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Ni-substituted sites and the effect on Cu electron spin dynamics of YBa2Cu3ÀxNixO7Àd
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We report a Cu nuclear quadrupole resonance experiment on magnetic impurity Ni-substituted
YBa2Cu32xNixO72d . The distribution of Ni-substituted sites and its effect on the Cu electron spin dynamics
are investigated. Two samples with the same Ni concentrationx50.10 and nearly the same oxygen content but
differentTc’s were prepared: One is an as-synthesized sample (72d56.93) in an oxygen gas (Tc'80 K), and
the other is a quenched one (72d56.92) in a reduced oxygen atmosphere (Tc'70 K). The plane-site
63Cu(2) nuclear spin-lattice relaxation for the quenched sample was faster than that for the as-synthesized
sample, in contrast to the63Cu(1) relaxation that was faster for the as-synthesized sample. This indicates that
the density of plane-site Ni~2! is higher in the quenched sample, contrary to the chain-site Ni~1! density, which
is lower in the quenched sample. From the analysis in terms of the Ni-induced nuclear spin-lattice relaxation,
we suggest that the primary origin of suppression ofTc is associated with the nonmagnetic depairing effect of
the plane-site Ni~2!.

DOI: 10.1103/PhysRevB.66.134511 PACS number~s!: 74.72.Bk, 76.60.2k, 75.20.Hr
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Magnetic impurity causes depairing in boths-wave and
d-wave superconductivity. Complete suppression of the
perconducting transition temperatureTc is observed for Ni-
doped La22xSrxCuO4 and YBa2Cu4O8, somewhat more
weakly than that for Zn-doped ones.1–3 Ni impurity in the
high-Tc cuprate superconductor carries a localized mom
because the uniform spin susceptibility with Curie or Cur
Weiss law is observed. The depairing effect of the poten
scatterer Zn on thed-wave superconductivity is a natura
consequence from breakdown of Anderson’s theorem.4,5 For
YBa2Cu3O72d with the optimizedTc592 K, however, the
decrease ofTc per Ni concentration is smaller than that p
Zn concentration.6–8 Figure 1~a! shows the impurity doping
dependences ofTc for various high-Tc superconductors with
Ni or Zn.1,9–12 The decrease ofTc by Ni doping for
YBa2Cu3O72d is smallest among these compounds with
in Fig. 1~a!. This small decrease ofTc by Ni doping for
YBa2Cu3O72d was attributed to a weak scattering of co
ducting carriers by Ni impurities~Born scatterer13! or to a
softening of the pairing frequency itself.9 Nevertheless, it has
been suspected that only a part of the doped Ni impuritie
substituted for the plane Cu~2! site and that the remainin
part is for the chain Cu~1! site14–17~see the references in Re
18!. The bulk Tc is considered to be determined by th
amount of the in-plane Ni~2! impurity. One should note tha
YBa2Cu3O72d has two crystallographic Cu sites, i.e., th
chain Cu~1! and the plane Cu~2! sites. The recent observatio
of an in-plane anisotropy of optical conductivity for d
twinned single crystal YBa2Cu32xNixO72d indicates the ex-
istence of the chain-site Ni~1!.19 A microscopic study on the
selective substitution of Ni impurity is therefore of interes

Synthesis of oxides under reduced oxygen partial p
sure is frequently effective in controlling the cation so
solution, e.g., to synthesize the superconduct
La11xBa22xCu3O72d ,20 or to optimize the superconductin
critical current density or the irreversible magnetic field
0163-1829/2002/66~13!/134511~5!/$20.00 66 1345
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Nd11xBa22xCu3O72d . 21,22Recently, using the reduced oxy
gen partial pressure technique, Adachiet al., succeeded in
controlling Tc of YBa2Cu32xNixO72d with optimal oxygen
content.18 They synthesized two series o
YBa2Cu32xNixO72d samples having differentTc’s per Ni
concentration. Figure 1~b! shows the Ni doping dependenc
of Tc of their samples.18 Here, we focus on two samples wit
the same Ni concentrationx50.10 @z50.033 in Fig. 1~b!#
and nearly the same oxygen content but differentTc . For

