMR shift from Cu sites adjacent to the Zn impurity. However, the temperature dependence of the NMR
linewidths and modeling of the NMR spectra are inconsistent with a commensurate spin-density oscillation
about a local moment induced by Zn or about the Ni moment. We find that the normal-state pseudogap is very
locally suppressed over a range of just one lattice parameter.
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INTRODUCTION

While high temperature superconductivity research
been ongoing for over thirteen years, there is still cont
versy surrounding the effect of magnetic Ni and no
magnetic Zn impurities in the cuprates.1–7 The underlying
antiferromagnetic correlations in the superconducting Cu2
planes makes the understanding of the effect of magnetic
nonmagnetic impurities crucial for the development of the
ries to describe superconductivity in the high temperat
superconducting cuprates. For example, it was observed
Tc is decreased much more rapidly by Zn than Ni
YBa2Cu3O72d which resulted in Zn being described as
superunitary scatter and Ni being described as a B
scatterer.1 However susceptibility measurements on Zn a
Ni substituted YBa2Cu4O8 and La12xSrxCuO4 show that Ni
and Zn depressTc by the same amount.8,9 Furthermore,
muon spin rotation measurements ~mSR! on
Y12xCax(Cu12zZnx)3O72d and La22xSrxCu12zZn2O4 have
clearly shown that Zn is a unitary scatterer4 in both the under
and overdoped regions. This discrepancy may be trivia
due to Ni only partially substituting for Cu in the CuO2
planes of the YBa2Cu3O72d superconductor.10,11

The effect of these substituents on the normal-state p
erties is equally confusing. Previous89Y nuclear magnetic
resonance~NMR! measurements on YBa2~Cu12zZnz)O72d
have been consistently analyzed in terms of a Curie-like c
tribution from the Cu sites nearest neighbor to the
impurity.2 This Curie-like contribution was attributed to a
induced local moment observed inmSR ~Ref. 6! and suscep-
tibility measurements2 on YBa2~Cu12zZnz)3O72d and exist-
ing up to, and above, room temperature. However, rec
mSR measurements on a series of YBa2~Cu12zZnz)4O8
samples with different Zn contents found no evidence for
additional local moment induced by Zn which is discernib
above the background.7 Susceptibility measurements o
good-quality YBa2~Cu12zZnz)3O72d samples indicate tha
there is no local moment induced by Zn for temperatu
PRB 610163-1829/2000/61~6!/4319~7!/$15.00
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>150 K.12,13 However, the susceptibility data indicate th
development of a Curie-like term associated with Zn for te
peratures less than 150 K. Measurements of the17O NMR
linewidth on YBa2~Cu12zNiz)O72d ~Ref. 14! and63Cu NMR
linewidth on YBa2~Cu12zZn!O72d ~Ref. 15! samples have
been analyzed in terms of a commensurate spin density
cillation induced by the Ni or Zn impurities where the exte
of this oscillation is determined by the antiferromagnetic c
relation length. However, attributing the temperatu
dependent NMR linewidths to a spin density oscillation h
recently been questioned.9

In this paper we report89Y and 17O NMR measure-
ments on YBa2~Cu12zZnz)4O8, YBa2~Cu12zNiz)4O8 and
YBa2~Cu12zNiyZnz2y)4O8 superconductors and address t
above issues.

The underdoped YBa2Cu4O8 compound is an ideal high
temperature superconductor for investigating the effect
impurities because, unlike YBa2Cu3O72d , it is stoichio-
metric with a fixed oxygen content. In underdope
YBa2Cu3O72d with a hole concentration similar to that o
YBa2Cu4O8, the effect of oxygen disorder is to asymmet
cally broaden the NMR resonance. We show below that
YBa2~Cu12zZnz)4O8

89Y NMR spectra contain three peak
similar to those observed in YBa2~Cu12zZnz)O6.64 and that
17O NMR spectra are consistent with a Curie-like contrib
tion from Cu sites nearest neighbor to the Zn impuri
However 89Y and 17O NMR measurements on
YBa2~Cu12zNiz)4O8 indicate a significant broadening from
89Y and 17O near the Ni impurity and a broadening comp
rable to that of Zn for sites away from the Ni impurity. Th
cosubstitution of Zn and Ni clearly shows that the drama
decrease inTc is not related to magnetic moments or a loc
suppression of the antiferromagnetic spin correlations. F
thermore, the results are inconsistent with a commensu
spin density oscillation about either the Zn or Ni substitue
with an extent determined by the antiferromagnetic corre
tion length. Our results indicate an urgent need to reas
4319 ©2000 The American Physical Society
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theoretical scenarios based on Zn and Ni substitution in
superconducting cuprates.

