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Nuclear quadrupole resonance study of magnetic and nonmagnetic impurities in YB&u,Og
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Cu nuclear quadrupole resonance has been used to investigate the effect of nonmagnetic Zn and magnetic Ni
impurities on the normal-state properties in the underdoped,@&&; superconducting cuprate. We find that,
in contrast to measurements on optimally doped XBa, ,Zn,);0;_5 there is no evidence of a complete
local suppression of the antiferromagnetic correlations about the Zn impurity. There is also no evidence of Ni
locally affecting the antiferromagnetic correlations. These results have important implications for supercon-
ductivity theories that assume a local suppression of the antiferromagnetic and superconducting correlations.
[S0163-18299)13325-3

INTRODUCTION dent which was attributed to a local suppression of the anti-
ferromagnetic correlations about the Zn impurity. Only a
Although high temperature superconductors were first dissingle, 1#°T,, was deduced from the YB&Cu;_,Ni,);0;
covered over twelve years ago, controversy still exists conNQR data which was interpreted in terms of the Ni moment
cerning the effect of impurities in the superconducting andnot disrupting the antiferromagnetic correlations. In fact the
normal state$™® An understanding of the pernicious effect data indicated a small enhancement of the antiferromagnetic
of magnetic and nonmagnetic impurities is crucial for thecorrelations by the Ni moment.
development of theories to explain the origin of supercon- There are problems with both of the above interpretations.
ductivity in the high temperature superconducting cuprates As already mentioned, there is no evidence fraBR mea-
One interpretation of the effect of nonmagnetic Zn is thatsurements on YB#&Cu, _,Zn,),O5 of an induced local
Zn induces a local moment on the four nearest Cu sites. Thigioment Furthermore, recenzSR measuremerftand the
interpretation was based on &Y nuclear magnetic reso- density-of-states-dependent depressiofi oby Zn (Ref. 12
nance(NMR) study of underdoped YB&Cu, _,Zn,);0,_s  both show that Zn is a simple unitary and not a superunitary
(Ref. 9 and a muon spin rotatiofuSR) study of underdoped scatteref. Also, in contrast to Zn and Ni substitution in
YBay(Cly 9ZNo 04307 s Samples with differens and hence  YBa,Cu;0;_, it is found that Zn and Ni equally supprebg
different hole concentrationg,2 However a recent system- in YBa,CuOg and La_,SrCuQ,.*® There is evidence that
atic uSR study on YBg&Cuy,_,Zn,),0g finds no evidence the smaller decrease iR, for YBay(Cu; ,Ni,)30;_ s when
for a Zn-induced local moment over and above that which iompared with YBgCu; _,Zn,)30;_; may originate from
present in the unsubstituted compoiind. Ni not fully substituting onto the Cuf® planes in
An alternative interpretation of the effect of nonmagneticYBa,CwO;_ s (Refs. 11, 14, and J)5and in fact the relative
Zn substitution is that Zn disrupts the antiferromagnetic cor-degree of substitution on the chains and planes can be altered
relations about the Zn impurity leading, within a spin by annealing in different oxygen partial pressutes.
fluctuation-induced-pairing model, to a reduction of the su- Because of the controversy surrounding the effect of mag-
perconducting order parameter about the Zn impuritynetic and nonmagnetic impurities, we have conducted Cu
Within this interpretation, Zn has been described as a “suNQR  measurements on YR&u_,Zn,),O8 and
perunitary” scatterer while Ni is a Born scatterd This  YBay(Cu,_,Ni,),0s. The parent YBgCu,Og unit cell con-
interpretation was motivated by the observation that Ni onlytains two CuQ@ planes and two oxygen-stoichiometric CuO
moderately reduce$. when substituted into YB&u;0,_5;  chains where two-dimensionéD) superconductivity origi-
compared with Zn substitutiot. This picture was further nates on the Cugplanes. This compound is also underdoped
supported by Ishidat al. who reported a nuclear quadrupole (p=0.122 compared withp~0.16 for optimally doped
resonancéNQR) study of YBaCu;O; with Zn and Ni im-  YBa,Cu;O;_5 and p~0.19 for YBgCu0;) and the NMR
purities where two®™Cu spin lattice relaxation rates,®4T,  Knight shift is similar to underdoped YB&u;Og 52" A sig-
were deduced from the YBECY, _,Zn,);0; NQR datat A nificant advantage of YB&u,Og is that it is stoichiometric
plot of 83T, T from one component showed the bulk linear and does not suffer from the disorder effects seen in
behavior attributed to a growing dynamical spin susceptibil-YBa,Cu;O;_ s when oxygen is removed. As a consequence,
ity about the antiferromagnetic wave vector. However,the pure YBaCu,Os compound has a narrow NQR reso-
63T, T from the other component was temperature indepennance when compared with YB2u;0,_ 5 at a similar hole
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FIG. 1. Plot of the YB&Cuy g7ZNg 029408 °Cu NQR spectra FIG. 2. Plot of the YB&(Cug 9g14Nig 0189405 °Cu NQR spectra
from the CuQ planes at 293 Ka), 225 K (b), and 160 K(c). The  from the CuQ planes at 293 Ka), 225 K (b), and 160 K(c).
dashed curves are fits to the data as described in the text.