FIG. 1. ~a! Impurity doping dependence ofTc as functions of
the concentrationz for various high-Tc superconductors withM
5Ni or Zn. The solid~open! symbols are the Ni~Zn! doping de-
pendence of Tc . The data are adopted from Ref. 9 fo
YBa2(Cu12zMz)3O7 ~Y123, upward triangles!, from Ref. 10 for
Bi2Sr2Ca(Cu12zMz)2O8 ~Bi2212, squares!, from Refs. 11 and 12
for YBa2(Cu12zMz)4O8 ~Y124, circles!, and from Ref. 1 for
La1.85Sr0.15Cu12zMzO4 ~LS214, downward triangles!. The dashed
and the solid lines are fitted byTc5Tc0-mMz (mM5Ni, Zn is the
fitting parameter! for the respective materials. The estimated ra
mNi /mZn is about 0.26 for Y123, 0.46 for Bi2212, 0.80 for Y124
and 0.62 for LS214. The decrease ofTc by Ni doping for Y123 is
smallest among these materials.~b! Ni doping dependence ofTc for
‘‘as-synthesized’’ or ‘‘quenched’’ Y123, adopted from Ref. 18. Th
solid curves are guide for the eyes. Note that the Ni concentratiox
in the text is defined byx53z in YBa2Cu32xMxO72d @72d
56.9226.95 ~Ref. 18!#. The decrease ofTc by Ni doping is larger
in ‘‘quenched’’ Y123 than in the ‘‘as-synthesized’’ one.
©2002 The American Physical Society11-1
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convenience, let us call one sample withTc'80 K (72d
56.93) an as-synthesized one, because it was synthesiz
flowing oxygen gas without quenching treatment, and
other sample withTc'70 K (72d56.92) a quenched one
because it was the as-synthesized sample once again
and quenched in a reduced oxygen atmosphere at 800
The details are given in Ref. 18. Ni prefers the higher co
dination of oxygen atoms.23,7 The plane-site Cu~2! is located
in the pyramid with five oxygen ions, whereas the chain-s
Cu~1! is coordinated with two, three, or four neares
neighbor oxygen ions. The two series of samples with diff
ent Tc suggest that the distribution of Ni-substituted sit
over Cu~1! and Cu~2! sites is changed through synthesis u
der the reduced oxygen atmosphere.

In this paper, we report the measurements of Cu~1! and
Cu~2! nuclear quadrupole resonance~NQR! spectra and
nuclear spin-lattice relaxation curves to study microsco
cally the distribution of Ni-substituted sites for the abov
mentioned two samples~as-synthesized and quenched one!.
The observed difference in the63Cu nuclear spin-lattice re
laxation at Cu~1! and Cu~2! in the two samples is suppose
to be a Ni doping effect. From the Cu NQR measureme
we conclude that the heat treatment in reduced oxygen a
sphere indeed results in a redistribution of the Ni atoms
YBa2Cu32xNixO72d , as supposed in Ref. 18.

Two samples with precisely the same mole number co
not be prepared, because some parts of the samples
already been used for the characterization.18 Hence, quanti-
tative comparison of the relative intensity of Cu NQR spec
could not be made to estimate the relative number of
observed nuclei. The nuclear spin-lattice relaxation is in
pendent of the sample volume and is relatively more se
tive to the impurity than the intensity of NQR spectrum. T
powder samples were coated in paraffin oil. A coherent-t
pulsed spectrometer was utilized for the zero-field Cu N
measurements. The Cu NQR frequency spectra with qua
ture detection were measured by integration of the spin e
oes as a function of rf frequency. The Cu nuclear spin-lat
relaxation curves were measured by an inversion recov
spin-echo method, where the Cu nuclear spin-echo ampli
M (t) was recorded as a function of time intervalt after an
inversionp pulse, in ap-t-p/2-p echo sequence, andM (`)
was also recorded in ap/2-p echo sequence~no inversion
pulse! as usual.11,12,24,25

Figure 2 shows the Cu NQR spectra atT54.2 K. The

FIG. 2. Zero-field frequency spectra of the chain-site and
plane-site63,65Cu NQR for YBa2Cu32xNixO72d at T54.2 K. The
line shapes are scaled afterT2 corrections have been made.
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amount of the as-synthesized sample is more than that o
quenched one; nevertheless the intensity of Cu~1! NQR spec-
tra for the as-synthesized sample was weaker than tha
the quenched one. But we could not find a qualitative diff
ence in the line profiles of Cu NQR spectra between t
samples.