EXPERIMENTAL DETAILS

YBa2~Cu12zZnz)4O8, YBa2~Cu12zNiz)4O8 and
YBa2~Cu12zZnz/2Niz/2)4O8 ceramic samples were synth
sized from a stoichiometric mix of Y2O3, Ba~NO3!2, CuO,
NiO, and ZnO after decomposing in air at 700 °C for 1
The samples were sintered in 60 bars O2 at 930 °C for 6 h,
940 °C for 24 h, and 940 °C for 48 h. Th
YBa2~Cu12zNiz)4O8 and YBa2~Cu12zZnz/2Niz/2)4O8 samples
were sintered for a further four times at 940 °C for 48 h
ensure complete impurity homogeneity. X-ray diffractio
~XRD! measurements showed no evidence of impu
phases. AC susceptibility was used to measure theTc values.

Samples for17O NMR were 17O exchanged in 10%17O
enriched O2 at 700 °C for 6 h. The samples were then ma
netically aligned at 1 T in a resin and the alignments wer
confirmed by XRD. The alignment was required because17O
has aI 55/2 nuclear spin and hence a quadrupole momen
the YBa2Cu4O8 powder the Zeeman and quadrupole inter
tions result in a broad NMR powder pattern while measu
ments on crystals with the magnetic field parallel to t
c-axis result in well-defined peaks and four well-remov
satellite peaks.

17O NMR measurements were performed at temperatu
from 100 to 300 K using a continuous-flow cryostat in
magnetic field of 8.45 T where thec axis was parallel to the
applied magnetic field. The spectra were obtained using
90°-t-180° pulse sequence where the 90° pulse width wa
ms. The time delay between each pulse sequence,D0 , was
varied from 50 ms to 5 s to investigate different spectra
components with different spin lattice relaxation rate
1/17T1 . Small values ofD0 saturate spectral componen
with 17T1.D0 . The spectra were referenced to H2O.

89Y NMR magic angle spinning~MAS! measurements
were made between 130 and 350 K and a rotor frequenc
.2.5 kHz using a Varian Unity 500 spectrometer and
11.74 T superconducting magnet. The advantage of MA
that it can significantly reduce the NMR linewidth by redu
ing the spin-spin broadening. The 90°-t-180° pulse sequenc
was used witht being set to one rotor period. The NM
shifts were referenced to a 1 M aqueous solution of YCl3.

RESULTS AND ANALYSIS

We show in Fig. 1 thatTc is rapidly and equally de-
pressed by Ni, Zn, or Ni:Zn substitution in YBa2Cu4O8. Here
we plotTc against Zn content for YBa2~Cu12zZnz)4O8 ~open
down triangles!,9 YBa2~Cu12zNiz)4O8 ~open up triangles!,9

and YBa2~Cu12zZnz/2Nrz/2)4O8 ~filled circles!. This similar
behavior indicates that the pair-breaking mechanism does
depend on a Ni magnetic moment or a possible local s
pression of the antiferromagnetic correlations about the
impurity as previously suggested. We also show in Fig
that the equal depression ofTc by Ni and Zn impurities is not
limited to the YBa2Cu4O8 compound but is evident also i
La12xSrxCuO4. This important result is little recognized i
the field and needs to be strongly emphasized. It is consis
with the interpretation ofmSR data where Zn and Ni wer
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both described as unitary pairbreakers in a supercondu
with a dx22y2 order parameter.4 We show in Fig. 1 that the
Tc suppression can be fitted to the Abrikosov-Gorkov eq
tion ~solid curve! in a manner similar to that for
Y12xCaxBa2~Cu12zZnz)3O72d samples.4 The more rapid re-
duction in Tc in the case of YBa2Cu4O8 reflects the under-
doped state of this compound.16,17

