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Nuclear-quadrupole-resonance study of overdoped Y1ÀxCaxBa2Cu3O7
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1The New Zealand Institute for Industrial Research, P.O. Box 31310, Lower Hutt, New Zealand

2Physikalisches Institut, Universita¨t Stuttgart, D-70550 Stuttgart, Germany
~Received 20 March 2000; published 20 February 2001!

We have performed a63,65Cu nuclear-quadrupole-resonance study of overdoped Y12xCaxBa2Cu3O7 and find
that the temperature dependence of the Cu spin-lattice and spin-spin relaxation rates are similar to that in
lightly overdoped YBa2Cu3O7. We show that the data can be interpreted within the Millis, Monien, and Pines
model in terms of no significant decrease in the antiferromagnetic correlation length, at least forp,0.233.
Furthermore, the isotopic ratios of the spin-lattice and spin-spin relaxation rates do not change with increasing
hole concentration, indicating that magnetic relaxation is still dominant in the overdoped region.
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The high-temperature superconducting cuprates~HTSC!
are proving to be extremely difficult to understand. The d
ficulty in understanding these materials is compounded
recent reports that suggest that antiferromagnetic correlat
do not exist in overdoped (p.0.16) YBa2Cu3O72d and
Bi2Sr2CaCu2O81d , possibly disappearing for hole conce
trations p.0.19.1,2 Indeed, there is evidence from low
temperature low-energy neutron-scattering measuremen
La22xSrxCuO4 that the low-temperature antiferromagne
correlation length is weakly hole concentration dependent
underdoped to lightly overdoped La22xSrxCuO4 (p,0.18)
and decreases substantially in the heavily overdoped re
(p;0.25).3

The possible absence of antiferromagnetic correlations
overdoped HTSC has important implications for understa
ing superconductivity and interpreting the nuclear-magne
resonance~NMR! data from the HTSC. It is currently be
lieved that the NMR data can be interpreted within t
Millis, Monien, and Pines~MMP! model.4–7 MMP proposed
a phenomenological dynamical spin susceptibility that, alo
with the Mila-Rice Hamiltonian,5 has been used to interpre
the NMR data. In this model the dynamical spin suscepti
ity is peaked at the antiferromagnetic wave vector, wh
strongly enhances the Cu spin-lattice relaxation rate but
the 17O spin-lattice relaxation rate. The MMP model is al
the basis of the nearly antiferromagnetic Fermi-liqu
~NAFL! model8–10 of HTSC. This single-spin fluid mode
assumes the presence of antiferromagnetic correlat
across the entire superconducting phase diagram,including
the overdoped side. Thus, if antiferromagnetic correlation
do not exist on the overdoped side then the MMP pheno
enological susceptibility cannot be used to interpret
NMR data and the NAFL model cannot be applied to ov
doped HTSC. It is therefore important to extend previo
studies into the overdoped region.

In this paper, we report Cu nuclear-quadrupole-resona
~NQR! measurements on overdoped Y12xCaxBa2Cu3O7 and
compare the results with optimally doped and lightly ov
doped YBa2Cu3O72d . The addition of Ca allows us to ex
tend previous YBa2Cu3O72d studies11–14 into the heavily
overdoped region. We selected the Y12xCaxBa2Cu3O7 com-
pound rather than La22xSrxCuO4 because the La22xSrxCuO4
NQR linewidths are anomalously large~;2 MHz!. Further-
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more, there is evidence from the NQR spectra of two
sites in the CuO2 plane as well as a Cu spin-lattice relaxatio
rate that is frequency dependent.15 We compare the spin
lattice and spin-spin relaxation rates in the overdoped reg
with similar measurements in the underdoped to lightly ov
doped region.11–14

Overdoped Y12xCaxBa2Cu3O72d ceramic samples were
synthesized as described previously.16 The final synthesis a
980 °C in 1 bar O2 was followed by rapid cooling to 600 °C
and further annealing to 350 °C to ensure that the sam
were fully oxygen loaded.