Figure 3 shows the63Cu nuclear spin-echo recover
curves ~spin-lattice relaxation curves! p(t)[1
2M (t)/M (`) for Ni-doped samples atT54.2 K. The insets
of the figures show the recovery curves for pure~impurity-
free! YBa2Cu3O6.98 (Tc592 K). Solid curves are the leas
squares fitting results using the theoretical function descri
below. First, from comparison with the insets, all the reco
ery curves for both Ni-doped samples recover more quic
than those for pure YBa2Cu3O6.98. Thus, Ni impurities dis-
tribute over both sites of Cu~1! and Cu~2!. Second, the Cu~2!
nuclear spin-echo signal recovers faster in the quenc
sample than in the as-synthesized one, whereas the C~1!
nuclear spin-echo signal recovers more slowly in the form
than in the latter. The Cu~2! nuclear spin-echo signal is af
fected in the quenched sample more than in the
synthesized one, whereas the Cu~1! is vice versa. Thus, it is
natural to conclude that the amount of Ni~2! in the quenched
sample is more than that in the as-synthesized one and th
Ni~1! is vice versa.

The 63Cu nuclear spin-echo recovery curves for Ni-dop
samples in Fig. 3 are nonexponential functions. For qua
tative discussion, we analyzed the experimental recov
curvep(t) by the exponential function times a stretched e
ponential functionp(t)5p(0)exp@2wt/(T1)host2Awt/t1#
@p(0),(T1)host, and t1 are the fit parameters, andw53 at
Cu~2! andw51 at Cu~1!#, after the dilute magnetic alloy26

or YBa2Cu4O8 with Ni impurities.24 The multiplicative nu-
merical factorw is introduced to conform to the convention
expression ofT1,27 and it is not essential in the discussio
below. Here,w53 is defined for the Cu~2! NQR T1 under a
uniaxial electric field gradient. The Cu~1! site is under an
asymmetric electric field gradient,28,29so that all thex, y, and
z components of the fluctuating local field contribute to t
Cu~1! NQR T1. Then, we use a simplew51. (T1)host is the
Cu nuclear spin-lattice relaxation time due to the host
electron spin fluctuation via a hyperfine coupling.t1 is the

e

FIG. 3. The Ni-doping effect on the63Cu nuclear spin-echo
recovery curvesp(t)[12M (t)/M (`) at T54.2 K. Insets show
the recovery curves for the pure~Ni-free! sample atT54.2 K. The
solid curves are the least-squares fitting results using the theore
function including a stretched exponential function~see the text!.
1-2
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Ni-SUBSTITUTED SITES AND THE EFFECT ON Cu . . . PHYSICAL REVIEW B 66, 134511 ~2002!
impurity-induced nuclear spin-lattice relaxation time via
longitudinal direct dipole coupling or a two-dimension
Ruderman-Kittel-Kasuya-Yosida interaction.30 We have con-
firmed no significant contribution from nuclear spin diffusio
by measuring65Cu isotope dependence and pulse-stren
H1 dependence of the recovery curves.31 Although for the
heavily impurity-doped system32 or spin glass system33

where it is hard to assign separately the host and the g
contributions, a single stretched exponential functionp(t)
5p(0)exp@2(t/t1)a# with a variable exponenta might be
appropriate, and we believe that the present model with
time constants, (T1)host and t1, is minimal and appropriate
for the x50.10 samples.

Figure 4 shows the temperature dependence of the
mated~a! @~c!# (1/T1)host and of ~b! @~d!# 1/t1 at 63Cu(2)
@63Cu(1)#. Below Tc , the Ni-induced relaxation componen
~stretched exponential part! is predominant both at Cu~1! and
Cu~2!. In Figs. 4~b! and 4~d!, the Ni-induced relaxation rate
1/t1 of Cu~2! for the quenched sample is more enhanc
than that for the as-synthesized one, whereas that of Cu~1! is
vice versa. In Fig. 4~b!, the upturn of 1/t1 of Cu~2! below 10
K for the as-synthesized sample is consistent with the up
of an initial relaxation rate 1/T1s reported in Ref. 34. In Fig.
4~d!, the difference in 1/t1 of Cu~1! between the two sample
with Ni is larger at lower temperatures than about 30 K. It
hard to estimate precisely the small 1/t1 and its difference
above about 30 K, where the signal-to-noise ratio of Cu~1!
NQR is poor in the Ni-doped samples.