We first consider the89Y and 17O NMR spectra from
YBa2~Cu0.9825Zn0.0175!4O8 and show below that the data ca
be interpreted in terms of a Curie-like spin susceptibil
arising from only those Cu sites nearest neighbor to the
impurity. It can be seen in Fig. 2 that the89Y NMR spectra
display three peaks with a temperature-dependent shift. H
we present89Y NMR spectra from YBa2~Cu0.9825Zn0.0175!4O8
at ~a! 132 K, ~b! 192 K, ~c! 220 K, and~d! 293 K. The
appearance of three peaks is consistent with89Y NMR mea-
surements on YBa2~Cu12zZnz)O6.64 by Mahajan et al.;2

however, the peaks are sharper in the impurity substitu
YBa2Cu4O8 samples because of the MAS technique and
highly ordered state of this compound. The three peaks in
89Y NMR spectra from YBa2~Cu0.9825Zn0.0175!4O8 shown in
Fig. 2 also have different89T1 values as previously found b
Mahajan et al. from 89Y NMR measurements on
YBa2~Cu12zZnz)O6.64. This is apparent in Fig. 3 where w
plot 89Y NMR spectra from YBa2~Cu0.9825Zn0.0175!4O8 at 133
K with ~a! D0510 s and~b! D0560 s. There is a significan
change in the intensities of the satellite peaks relative to
central peak. We show in Figs. 2 and 3 that the89Y NMR
spectra can be fitted to three Gaussians line shapes~dashed
curves!. The resultant peak positions are plotted in Fig. 4
the main peak~open circles!, first satellite~open down tri-
angles!, and second satellite~open up triangles!. It can be
seen from the inset to Fig. 4 that the linewidths consisten
increase when going from the main peak to the second
ellite peak.

The 89Y NMR shifts from all three peaks shown in Fig.
clearly have different temperature dependencies. We sho

FIG. 1. Plot of theTc against impurity concentrationz for
YBa2~Cu12zZnz)4O8 ~open down triangle! ~Ref. 9!,
YBa2~Cu12zNiz)4O8 ~open up triangle! ~Ref. 9!, and
YBa2~Cu12zNiz/2Znz/2)4O8 ~filled circle!. Inset: Plot ofTc against
impurity concentrationz for La1.85Sr0.15Cu12zZnzO4 ~open down
triangle! and La1.85Sr0.15Cu12zNizO4 ~open up triangle!. The solid
curves are obtained from the Abrikosov-Gorkov equation.
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Fig. 4 that the89Y NMR shifts can be modeled in a mann
similar to that for YBa2~Cu12zZnz)O6.64 by Mahajanet al.
with satellite 2 originating from89Y nearest neighbor to the
Zn impurity, satellite 1 originating from89Y next-nearest
neighbor to the Zn impurity, and the main line originatin
from all other89Y sites. To show this, we first note that th
NMR shift as deduced from the Mila-Rich Hamiltonian18 can
be expressed as19

K5

(
j

Aj

gmB
xs1s, ~1!

whereAj are the hyperfine coupling constants~negative for
89Y), g is the Lande´ factor,mB is the Bohr magneton,xs is
the static spin susceptibility per CuO2 plane unit, ands is the
temperature-independent chemical shift. It has previou
been shown that89Ks , 17Ks , and 63Ks all have the same
temperature dependence and within the Mila-Rice model
89Y NMR interaction is via transferred hyperfine coupling
the spins on the eight nearest-neighbor Cu while the17O
NMR interaction is via transferred hyperfine coupling to t
spins on the two nearest-neighbor Cu atoms. The temp
ture dependence of the NMR shift in underdoped cuprate
typified by the89Y NMR spectra from YBa2Cu4O8 plotted in
Fig. 4 ~solid curve! where the decrease in the spin susce
bility has been attributed to a normal-state pseudogap
disappears at higher hole concentrations,p, greater than
;0.19.