YBay(Cu, _,Zn,),0g.12 The integrated intensity of th&Cu
concentration. Unlike YB#u,Og the YBaCwO;_s; Cu  satellite peak is consistent with this interpretation, namely
NQR spectra is complicated by a peak from Cu in the CuCGhat this peak arises from Cu that is nearest-neighbor to the
chain that is close to the NQR peak from Cu in the GuO Zn impurity. We find that the integrated intensity ratio of the
planes. We show below that, whil®’T;T is enhanced in %3Cu satellite peak to that of both tf%8Cu satellite and#*Cu
YBay(Cu, _,Zn,)4Og, there is no evidence for a complete main peak is 0.19. This is close to the expected integrated
suppression of the antiferromagnetic correlations about thitensity of &(1—22z)*=0.17.

Zn impurity. By contrast T, T measurements on the  We show below that the lower frequency of the satellite
YBa,(Cu, _,Ni,),Og produce ®*T, T values comparable to can be interpreted in terms of charge localized on Cu nearest
that observed in the parent compound indicating that magneighbor to the Zn impurity. We first note that the NQR
netic Ni has no evident effect on the antiferromagnetic corfrequencyvq, is related to the electric field gradient by

relations.
eQv,, —
UQ_ 1 %7721 (1)
EXPERIMENTAL DETAILS 2h

The sample preparation and characterization of thavhereeQis the nuclear electric quadrupole momevi, is
YBay(Cuy, _,Zn,)4,0g and YBa(Cu,_,Ni,),Og samples is the maximum principle component of the electric-field-
described elsewhefd.NQR measurements were performed gradient tensor ang is the asymmetry parameter given by
at temperatures from 150 to 350 K. The spectra were ob®=(Vyx— Vyy)/V,, with [V, =V, |=|V,,|. The asymme-
tained using the 90%-180° pulse sequence and the spin-try parameter is zero within error for Cu on the Gu@ane
lattice relaxation rates were measured using the inversiorsite in the pure compourindicating that the lowew g
recovery pulse sequence. The NQR spectra were obtained Ipnnot originate from a change in Consequently, the lower
scanning in discrete frequency steps and then adding theg must originate from a reduced principle electric field gra-
magnitude spectra. dient on the Cu site nearest neighbor to the Zn impurity. The
electric field gradient is usually analyzed as originating from
the sum of a valance part and a lattice part. However, in the
superconducting cuprates, the lattice part is much less than