In Fig. 4~a!, the host relaxation rate (1/T1)host of Cu~2! in
the as-synthesized and the quenched samples decreases
steeply than that in pure YBa2Cu3O6.98, as the temperature i
decreased belowT518–20 K and belowT525–30 K, re-
spectively. The dashed lines areT3 functions characteristic o
d-wave superconductivity. The steep decrease of (1/T1)host
and the upturn of 1/t1 is also observed for YBa2Cu42xNixO8
with x50.12 (Tc515 K).24 It is theoretically suggested tha
the spin-orbit coupling between an itinerant electron and a
local moment induces a local superconducting state wit
different order parameter (dxy-wave symmetry! around Ni in
thedx22y2-wave superconducting state.35 The steep decreas

FIG. 4. Log-log plots of~a! @~c!# 63(1/T1)host and ~b! @~d!#
63(1/t1) at 63Cu(2) @63Cu(1)# as functions of temperature for th
Ni-free and for the Ni-doped samples. The dashed lines areT3

functions. The solid curves are guide for the eyes.
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of (1/T1)host far belowTc may indicate a Ni-induced impu
rity band associated with the different order parameter, m
gapped on the Fermi surface than a puredx22y2-wave gap.

Figure 5 shows the temperature dependence of~a!
(1/T1)hostand~b! 1/t1 at Cu~2! in linear scale to show up the
above Tc data. The host (1/T1)host of Cu~2! above Tc is
nearly independent of Ni doping, whereas 1/t1 increases
with decreasingTc . In general, 1/t1 is an increasing function
of the impurity concentration.26 Thus, the observed increas
of 1/t1 indicates the systematic increase of the in-plane N~2!
concentrationxplane.

In the theoretical model of superconducting pairing me
ated by antiferromagnetic spin fluctuations, the external
pairing effect onTc is written by Tc5Tc02DTc with Tc0
;G0(Q)x0(Q) @G0(Q) is the host antiferromagnetic spin
fluctuation frequency, andx0(Q) is the static staggered spi
susceptibility36,37# and withDTc}xplane.

38 In spin-fluctuation
theory,39 one can obtain (1/T1)host}TC/(T1Q)@C
}x0(Q)/G0(Q) andQ}G0(Q) ~Ref. 40!# in the leading or-
der. The actual fit result by this function is the dotted cur
in Fig. 5~a!. Thus, the quantitative temperature depende
of (1/T1)host tells us the characteristic spin-fluctuation p
rameters,x0(Q) andG0(Q), which may describe the pairing
interactions. The nearly Ni-independent (1/T1)host in Fig. 5
indicates that the host spin-fluctuation spectrum is nearly
variant under Ni doping. In Ref. 9, the host (1/T1)host was
estimated to be systematically enhanced by Ni doping, wh
was regarded as evidence for softening of the sp
fluctuation frequencyG0(Q) and for the central origin for
reducingTc . However, our analysis indicates that the N
enhanced Cu~2! nuclear spin-lattice relaxation comes fro

FIG. 5. The Ni-doping effect on the temperature dependenc
~a! 63(1/T1)hostand~b! 63(1/t1) at 63Cu(2) in linear scale. The thick
bars indicate the respectiveTc’s. The dotted curve is the least
squares fitting result by a function ofTC/(T1Q)(C51.7 ms21

andQ5128 K) aboveTc .
1-3
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the extra relaxation in the stretched exponential part. T
central origin to reduceTc is the external pair braking effec
due to the increase of the in-plane Ni~2! concentrationxplane
in DTc . This is consistent with the original result fo
YBa2Cu42xNixO8. However, it is still hard to estimate th
quantitative value ofxplane.