The superconducting transition temperature was meas
using a superconducting quantum interference device m
netometer and an applied magnetic field of 0.0005 T. Roo
temperature thermopower measurements were made us
technique described previously.17

Cu NQR measurements were made in a home-built pr
as previously described.14 The influence of external fields
was minimized by surrounding the probe and continuo
flow cryostat with am-metal shield. The spin-lattice relax
ation rate was measured using an inversion recovery p
sequence and ap/2 pulse width of 2ms. The spin-spin re-
laxation rate was measured using a Hahn-echo pulse
quence with the same pulse widths. Doubling thep/2 pulse
width did not lead to a significant variation in the spin-sp
relaxation rate. This is consistent with a previous study
YBa2Cu3O72d , where 1/T2g was not found to change whe
H1 was varied by a factor of 2.14

The magnetization recovery in the case of the Cu NQ
spin-lattice relaxation measurements can be expresse
M (t)5M0@122 exp(23t/T1)#, where 1/T1 is the spin-
lattice relaxation rate. The Cu NQR spin-echo decay in
case of theT2 measurement is more complicated. It has be
shown that the echo decay function can be expressed a18,19

M ~t!5M0 expS 2
2t

T2R
DexpS 2

1

2

~2t!2

T2g
2 D Md~2t!. ~1!

The first factor is the Redfield contribution, whe
for YBa2Cu3O7 T2R

2155.1T1
21.20 The second factor is the

Gaussian decay function. The third factor has recently b
introduced to account for the dynamical effects of t
nearest-neighbor Cu sites. This factor is close to 1 wh
©2001 The American Physical Society14-1
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T1,NQR@T2g . The functional form forMd(t) can be found
in recent publications by Curroet al.18,19

We present in Fig. 1 the Cu NQR spectra from thex
50.1 @Fig. 1~a!# and x50.2 @Fig. 1~b!# samples at 110 K.
The spectra were obtained by summing the spectra meas
at discrete frequencies. The superconducting transition t
peratures for thex50.1 and 0.2 samples are 68 and 48
respectively. We estimate the hole concentrationsp from
the approximate relationTc /Tc,Max51282.6(p20.16)2

~Ref. 21! to be 0.214 and 0.233, respectively. The negat
room-temperature thermopower values are consistent
the samples being overdoped (p.0.16).

The main peaks observed in the NQR spectra plotted
Fig. 1 are due to Cu from the CuO2 planes, where the relativ
integrated intensities of the65Cu and63Cu peaks are directly
proportional to the isotopic abundance. We did not find a
variation in the NQR linewidths with temperature for tem
peratures greater than 60 K.

We estimate the63Cu full-width half maximum~FWHM!
for Cu on the CuO2 planes by fitting the resonance of th
63Cu peak to a Gaussian function. The resultant FWHM’s
850 kHz for x50.1 and 900 kHz forx50.2. The 63Cu
NQR linewidths can be compared with fully loade
YBa2Cu3O72d , where the smallest reported NQR linewid
is ;250 kHz.22 Most of the additional broadening is likely t
be due to oxygen vacancies in the CuO chains. It has b
found that the Cu NQR linewidth increases dramatically w
increasing oxygen vacancies on the CuO chain.23 Evidence
of oxygen vacancies is provided by the additional intensity
between the63Cu and65Cu NQR peaks. It is also possibl
that some of the additional broadening is due to local
disorder about the Ca atom. This has been suggested to
plain the nearly threefold increase in the63Cu NQR line-
width from Cu in the CuO2 planes of Y0.9Ca0.1Ba2Cu4O8

FIG. 1. ~a! Plot of the Cu NQR spectra at 110 K from full
loaded Y0.9Ca0.1Ba2Cu3O7 ~left axis!. Also plotted is the frequency
dependence of63T1 ~right axis!. ~b! Plot of the Cu NQR spectra a
110 K from Y0.8Ca0.2Ba2Cu3O7. The solid curve is a Gaussian be
fit to the 63Cu NQR resonance.
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when compared with YBa2Cu4O8.
24 We note that the NQR

peak frequency for both thex50.1 and 0.2 samples is com-
parable to that found in optimally doped YBa2Cu3O72d .25

We also find that the63Cu NQR peak frequency is larger for
the x50.2 Ca, which is consistent with thex50.2 Ca
sample having a higher hole concentration.

We find that although our spectra are broad, the CuT1
magnetization recovery is single exponential. The C
NQR recovery is expected to be single exponential
an homogeneous material because Cu is a spin3

2 nuclei
and thus the nuclear-quadrupole interaction leads to o
one transition. The exponential magnetization recove
in Y12xCaxBa2Cu3O7 can be contrasted with
YBa2(Cu12yZny)3O72d ~Ref. 26!, where Zn induces a non-
exponential magnetization recovery. We show in Fig. 1~a!
~filled circles! that 63T1 is not frequency dependent.

