
PHYSICAL REVIEW B 1 MAY 1999-IVOLUME 59, NUMBER 17
Relaxation mechanisms for63,65Cu nuclear quadrupole resonance in Zn-doped YBa2Cu3O7
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We have prepared Zn-doped YBa2Cu32xZnxO7 , x50;0.09 and performed63,65Cu nuclear quadrupole
resonance measurements for the plane sites at 300 and 100 K as a function of Zn concentration. Both spin-
lattice and spin-spin relaxation rates are reduced for high Zn concentration. The reduction of spin-lattice
relaxation rate due to Zn doping is more significant at the lower temperature. The ratio of63,65Cu spin-lattice
relaxation rates indicates that the magnetic contribution to the spin-lattice relaxation rate for the plane copper
is reduced whereas the quadrupolar contribution is increased at the lower temperature. This confirms clearly
that the antiferromagnetic spin fluctuation of the plane copper moments is suppressed significantly by Zn
substitution.@S0163-1829~99!00717-1#
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I. INTRODUCTION

Extensive research results up to date have shown tha
antiferromagnetic spin correlation between the plane cop
3d moments dominates the dynamic susceptibility in the n
mal states of cuprate superconductors.1 The antiferromag-
netic correlation has been investigated mainly by controll
the oxygen stoichiometry in these oxide superconductor
order to unveil the underlying origin and mechanism for t
unusual superconductivity. On the other hand, the magn
interaction between the copper local moments has been s
ied through the substitution of copper by magnetic and n
magnetic ions such as Ni and Zn.2–6 Contrary to the conven
tional wisdom7 as for the BCS-type superconductors, t
superconducting transition temperature significantly
creases for the nonmagnetic Zn substitution into the pl
copper sites whereas the magnetic Ni substituent weakly
duces the transition temperature.8 This result is often quoted
as evidence supporting that the origin of the pairing mec
nism may be the antiferromagnetic spin fluctuation betw
the plane copper moments mediated by the plane oxy
orbitals. It is commonly agreed that the Ni substituent ha
local moment. However, it is controversial whether or n
the Zn substituent carries a local moment.6,9–11Furthermore,
it is not decisively known on the microscopic ground whe
the Zn ion goes.

The absence of local moments at the Zn substituent
based mainly on macroscopic measurements such as
netic susceptibility data. However, the microscopic measu
ments such as nuclear magnetic resonance~NMR! and
nuclear quadrupole resonance~NQR! measurements exhib
a discrepancy about this matter. For example,63,65Cu NQR
and magnetic susceptibility data6,9 support that the Zn sub
stituent forms no local moment. On the other hand,89Y
NMR ~Refs. 10,11! exhibits an extra peak as a result of Z
substitution, which comes from the yttrium sites near the
substituents. In addition, the linewidth follows the Curie b
havior. This indicates that Zn carries a local moment. It
PRB 590163-1829/99/59~17!/11217~4!/$15.00
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suggested that Zn forms a moment possibly in a reson
state of the host copper bands.10 Thus the size of the momen
may be negligible for macroscopic measurements but Z
more effective for the suppression of the antiferromagne
fluctuation between the copper spins.

For 63,65Cu(I 53/2) NQR, the energy levels are degene
ate for I z561/2 andI z563/2. Thus the spin-lattice relax
ation occurs via two channels; the magnetic dipole relaxa
(DI z51) via fluctuation of hyperfine fields and the electr
quadrupole relaxation (DI z52) via fluctuation of electric-
field gradients. The magnetic relaxation is proportional to
square of gyromagnetic ratiog2, whereas the quadrupole re
laxation is proportional to the square of electric quadrup
momentQ2. Since 63g,65g whereas63Q.65Q, the ratio of
the spin-lattice relaxation rate for63Cu and 65Cu,
65(1/T1)/63(1/T1)5(65g/63g)251.15 for a purely magnetic
relaxation channel and 65(1/T1)/63(1/T1)5(65Q/63Q)2