We show in Fig. 1 that there are four peaks in thethe valence part and hence the electric field gradient reduces
YBay(Cu; _,Zn,),05 NQR spectra. Here we plot the toasum over the partially filled Cu orbitai$ From system-
YBay(Cly 9742N0.029405 NQR spectra afa) 293 K, (b) 225  atic NQR measurements on YRE2s0,_s (Ref. 20 it is
K, and (c) 160 K. We show by the dashed curves that thefound thatdv,/dp=41MHz and hence the lower satellite
NQR spectra can be fitted with four Gaussians over this freNQR frequency corresponds to a change in hole concentra-
guency range. By comparison with previous studies we attion on Cu sites that are nearest neighbor to the Zn impurity,
tribute the two main peaks at 29.86 MHz and 27.64 MHz toAp,,, of —0.030. While the origin of this localized charge is
83Cu and®®Cu in the CuQ planes, respectivei? We note  not clear, we show later that some of this localized decrease
that the NQR spectra from Cu in the CuO ribbons is found ain hole concentration could be due to an increase in hole
a much lower frequenci~18 MHz).X® The other two peaks concentration from sites in the bulk that are not nearest
may originate from Cu that are nearest neighbor to the Zmeighbor to the Zn impurities.
impurity. We note that satellite nearest-neighbor peaks have It is apparent in Fig. 2 that no extra lower-frequefégu
already been observed HO and®% NMR spectra from peak from the Cu@planes is observed when Ni is substi-
underdoped  YBACu,_,Zn,);0,_s (Ref. 9 and tuted onto the YBgu,Os CuO, planes. Here we show Cu

RESULTS AND ANALYSIS
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FIG. 3. Plot of the YBa(Cu, ,Ni,),Os %3Cu NQR spectra (0pen down triangles®*Cu NQR linewidth, ®T', from the main

from the CuQ planes at 293 K foz=0.00875(a), z=0.0187(b), peak at 293 K against impurity concentratinnThe line is a guide
andz=0.0375(c). to the eye. Inset: plot of the hole concentration FWHN}, against

z assuming that the increase ACu NQR linewidths was solely

) attributable to a distribution of hole concentrations.
NQR spectra from YBACUy 9g1Nig 0159405 at (a) 293 K,

(b) 225 K, and(c) 160 K. The absence of a peak near the Ni(,_ 0313), the corresponding increase in hole concentra-

impurity is most likely due to the Ni moment locally wiping {ion on the Cu sites that are not nearest neighbor to the Zn
out the NQR signal. This would be consistent with our Pr&-impurity, A pyyi, is 0.0022 for Ni and 0.0043 for Zn. Using
vious interpretation of’O and®Y NMR data where thBe Ni" the empirical relation betweeR, andp (Ref. 21 we deduce
”_‘0”‘193”'[ locally wipes out the signal from botfO and®% that, in the absence of Ni and Zn scattering-induced pair-
sites. o _ 63 breaking, these small increases in hole concentration would
It can be seen in Fig. 3 that the YR&U, Ni;)4O0g CU  4cyally correspond to small increasedinof ~1.3 K for Ni
NQR spectra systematically broaden W(Iit3h increasing Ni conyng—2 1 K for Zn. It is easy to show by charge conservation
tent. Here we show YB&Cu, _,Ni;),Og “"Cu NQR Spectra  hat if the increase in hole concentration for Cu sites that are

at 293 K for (8 z=0.00875, (b) z=0.0187, and(c) Z ot nearest neighbor to the Zn impurity is due to a localized
=0.0375. This is quantified in Fig. 4 where we plot the re-gecrease in hole concentration about the Zn impurity site

sultant NQR linewidth against impurity concentrati@pen  ihen the localized charge on the Cu sites nearest neighbor to
down triangles and is consistent with the increasing Ni con- the Zn impurity can be written asAp,,=—(1

centration leading to an increase in the second moment of the 22) Appui/8z for small z Using Appy=0.0037 for the

gﬁl{ectric-field. gra(_jient. Also shown in Fig. 4 is the main line YBay(Clhy o7ZN 620405 Sample, as deduced from the change
Cu NQR linewidth for the YBRCuo.o7/10.029405 SAMPIe iy frequency of the main Cu NQR peak, we find that, by