FIG. 2. Plot of the YBa2~Cu0.9825Zn0.0175!4O8
89Y NMR MAS

spectra at~a! 132 K, ~b! 192 K, ~c! 220 K, and~d! 293 K. The
dashed curves are fits to the data as described in the text.
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In the model of Mahajanet al. the NMR shift for the main
line, 89K, the first satellite,89K1 , and the second satellite
89K2 , can be written as

89K589Ks1
89s, ~2a!

89K15
7

8
89Ks1

89C

T
189s, ~2b!

89K25
5

8
89Ks1

2 89C

T
189s, ~2c!

where 89Ks is the bulk Knight shift, 89C is the constant
describing a Curie-like temperature dependence,T is the
temperature, and89s is the temperature-independent chem
cal shift. We show in Fig. 4 by the dashed curves that Eq.~2!
does describe the data. It should be noted that the inclu
of only a Curie-like temperature dependence from the nea
neighbor Cu sites implies a very local suppression of
normal state pseudogap. We used89Ks from YBa2Cu4O8 for
the bulk Knight shift and a bulk chemical shift of89s
52165 ppm. We note that89s52165 ppm is within the
range of experimental values20,21 and is the value de-
duced from a recent study of89Y and 63Cu NMR data.22 The
best fit is obtained with89C5(1190061000) ppm K and
89s52153 ppm from the nearest-neighbor site a
89s52176 ppm from the next-nearest-neighbor site. T
Curie-like prefactor is comparable to that obtained from u
derdoped YBa2~Cu12zZnz)O6.64 single crystals ~13100
ppm K for Hic and 11600 ppm K forHiab).

FIG. 3. Plot of the YBa2~Cu0.9825Zn0.0175!4O8
89Y NMR MAS

spectra at 132 K andD0 of ~a! 60 s and~b! 10 s. The dashed curve
are fits to the data as described in the text. Also shown~c! is the
expected spectrum if Zn induced a local moment on the Cu a
nearest neighbor to the Zn impurity and the induced local mom
also caused a spin density oscillation as described in the text.
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4322 PRB 61G. V. M. WILLIAMS, J. L. TALLON, AND R. DUPREE
Mahajan et al. attributed the satellite peaks in th
YBa2~Cu12zZnz)O6.64

89Y NMR spectra to an induced loca
moment on the four nearest-neighbor Cu sites to the Zn
purity. In this interpretation, a local moment can be dedu
from 89C by noting that for a local moment,xs in Eq. ~1!
reduces toxs5p2/(3kBT) wherekB is the Boltzmann con-
stant andp is the magnitude of the local moment. Insertin
this xs into Eq. ~1! givesp5(3gkB

89C/u89Au)1/2 where 89A
is the hyperfine coupling constant. To obtain an estimatep
within the Mahajanet al. interpretation we use the bulk89A
value of 89A520.39 T ~Ref. 19! and from 89C
511900 ppm K we obtainp50.52mB and hence a local mo
ment per Zn atom of 1.04mB /Zn. The deduced local momen
is comparable to that found by Mahajanet al. from
susceptibility measurements on YBa2~Cu12zZnz)O6.64
(0.86mB /Zn). This, and the excellent fit to the89Y NMR
shift of the peaks in the YBa2~Cu12zZnz)4O8

89Y NMR
spectra, would appear to provide support for the Zn-indu
local moment model. However, as mentioned earlier, rec
mSR measurements on YBa2~Cu12zZnz)4O8 found no evi-
dence of a local moment induced by Zn over and above
intrinsic moment present in the pure compound. Furth
more, susceptibility measurements deduce widely differ
values for the induced local moment ranging from 0
;1mB /Zn.2,13,15,23These conflicting results indicate that fu
ther experimental and theoretical research on this issu
required. We speculate that a final picture will probably
corporate two ideas: ~i! the Curie-like term does not deriv
from a local moment; and~ii ! the Zn-induced term is asso
ciated with the normal-state pseudogap,12 disappearing at