50.85 for a purely quadrupole relaxation channel. In ge
eral, the total relaxation rate consists of both contributio
Thus, the ratio of the spin-lattice-relaxation rate for63Cu and
65Cu can tell us what the dominant relaxation mechanism

For YBa2Cu3O7, the dominant spin-lattice relaxatio
mechanism is determined from the ratio of the spin-latt
relaxation rate for63,65Cu NQR.12 This is found to be a mag
netic hyperfine interaction of copper nuclear spins with an
ferromagnetically fluctuating Cu 3d electronic spins at high
temperature. Then the dominant mechanism crosses ove
quadrupolar interaction due to the electric-field gradient fl
tuation at low temperature.12 The crossover temperature
reported to be 30–50 K for YBa2Cu3O7 ~YBCO!.12,13

In this paper we report a measurement of the ratio
63,65Cu NQR spin-lattice relaxation rates as a function of
concentration. From the Zn concentration dependence of
ratio, we can see how the dominant relaxation mechan
varies as the antiferromagnetic correlation between the c
per moments are influenced. The core finding from our m
surements is that the magnetic contribution to the spin-lat
relaxation rate for the plane copper is reduced whereas
11 217 ©1999 The American Physical Society
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quadrupolar contribution is increased at low temperatu
This confirms that Zn develops no local moment and con
quently the Zn substitution suppresses the antiferromagn
spin correlation between copper moments in the superc
ducting plane.

II. EXPERIMENT

Zn-substituted YBCO samples were prepared by
solid-state reaction technique after mixing raw materials
high purity Y2O3, BaCO3, CuO, and ZnO at the stoichio
metric ratio. We noticed that the high contents of Zn mig
segregate the superconducting phase leading to a multiph
So we prepared samples only up tox50.09 of
YBa2Cu32xZnxO7. The samples were ground into fine pow
ders for the ac susceptibility and NQR measurements.
superconducting transition temperatures were measured
homemade ac susceptometer operating at 1 kHz. The am
tude of magnetic field was estimated to be 0.3 Oe.

The pulse63,65Cu NQR measurements were carried o
for the plane coppers at 100 and 300 K. The pha
alternating pulse sequences were employed to reduce
electromechanical vibration~ring-down! after pulses.14 The
broad spectra were scanned by the point-by-point metho
different spectrometer frequencies. Meantime the pu
width was maintained long enough to slice a narrow f
quency window. The spin-lattice relaxation timeT1 was
measured by the saturation recovery pulse sequence.14 The
spin-spin relaxation timeT2 was measured by the solid-ech
pulse sequence. The cryogenic measurements were
formed in Oxford continuous flow cryostat~CF1200N!.

III. RESULTS AND DISCUSSION

Figure 1 shows temperature dependence of the ac sus
tibility for the Zn-doped YBCO, YBa2Cu32xZnxO7. The su-
perconducting transition temperature decreases rapidly
higher Zn concentration. The derivatives of the susceptibi
data are taken to measure the midpoint of the transition
the transition width. The transition width increases for hi
Zn contents. This is due to inhomogeneity after the Zn s
stitution. The superconducting onset temperatures are plo
in an inset. The slope of decrease in the transition temp
ture is found to be22.84 K/%, which is roughly consisten
with the published data,23.360.66 K/%.8

63,65Cu NQR spectra of the plane copper in the Zn-dop
YBCO at 100 K are shown in Fig. 2. The peak frequency
100 K decreases slightly as the Zn concentration increa
The NQR line becomes progressively broader for higher
substitution. Since the NQR frequency is determined by
product of the nuclear quadrupole moment, which is cons
for the ground state of a given nucleus, and the electric-fi
gradient at the resonating nucleus, the linewidth reflects
inhomogeneity of the electric-field gradient at the copp
sites. Thus the broad linewidth indicates that the spa
charge distribution is severely distorted locally at the pla
copper sites by the Zn substitution.