It can be seen in Fig. 2 that the temperature dependenc
1/63T1T for overdoped x50.1 ~open down triangles,p
50.214! andx50.2 ~open circles,p50.233! is comparable
to that of fully loaded YBa2Cu3O7 as measured by Hammel
et al. ~solid up triangles,p50.18!.27 There is no evidence of
a change in the Curie-like behavior for temperatures grea
than 100 K. This is clear in the inset to Fig. 2, where we pl
the Curie constantc, obtained by fitting the data above 100 K
to 1/63T1T5c/(T1T0)1b, where the best fit is obtained
with T05180 K. In the case of underdoped YBa2Cu3O72d
~solid down triangles12! there is the added complication of
the normal-state pseudogap that causes 1/63T1T to decrease
for temperatures less than 140 K.28

FIG. 2. Plot of 1/63T1T against temperature from YBa2Cu3O6.63

@filled down triangles~Ref. 11!#, YBa2Cu3O7 @filled up triangles
~Ref. 27!#, Y0.9Ca0.1Ba2Cu3O7 ~open down triangles!, and
Y0.8Ca0.2Ba2Cu3O7 ~open circles!. Plot of the Curie constant against
hole concentration obtained by fitting the data in the figure forT
.100 K as described in the text.
4-2
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The common 1/63T1T curve for the overdopedx50, 0.1,
and 0.2 samples suggests that there is no significant ch
in the spin dynamics as probed by63Cu. It is also possible to
interpret the overdoped 1/63T1T data plotted in Fig. 2, within
the MMP model and the scaling analysis of Barzykin a
Pines~BP!,6 in terms of no significant change in the antife
romagnetic correlation length. This can be understood
noting that the Curie-like increase in 1/63T1T with decreasing
temperature is generally believed to be due to changes in
imaginary part of the dynamical spin susceptibility.6,10,18It is
also generally believed that the NMR data can be analy
using the MMP dynamical spin susceptibility,4 which can be
expressed as

x~q,v!5
bj2

11~Q2q!2j22 iv/vs f

1
xs~T!

12 iv/G0
, ~2!

wherevs f is the paramagnon frequency,j is the antiferro-
magnetic correlation length in units of the in-plane latti
parameter,Q5(p,p) is the antiferromagnetic wave vecto
xs(T) is the static spin susceptibility, andG0 is the
temperature-independent effective bandwidth. It has b
shown that in the limit ofj@1, (63T1T)215a1b/vs f .

6 In
the scaling-analysis model of BP,vs f}j2z, wherez51 for
T* <T<Tcr and z52 for T.Tcr . Consequently,
(63T1T)21}bjz. The scaling of (63T1T)21 and 63T2g

22 for
slightly overdoped YBa2Cu3O72d implies thatz51 for T
.100 K and hence (63T1T)21}bj.29 Therefore, within the
MMP model and using the scaling analysis of BP, we exp
that (63T1T)21 is directly proportional toj for overdoped
Y12xCaxBa2Cu3O7 and thus the constant (63T1T)21 for x

FIG. 3. Plot of the normalized63Cu NQR spin-echo magnetiza
tion against (2t)2 from Y0.9Ca0.1Ba2Cu3O7 ~filled circles! at 80 K
and from YBa2Cu3O7 ~filled up triangles! at 78 K ~Ref. 14!. The
solid curve is a fit to the data as described in the text.
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50, 0.1, and 0.2 above 100 K implies that there is no cha
in j for 0.18<p<0.233. We note that within the MMP
model b is assumed to be temperature independent. H
ever, we have shown that equatingb with the static spin
susceptibilityx(T) can explain the17O and63Cu NMR data
in underdoped YBa2Cu4O8, where x(T) rapidly decreases
with increasing temperature.2,30,31 In the case of overdoped
Y12xCaxBa2Cu3O7, the maximum increase inx(T) is only
14% from 300 to 100 K~Ref. 16! and hence any temperatur
variation in b is not expected to significantly affect the in
terpretation of our data.

Further evidence for no significant apparent change
the antiferromagnetic correlation length, within the MM
model and using the BP scaling analysis for overdop
Y12xCaxBa2Cu3O7 (p,0.233), is provided by63T2g . We
plot in Fig. 3 the spin-echo decay from Y0.9Ca0.1Ba2Cu3O7
~filled circles,p50.214! at 80 K and YBa2Cu3O7 @filled-up
triangles,p50.16~Ref. 14!# at 78 K, along with the fit to the
data using Eq.~1!. Note that the data in Fig. 3 have alread
been corrected for the Redfield contribution@first factor in
Eq. ~1!#. The resultant NQR 1/63T2g is (6.560.3) ms21

for Y0.9Ca0.1Ba2Cu3O7. This can be compared to the NQ
1/63T2g of (7.960.2) ms21 in YBa2Cu3O7. Within the MMP
model and assuming thatj@1, it is possible to express
1/63T2g as 1/63T2g}bj.6,18 Hence 1/63T2g provides a direct
measure ofj. Therefore, from the measurements of 1/63T2g
in YBa2Cu3O7 and Y0.9Ca0.1Ba2Cu3O7 we conclude that
within the MMP model,j decreases by only;20%. A small
decrease inj, within the MMP model, is consistent with th
negligible affect ofp on 1/63T1T mentioned above, at leas
for p,0.233.