FIG. 4. Plot of the89Y NMR shift against temperature for th
YBa2~Cu0.9825Zn0.0175!4O8 main peak ~open circle!,
YBa2~Cu0.9825Zn0.0175!4O8 first satellite ~open down triangle!,
YBa2~Cu0.9825Zn0.0175!4O8 second satellite ~open up triangle!,
YBa2~Cu0.9825Ni0.0175!4O8 main peak ~open diamond!, the
YBa2~Cu0.9825Zn0.00875Ni0.00875!4O8 main peak ~filled circle!, and
YBa2~Cu0.9825Zn0.00875Ni0.00875!4O8 first satellite ~filled down tri-
angle!. Also included is the89Y NMR shift from YBa2Cu4O8

~solid curve! and the 17O NMR shift from
YBa2~Cu0.9825Zn0.00875Ni0.00875!4O8 ~open square! with Hic. The
dashed curves are fits to the data using the model described i
text. Inset: plot of the89Y NMR linewidths, 89G, plotted against
temperature for the YBa2~Cu0.9825Zn0.0175!4O8 main peak ~open
circle!, first satellite~open down triangle! and second satellite~open
up triangle!, as obtained by fitting the NMR data in Fig. 2.
-
d

d
nt

e
r-
nt

is
-

temperaturesT.Eg /kB or for hole concentrationsp.0.19
where the normal state pseudogap is zero.16

Previous NMR studies on YBa2~Cu12zZnz)3O72d have
also invoked an induced local moment with a commensu
spin density oscillation to account for the increasing NM
linewidth with decreasing temperature.2,15 We have at-
tempted to model our YBa2~Cu12zZnz)4O8

89Y NMR data
near 130 K in a manner similar to the analysis of63Cu NMR
data by Walstedtet al.15 using a commensurate spin dens
oscillation of the form S( i , j )}(21)i 1 j exp„2( i 2

1 j 2)/(4j2)… where j is the antiferromagnetic correlatio
length in units of the averageab unit cell length,a. We used
j54a ~close to that deduced at 130 K by modeling of t
NMR data24! and simulated the upper and lower CuO2 planes
using two 100 by 100 grids. We find that the resultant sp
tra only contain a single main peak where the satellite pe
have been washed out into a very broad background. Th
apparent in Fig. 3~c! where we show the simulated89Y NMR
data at 132 K. While the linewidth of the main peak is clo
to that in the sample it can be seen that the satellite peaks
completely washed out.

Unlike the previous study on YBa2~Cu12zZnz)3O72d we
have also performed17O NMR measurements and present
Fig. 5 17O NMR data on aligned YBa2~Cu0.9825Zn0.0175!4O8
with thec axis parallel to the magnetic field and at~a! 110 K,
~b! 150 K, and~c! 293 K. As the low-temperature spectru
is very broad, resonance data were taken at 50 kHz~;1000
ppm! intervals and the resultant magnitude spectra w
summed. We first consider the room temperature spectr
Fig. 5~c!. By comparison with previous NMR studies o
YBa2Cu3O72d ,25,26 we attribute the main peak in the17O
NMR spectra to the central (21/2,11/2) transitions from

the

FIG. 5. Plot of the YBa2~Cu0.9825Zn0.0175!4O8 (21/2,1/2) 17O
NMR spectra at~a! 110 K, ~b! 150 K, and~c! 293 K for Hic.
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the O2, O3 sites in the CuO2 planes~;1500 ppm!. The other
peaks can be attributed to the central and satellite transit
from the O1 chain site and the O4 apical site. This site
signment was confirmed by increasingD0 from 50 ms to 2 s
where the O4 and O1 intensities increased indicating a la
spin-lattice relaxation time,17T1 , as previously observed
The relative intensities of each peak depend on the site
order and the degree of17O exchange on each site. It is cle
in Fig. 5~a! that the spectra are broader and another br
peak appears at lower temperatures~;3000 ppm at 110 K!.
We show below that this peak can be attributed to17O near
the Zn impurity. We note that the O1 peak near 1760 p
precludes us from accurately determining the tempera
dependence of the O2, O3 peak.

By comparison with the modeling of the89Y NMR data
we would expect the positions of the17O main and satellite
peaks,17K, 17K1 and 17K2 to be at

17K517Ks1
17s, ~3a!

17K15
1

2
17Ks1

17C

T
117s, ~3b!