Here, we analyze the temperature dependence of 1/t1 and
discuss the pair breaking mechanism of Ni. For an isola
local moment system in a conventional metal, the dynam
spin susceptibility as a function of frequencyv/2p is ex-
pressed by x(q,v)5xL /(12 iv/GL), where xL}S(S
11)/T is the static spin susceptibility andGL5aT
[4p (JNF)2kBT/\ (J is the coupling constant of the loca
ized moments to the band, andNF is the density of states a
the Fermi level per spin! is the impurity fluctuation fre-
quency due to the Korringa relaxation.41 Then, one obtains
1/T1 or 1/t1}GL /(vN

2 1GL
2) (vN/2p is the nuclear reso

nance frequency!.42,27Since 1/t1}1/aT at high temperatures
(T@vN /a) and 1/t1}aT/vN

2 at low temperatures (T
!vN /a), then 1/t1 takes a maximum value atT
5vN /a (GL5vN).

In Figs. 4~b! and 4~d!, 1/t1 of 63Cu(2) and of 63Cu(1)
takes a maximum at about 60 K and 10–20 K, respectiv
which can be associated with the maximum atT5vN /a.
Assuming the Korringa relaxationGL54p (JNF)2kBT/\
and settingGL5vN522 MHz for Cu~1! at T510 K and
GL531.5 MHz for Cu~2! at T560 K, one obtainsuJNFu
50.5A\vN /pkBT50.003 for Cu~1! and50.0014 for Cu~2!.
From a typical value ofNF51.5 states/~eV spin direction!,
uJu is 1.9 meV for Cu~1! and 0.94 meV for Cu~2!. The actual
maximum of 1/t1 takes place in the superconducting sta
Thus, replacing the Korringa termkBT by a d-wave gapped
term kBT(kBT/Dmax)

2 @2Dmax58kBTc ~Ref. 43!#, one esti-
matesuJNFu50.009 and thenuJu55.8 meV for Cu~2! ~if tak-
ing into account the effect of the antiferromagnetic spin c
relation, one gets a smalleruJu). The estimated magnitude o
uJu is smaller than the in-plane exchange interactionuJNi-Niu
511–31 meV of La2NiO41d ,44,45 uJCu-Cuu5150 meV of
v

ic

S

pl

G
f,
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YBa2Cu3O61d ,46 or a typical 4s-3d exchange interaction
uJsdu;0.1 eV. SinceupJNFSu50.03!1, the decrease ofTc

due to the magnetic scattering can be calculated within
lowest order Born approximation.38 From DTc

50.25p2xplaneNFJ2S(S11)/kB with S51 in a dx22y2-wave
superconductor,47 the sole occupation at Cu~2! (xplane5x/2
50.05) in the quenched sample yieldsDTc50.08 K at most.
This value is smaller than the observedDTc;20 K in the
quenched sample by a factor;250, suggesting that mag
netic pair breaking is not the mechanism of suppression
Tc in YBa2Cu32xNixO72d ~similar estimation for Zn doping
is seen in Ref. 48!. With this regard, we mention that th
magnetic impurity Ni should also has a nonmagnetic scat
ing part.47,49–51Although this kind of spin-independent sca
tering part does not affects-wave superconductivity, it can
suppressd-wave superconductivity, so that we have to i
clude this nonmagnetic part, as well as the magnetic one
considering the depairing effect by Ni in the high-Tc
cuprates.51 Thus, one can expect that a moderately stro
nonmagnetic scattering of Ni is a promising origin ofTc
suppression.

In conclusion, the Cu NQR experiment demonstrated t
both Cu~1! and Cu~2! nuclear spin-lattice relaxations i
YBa2Cu32xNixO72d are affected by Ni doping, that is, th
doped Ni impurities are substituted for both Cu~1! and Cu~2!
sites. One of the reasons for the small decrease ofTc by Ni
doping in YBa2Cu3O72d is partial substitution of the Ni im-
purities for the chain site. In the light of the Ni-induce
nuclear spin-lattice relaxation, the host Cu~2! spin fluctuation
spectrum in YBa2Cu3O72d with optimal oxygen content is
quite robust for Ni doping.

We would like to thank Professor M. Matsumura, Profe
sor H. Yamagata, and Professor K. Mizuno for helpful d
cussions. This work was supported by the New Energy
Industrial Technology Development Organization~NEDO!
as Collaborative Research and Development of Fundame
Technologies for Superconductivity Applications.
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