(open up triangle where it can be seen that the Ni- and charge conservationAp,,= —0.018 which is less than
Zn-induced increase in NQR linewidths are comparable. If

the increase in linewidth was purely related to either an in- 29.90

crease in hole-concentration disorder or a charge-density os-

cillation about the Ni or Zn impurities then we can use the

vq andp relation above to determine the corresponding full 29851

width at half maximum(FWHM) of the hole-concentration

distribution. We show in the inset to Fig. 4 that attributing

the increase in Cu NQR linewidth to a distribution of hole

concentrations would require a hole concentration FWHM of

less than 0.016. 29751
Both Ni and Zn also lead to a small increase in the main- /

line ®3Cu NQR frequency as can be seen in Fig. 5 where we 29.70 ' -

plot the 3Cu NQR frequency for YB#Cu, _,Ni,),Og (0pen 0.00 0.02 004

up triangle$ and YBg(Cuy, _,Zn,) ,O5 (open down triangles z

at 293 K against impurity concentration. If the increases F|G. 5. Plot of the YBa&(Cu,_,Zn,),O5 (0pen up trianglesand

were due to a change in hole concentration then we can ussa,(Cu,_,Ni,),Og (open down triangles®*Cu NQR frequency at

dvg/dp mentioned above to deduce that, at the critical Ni293 K against impurity concentratian The lines are guides to the

and Zn impurity concentration required to reduiceto zero  eye.
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700 - ( ' - the Zn impurity. Here we plof°T, T from the main peak in
the YBa,(Cup 97ZNg 029405 %3Cu NQR spectrgopen down
triangles. The ®3Cu NQR %3T, values are multiplied by 3 to
correspond with®3T; as deduced by NMR measurements.
Also shown is®3T,T for the pure material as reported by
Curroet al. (open circle¥?? and Coreyet al. (filled circles.®
500F T The 2.5% impurity concentration was chosen because it
. . . ) leads to a mean impurity spacing (4.%herea is the aver-
150 200 250 300 age lattice parameter in thab plane that is less than twice
Temperature (K) the antiferromagneti(_; corr_elation lengfh-8a at 150_ K
(Ref. 22] and hence if Zn did locally suppress the antiferro-
FIG. 6. Plot of the YBa(Cu,_,Zn,),Og (0pen up trianglesand ~ Magnetic correlations it should result in only ofig, com-
YBay(Cu; _,Ni,) ;05 (open down trianglés®*Cu NQR linewidths ~ ponent. This removes the inherent difficulty in fitting two
against temperature. exponentials to the data required for low Zn concentrations
where one exponential component corresponds to Cu sites

Ap,,= —0.030 as determined from the Cu satellite peak fre-Within the antiferromagnetic correlation length of the Zn im-
quency. Within this simple model it is possible that the extraPUrity and the other component corresponds to Cu sites fur-
Ap,, of —0.012 could arise from the Zn defect level. Inter- ther away from the Zn impurity The g31a_ta in Fig. 7 can be
estingly, a similar analysis for the Ni substituted sampleg!nderstood by noting that YB&u,0g T, T data have pre-

yields a possible localized change in hole concentration of!0USly been interpreted in terms of a growing dynamical
Ap,,>—0.0074 for the 3.75% sample. spin susceptibility about the antiferromagnetic wave vector,

We show in Fig. 6 that the substitution of Ni and zn Q= (7,7), with decreasing temperatufé This interpreta-
results in a temperature-dependent NQR linewidth. Here wlOn can be understood by noting thaf*T4T can, quite
plot the YBa(Cly o1 Nig0150:0s (0pen up trianglesand ~ 9enerally, be expressed s,

YBay(Cly 72Ny 029405 (0pen down triangles®3Cu NQR
linewidths against temperature. Both Ni and Zn substitution 1 — Ks
result in similar small increases in NQR linewidth. 63T1T 2M§ﬁ2

It is apparent in Fig. 7 that, unlike YBECu, _ ,Zn,)30;_5 ) , ) )
(Ref. 1), Zn substitution in YBsCu,Os does not lead to a Whereug is the Bohr magnetony”(q, ) is the imaginary
dramatic decrease in the antiferromagnetic correlations abo@rt _of the dynamical spin susceptibility ané(q)
2263Aj exp(q-r) is the form factor withA; being the hy-