17K25
17C

T
117s, ~3c!

where 17Ks is the bulk Knight shift, 17C is the constant
describing a Curie-like temperature dependence, and17s is
the temperature-independent chemical shift. However,
cause the satellite peak is broad~;2400 ppm at 110 K! and
17Ks/2 is small ~;470 ppm! we expect that the first an
second satellites would merge into one peak with a NM
shift of

17K'
1

4
17Ks1

17C

T
117s. ~4!

From the position of the satellite peak at 110 K and us
17s5250 ppm ~Ref. 27! we deduce that17C5(2.860.3)
3105 ~ppm K!. From the known hyperfine coupling con
stants this corresponds to89C5(1070061100) ~ppm K!
which is comparable to that deduced from the89Y NMR
data.

FIG. 6. Plot of the 89Y NMR MAS spectra from ~a!
YBa2~Cu0.9825Ni0.0175!4O8 at 133 K andD0560 s ~dashed curve!
and YBa2~Cu0.9825Ni0.0175!4O8 at 133 K andD0510 s ~solid curve!
and ~b! YBa2~Cu0.9825Ni0.0175!4O8 at 330 K andD0520 s.
ns
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The effect of Ni on the89Y and 17O NMR spectra for
YBa2~Cu12zNiz)4O8 is in stark contrast to that found whe
Zn is substituted into YBa2Cu4O8. This is apparent in Fig. 6
where we plot the YBa2~Cu0.9825Ni0.0175!4O8

89Y NMR spec-
tra at ~a! 133 K with D0560 s ~solid curve!, 133 K with
D0510 s ~dashed curve! and ~b! at 330 K with D0520 s.
There is a strong asymmetric broadening that is absent in
pure compound and the spectra are broader at low temp
tures. There is also a very broad resonance at low temp
tures. It can be seen by the dashed curve in Fig. 6~a! that
there is also a fast relaxing component in the region wh
YBa2~Cu0.9825Zn0.0175!4O8 satellite peaks are observed, how
ever, the fast relaxing component is broader and the rela
intensity is significantly less than that observed
YBa2~Cu0.9825Zn0.0175!4O8. By comparison with the
YBa2~Cu0.9825Zn0.0175!4O8

89Y NMR spectra, we attribute the
fast relaxing component to89Y near the Ni impurity which is
being significantly broadened by the Ni moment@1.5mB /Ni
to 3.4mB /Ni ~Refs. 28–30!#. This interpretation is strength
ened in Fig. 4 by noting that the89Y NMR shift of the
YBa2~Cu0.9825Ni0.0175!4O8 central line~filled circles! is close
to that found in both the pure compound and from the89Y
NMR peak in YBa2~Cu0.9825Zn0.0175!4O8 attributed to 89Y
from the bulk. We find that the89Y NMR data cannot be
interpreted in terms of the commensurate spin density os
lation used to model17O NMR linewidth data from
YBa2~Cu12zNiz)3O72d . The value ofj;4a expected at this
temperature for YBa2~Cu0.9825Ni0.0175!4O8 will produce spec-

FIG. 7. Plot of the YBa2~Cu0.9825Ni0.0175!4O8 (21/2,1/2) 17O
NMR spectra at~a! 120 K, ~b! 165 K ~c! 194 K, and~d! 293 K for
Hic.
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4324 PRB 61G. V. M. WILLIAMS, J. L. TALLON, AND R. DUPREE
tra similar to that of Fig. 3~c! where, just as for Zn in
YBa2~Cu0.9825Zn0.0175!4O8, the signal near the Ni moment i
washed out by the spin density oscillation resulting in
visible satellite peaks. However, the existence of a com
nent in the region of the YBa2~Cu0.9825Zn0.0175!4O8 satellite
peaks indicates that any commensurate spin density osc
tion will be very localized withj much less than 4a.