Figure 3 shows the spin-lattice relaxation rate 1/T1 of
63,65Cu NQR for the plane copper of the Zn-substitut
YBCO (YBa2Cu32xZnxO7) at 300 and 100 K. We note tha
1/T1 for 63Cu at 100 and 300 K are consistent with the pu
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lished data.15 Up to x50.09, the recovery is measured to b
single exponential within a high accuracy of data. We n
that a nonsingle exponential recovery has been reported
Ishidaet al.9 The nonsingle exponential recovery makes t
interpretation model dependent and the results may not h
a strong footing. Since we thought this was due to the imp
phases for a high concentration of Zn, we tried to avoid t
problem by sticking to a low concentration of Zn and cons
quently measured the single exponential recovery.

Ishidaet al.9 have reported and analyzed the nonexpon
tial recovery into a double exponential recovery, assumin

FIG. 1. The ac susceptibility of Zn-doped YBCO
(YBa2Cu32xZnxO7). The inset;Tc versusx.

FIG. 2. 63,65Cu NQR spectra of the plane copper in Zn-dop
YBCO (YBa2Cu32xZnxO7) at 100 K. The solid lines are fits to
Gaussian line shapes.
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model where the copper nuclei near Zn relax slowly and
copper nuclei far away from Zn relax quickly. In their dat
however, the deviation from a single exponential recover
not prominent and almost single exponential. In short, t
relaxation rates are very close to each other. We think
nonexponential recovery may be extrinsic and reflects
sample inhomogeneity due to the high Zn concentration
their samples.

The spin-lattice relaxation rate at 300 K decreases slo
for the higher Zn concentration. However, the spin-latt
relaxation rate at 100 K decreases very fast for higher
concentration. From the ratio of the spin-lattice relaxat
times for 63Cu and 65Cu NQR in YBa2Cu3O7, it is con-
firmed that above 50 K the dominant mechanism of the sp
lattice relaxation for the plane copper nuclei is not
electric-field fluctuation but a magnetic-field fluctuation.12,13

It is also known that the spin-lattice relaxation rate for t
plane copper is dominated by the antiferromagnetic s
fluctuation between the copper 3d spins.1 This means that
the copper nuclear spins dominantly relax via the magn
hyperfine interaction with the copper 3d moments.

Therefore, the decrease of 1/T1 upon Zn doping strongly
supports that the spin fluctuation is suppressed by the
substitution. This should be due to the absence of local
ments at the Zn sites. Namely, the nonmagnetic Zn ion
stroys the antiferromagnetic spin correlations between
copper moments. Since the spin-lattice relaxation rate
likely to be enhanced for higher Zn concentration if Zn d
velops local moments, the decrease of 1/T1 upon Zn doping
suggests that Zn does not carry local moments.

In the normal state of YBCO, the spin-lattice relaxati
rate for copper is given by16

1

T1
}A21n~x!B2,

whereA is the hyperfine coupling of the copper nucleus
the on-site Cu 3d spin andB is the transfer hyperfine cou
pling between a nucleus on one Cu site and the electron
on an adjacent Cu site, which is mediated by the interven
oxygen orbitals. Heren(x) is the number of the neighborin

FIG. 3. The spin-lattice relaxation rate 1/T1 of 63,65Cu NQR for
the plane copper in Zn-doped YBCO (YBa2Cu32xZnxO7) at 300
and 100 K. The dashed lines are guides for the eye.
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Cu 3d moments. Since the antiferromagnetic fluctuation
locally collapsed by the absence of local moment at Zn, 1T1
is reduced by the Zn substitution, as shown in Fig. 3.