. . - , perfine coupling constants. The effect of antiferromagnetic
| ] correlations can be accounted for by the phenomenological
\ dynamical spin susceptibility developed by Millis, Monien,
6r ’ and Pine$ x(g,w), which can be expressed as,
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where x¢(T) is the static spin susceptibilityl’y is the
temperature-independent effective bandwidihs the anti-
ferromagnetic correlation length andgl; is the paramagnon
frequency. The second term, which is peaked near the anti-
. ferromagnetic wave vector, accounts for the antiferromag-
netic correlations. Using Eg$2) and(3) and the Mila-Rice
Hamiltoniarf® it can be deduced thaf®T;T is strongly
weighted by the peak in”(q,w) aboutQ= (7, 7). Within
L this model, y"(q,w) about Q= (,w) increases with de-
200 400 creasing temperature and hen®& ;T decreases with de-
creasing temperature in unsubstituted ¥Ba,Og as can be
seen in Fig. 7.
Temperature (K) In the absence of antiferromagnetic correlations, the sec-
ond term in EqJ(3) is zero. Thus using Eq$2) and(s%ﬂf_;md
perature for YBaClyerZNoosds0s (Open down trianglés the Mila-Rice Hamiltonian it is possible to show th_ _1T
YBay(Cl 06, Nio 0159:0 (open up frianglésand the pure com- réeduce.s t0%3T Toc 1/xo(T). Consequently a lower limit for
pound [open circles(Ref. 22, filled circles (Ref. 23]. Also in- °T,T in the absence of antiferromagnetic correlations can
cluded is T, T from the YBa(Cuy gg1ZM0 0187405 NQR satellite b€ obtained and is shown in Fig. 7 by the dashed curve. Here
peak(filled down triangles The dashed line is the minimufiT, T we useys(T) as deduced fronf®y NMR Knight shift mea-
expected in the absence of antiferromagnetic correlations. Inse§urements on YB&u,0q.%" It can be seen in Fig. 7 that the
plot of 83T, T from YBay(Cu,_,Ni,),Og against impurity concen- low temperature®®T, T values for the Zn substituted sample
tration at 293 K. are far below the lower limit expected if Zn locally sup-
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FIG. 7. Plot of 3T, T from the main NQR peak against tem-
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presses the antiferromagnetic correlations indicating that, isuppression of the antiferromagnetic correlations within a
YBa,Cu,Og, there is no significant local suppression of theradius¢ from the nonmagnetic Zn impurity. This is in con-
antiferromagnetic correlations by Zn impurities. This can betrast to the interpretation of Cu NQR measurements on
contrasted with %Cu NQR 9T, T data from YBay(Cu,_,Zn,);0; where the data was analyzed in terms
YBa,(Cu, _,Zn,)30;(p~0.19) (Ref. 1) where two 53T, T  of a local suppression of the antiferromagnetic correlations.
components were deduced from the data below 300 K lead=urthermore, we find that the Cu sites nearest neighbor to the
ing to the interpretation of a local suppression of the antiferZn impurity have an NQR frequency that is lower than that
romagnetic correlations. from Cu sites further away from the Zn impurity. We inter-
Further evidence for the absence of a local suppression giret this in terms of a locally reduced hole concentration.
the antiferromagnetic correlations by Zn is apparent in Fig. 7The effect of magnetic Ni in YBACu, _,Ni,),Og is to in-
where we include®®T; T from the satellite peaksolid down  crease the quadrupole broadening BtI, T remains close to
triangles. It can be seen thdfT,; T from Cu sites which are that of the pure compound indicating that there is no signifi-
nearest neighbor to the Zn impurity is close to that from Cucant change in the dynamic spin susceptibility or a local
sites which are not nearest neighbor to the Zn impurity.  suppressior(or enhancemeptof the antiferromagnetic cor-
Finally, we show in Fig. 7 that Ni substitution has a neg-relations. These results indicate that, within the nearly anti-
ligible effect on 8%T,T. Here we plot T,;T data from ferromagnetic Fermi liquid model, the Zn impurity in
YBay(Cl gg14Nig 0182405 (Open up triangleswhere it can be  YBay(Cu, —,Zn,)4Og cannot be described as a superunitary
seen thaf®T, T is close to that from the pure compound. We Scatterer as there is no evidence of a local suppression of the
show in the inset in Fig. 7 the®T, T is also independent of antiferromagnetic correlations.
Ni content for Ni concentrations up to 3.75%.
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