It is clear from the YBa2~Cu0.9825Ni0.0175!4O8
17O NMR

data plotted in Fig. 7 that there is a strong temperatu
dependent broadening of the central peak. Here we plot17O
NMR data with ciH from YBa2~Cu0.9825Ni0.0175!4O8 at ~a!
120 K, ~b! 165 K, ~c! 195 K, and~d! 293 K. From these
spectra the temperature dependence of the17O NMR shift for
O2, O3 is plotted in Fig. 4~open squares! and is seen to be
comparable to that from the central line in th
YBa2~Cu0.9825Ni0.0175!4O8

89Y NMR spectra. The corre-
sponding17O NMR linewidths, 17G, obtained from the high
shift side of the spectra are plotted in Fig. 8~open circles!
where it can be seen that17G displays a Curie-like tempera
ture dependence similar to that observed in underdo
YBa2~Cu12zNiz)3O72d . Also shown in Fig. 8 is the
YBa2~Cu0.9825Zn0.0175!4O8

89Y NMR linewidth from the main
peak, attributed to89Y remote from the Zn impurity~open
triangles!, where it can be seen that linewidths from both t
Zn and Ni substituted samples have a similar tempera
dependence. This would seem to indicate that the origin
the temperature-dependent NMR linewidths is not related
a commensurate spin density oscillation induced by a lo
moment because the sizes of the Ni moment (1.5mB /Ni to
3.4mBNi) and the assumed Zn induced mome
(1.04mB /Zn) are so different and, in the case of Zn, t
moment is assumed to be distributed on the four Cu s
nearest neighbor to the Zn impurity.

The effect of combined Ni and Zn cosubstitution c
be seen in Fig. 9 where we plot the89Y NMR spectra
from YBa2~Cu12zZn0.00875Ni0.00875!4O8 with the same total
impurity concentration as YBa2~Cu0.9825Zn0.0175!4O8 and
YBa2~Cu0.9825Ni0.0175!4O8 at ~a! 133 K and~b! 293 K. The
spectra clearly display intensity in the region of t
YBa2~Cu0.9825Zn0.0175!4O8 satellite peaks. This is appare

FIG. 8. Plot of the O2O317O NMR linewidths against tempera
ture for YBa2~Cu0.9825Ni0.0175!4O8 ~open circle!. Also included is the
89Y NMR main peak linewidth for YBa2~Cu0.9825Zn0.0175!4O8 ~open
up triangle!.
-
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in Fig. 9~a! where we also plot the89Y NMR spectra
from YBa2~Cu0.9825Zn0.0175!4O8 ~dashed curve!. Furthermore,
it is apparent in Fig. 4 that the resultant NMR shifts
the main peak and the first satellite peak are also cl
to those observed in YBa2~Cu0.9825Zn0.0175!4O8 and
YBa2~Cu0.9825Ni0.0175!4O8. This would seem to imply that the
main peak and the first satellite peak originate from89Y
away from the Zn impurity and Zn that is next-nearest neig
bor to the Zn impurity respectively. The appearance of a
related satellite peak at the position found
YBa2~Cu0.9825Zn0.0175!4O8 establishes an upper limit for th
extent of any commensurate spin density oscillation indu
by the Ni moment. The average Zn-Ni separation of;5a
per CuO2 plane implies anj of j,1 otherwise the Zn satel
lite peak would be shifted and broadened by the commen
rate spin density oscillation.

CONCLUSION

In conclusion, we find three peaks in th
YBa2~Cu12zZnz)4O8

89Y NMR spectra that can be analyze
in terms of a Curie-like shift from Cu sites that are adjace
to the Zn impurity. This analysis is consistent with the17O
NMR spectra from YBa2~Cu12zZnz)4O8. We find that the
Curie-like NMR shift is washed out in the89Y and 17O NMR
spectra from YBa2~Cu12zNiz)4O8 due to the Ni moment. We
find problems in attributing the Curie-like shift to an induce
local moment. In particular, the NMR data from Zn, Ni, an
Zn:Ni substituted into YBa2Cu4O8 are inconsistent with a
spin-density oscillation about an induced local moment,
even about the Ni moment, of the radius assumed.
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FIG. 9. Plot of the 89Y NMR MAS spectra from
YBa2~Cu0.9825Zn0.00875Ni0.00875!4O8 at ~a! 133 K andD0560 s and
~b! at 293 K. Also included in~a! is the YBa2~Cu0.9825Zn0.0175!4O8
89Y NMR spectra at 132 K~dashed curve!.
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