FIG. 4. Plot of the measured ratio65T1 /63T1 against hole con-
centration~filled circles and left axis!. The YBa2Cu3O72d data~Ref.
32! was obtained near 60 K and the Y0.9Ca0.1Ba2Cu3O7 and
Y0.8Ca0.2Ba2Cu3O7 data was obtained at 80 and 68 K, respective
The dashed line~right axis! is the universal curve that describes th
dependence ofTc on hole concentration. Inset: Plot of the measur
ratio 65T1 /63T1 against temperature for Y0.9Ca0.1Ba2Cu3O7 ~open
circles! and Y0.8Ca0.2Ba2Cu3O7 ~filled circles!.
4-3
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The observations above that, within the MMP modelj
does not change significantly in Y12xCaxBa2Cu3O7 ~for p
,0.233! appears to contradict recent reports that imply
absence of antiferromagnetic correlations in the overdo
region~possibly only forp.;0.19!.1,2 It is therefore impor-
tant to see if the dominant relaxation mechanism change
going from the optimally doped to the overdoped region. T
dominant relaxation mechanism can be determined fr
65T1 /63T1 . In the case of magnetic relaxation it can
shown that65T1 /63T15(63g/65g)2, whereg is the nuclear
gyromagnetic ratio.32 If quadrupole relaxation dominates
then 65T1 /63T15(e63Q/e65Q)2, where eQ is the nuclear-
quadrupole moment.32

We plot in Fig. 465T1 /63T1 against hole concentration fo
Y0.9Ca0.1Ba2Cu3O7 at 80 K and Y0.8Ca0.2Ba2Cu3O7 at 68 K.
For comparison, we include65T1 /63T1 for optimally doped
YBa2Cu3O72d near 60 K.32 The relationship between hol
concentration andTc is shown by the dashed curve~right
axis!. It is clear that65T1 /63T1 does not change on the ove
doped side and there is no departure from magnetic sca
ing. We show in the inset to Fig. 4 that65T1 /63T1 does not
show any variation for moderate temperatures aboveTc .

Similar measurements of65T2g /63T2g were made on the
Y0.9Ca0.1Ba2Cu5O7 sample at 80 K. We find that the resulta
ratio is 65T2g /63T2g51.1960.10. This can be compared wit
the theoretical estimate of 1.30 obtained from65T2g /63T2g
5(63g/65g)2(63P/65P)0.5, where 63P and 65P are the isoto-
pic abundances of63Cu and65Cu, respectively.33 One study
on YBa2Cu4O8 (p50.122) found that for NQR,65T2g /63T2g
S
e
B

. H

.

p
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is close to the theoretical estimate where the experime
ratio is 1.2560.03.19 It has been shown that the charge a
spin dynamics on the CuO2 planes of YBa2Cu4O8 are essen-
tially the same as underdoped YBa2Cu2O72d with a d of
;0.2.34 Consequently, we find that65T2g /63T2g for over-
doped Y0.9Ca0.1Ba2Cu3O7 is comparable to that in the unde
doped cuprates.

In conclusion, we find that from NQR measurements
overdoped Y12xCaxBa2Cu3O7 within the MMP model, the
antiferromagnetic correlation length does not significan
decrease on the overdoped side, at least forp,0.233. This is
inconsistent with recent reports claiming the absence of
tiferromagnetic correlations forp.0.19 in overdoped
HTSC. However, our results do not necessarily contrad
the results from a neutron-scattering study on another HT
La22xSrxCuO4. It was found that the peak width (}j21)
was weakly dependent onp for p<0.18 while it was;3.6
times larger forp50.25.3 Unfortunately, there was no re
ported data in the 0.18,p,0.25 hole concentration range
Hence, it is possible that in La22xSrxCuO4 j decreases only
for p.0.233. We also find that the relaxation mechanism
still magnetic on the overdoped side, indicating that ma
netic relaxation is still dominant in the overdoped region.

We acknowledge helpful discussions with J. L. Tallon a
support from the New Zealand Foundation for Research S
ence and Technology and the Alexander von Humbo
Foundation.
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