Then the larger decrease in 1/T1 at 100 K suggests tha
the suppression of the spin fluctuation is enhanced at
temperature. This can be explained by the temperature
pendence of correlation length between the copper 3d spins.
From 63,65Cu NMR for the plane copper, it is reported th
the correlation length increases at low temperatures.1 The
correlation length at 300 K is shorter than the near-neigh
copper distance but that at 100 K is slightly longer than
distance.1 Thus the Zn substitution suppressing the spin flu
tuation affects more copper moments and reduces 1/T1 dras-
tically at low temperature. In detail, assuming that all zin
of concentrationx replace only the plane coppers, we noti
that the average distance between neighboring zincs is
lattice constant forx50.09. Assuming that the correlatio
length between the copper 3d moments at 100 K is;2.5
lattice constant,1 we find that 36% of copper nuclei are in
fluenced by the Zn substitution. Therefore, a large amoun
copper nuclei relaxes slowly by the loss of antiferromagne
spin fluctuation between neighboring copper 3d spins.

The spin-spin relaxation rate 1/T2 is also single exponen
tial. In addition, the spin-spin relaxation rates are sligh
reduced for the high Zn concentration. Since it is known t
the spin-spin relaxation is also dominated by the fluctuat
local field due to the antiferromagnetic spins,17 this behavior
is consistent with the spin-lattice relaxation rate. Thus b
the spin-lattice and the spin-spin relaxation rates of the pl
copper NQR are determined by the spin dynamics of anti
romagnetically fluctuating copper moments.

The ratio of the spin-lattice relaxation rate for63,65Cu
NQR is shown in Fig. 4 as a function of Zn concentratio
The relaxation mechanism at 300 K is almost purely m
netic due to the antiferromagnetic spin fluctuation. This
consistent with the published data, which reports that
magnetic relaxation dominates above 30 or 50 K.12,13 Then
as the Zn concentration increases, the ratio decreases to
the quadrupole relaxation. However, the relaxation mec
nism is not purely quadrupole in origin yet at 100 K. Th
magnetic relaxation still contributes although it becom
weak. The relaxation mechanism may be purely quadrup

FIG. 4. The ratio of63,65Cu NQR spin-lattice relaxation rates fo
the plane copper in Zn-doped YBCO (YBa2Cu32xZnxO7) at 300
and 100 K. The solid lines are drawn for the purely magnetic a
the purely quadrupole relaxations. The dashed line is a guide fo
eye.
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for higher Zn concentration and at lower temperature si
the magnetic relaxation is frozen by the formation of coo
pairs. From Fig. 4, it is concluded that the magnetic con
bution to the spin-lattice relaxation rate for the plane cop
is reduced whereas the quadrupolar contribution is increa
at the lower temperature. This is due to a reduction of
antiferromagnetic fluctuation by the Zn substitution and
enhanced contribution from the quadrupole relaxation. T
is a consequence of the loss of the local moment by the
substitution.

IV. CONCLUSIONS

We have prepared Zn-doped YBa2Cu32xZnxO7, x50
;0.09 and performed ac magnetic susceptibility and63,65Cu
NQR measurements to probe Zn substitutional effects on
copper 3d spin dynamics. The substitution effects are o
served in resonant frequencies, linewidths of spectra, and
relaxation rates as well as in superconducting transition t
peratures. For the Zn-doped YBCO,63,65Cu NQR frequency
of plane copper weakly depends on the Zn concentration
the linewidth becomes much broader for the higher Zn c
centration.

The spin-lattice relaxation rate at 300 K decreases slo
as the Zn concentration increases. However, the rate at 1
drops very fast for higher Zn contents. This suggests that
Zn substituents carry no local moment and suppresses
antiferromagnetic spin fluctuation between the copperd
moments. The larger reduction in the spin fluctuation at 1
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K is explained by the increase of the correlation length b
tween the copper 3d spins, which causes the more copper 3d
spins to be influenced by the Zn substitution. The spin-sp
relaxation rate also decreases for higher Zn concentrati
This is also due to the suppression of the spin fluctuation
the Zn substitution. This decrease is consistent with that
the spin-lattice relaxation rate.

The ratio of 63,65Cu spin-lattice relaxation rates indicate
that the magnetic relaxation is reduced whereas the quad
pole relaxation is increased at the lower temperature. T
strongly confirms that the antiferromagnetic spin fluctuatio
of the plane copper moments is suppressed significantly
Zn substitution.
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