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63Cu and 89Y NMR study of an optimally doped YBa2Cu3O6.94 single crystal
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We report 63Cu spin-spin and spin-lattice relaxation rates (63T2
21 and 63T1

21) and 89Y magnetic hyperfine
shift ( 89K) in the normal state of an optimally doped single-crystalline sample YBa2Cu3O6.94 with Tc593 K
~which corresponds to the maximalTc for the YBa2Cu3O61x family!. The comparison between (63T1T)21 and
( 63T2g)21 evidences that the spin pseudogap doesnot open aboveTc at optimal doping, although the static
spin susceptibility starts to decrease well aboveTc , at T05150 K. Comparing the NMR data of this optimally
doped sample with those of two other ‘‘90 K’’ samples previously studied by our group, an underdoped
YBa2Cu3O6.92and an overdoped YBa2C3O7 , strongly suggests that the crossover to the spin pseudogap regime
occurs precisely at the optimal doping level. A phenomenological phase diagram based on the NMR results in
the normal states is proposed. We discuss to which extent our data agree with the predictions of the magnetic
scaling theory.@S0163-1829~97!00641-3#
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I. INTRODUCTION

The nonstandard properties of the normal state (T.Tc) of
the copper oxide high-Tc superconductors~HTSC’s! have
attracted a great interest in the hope of finding the clue to
high-temperature superconductivity. In particular, inelas
neutron scattering~INS! and nuclear magnetic resonan
~NMR! studies1 have revealed the presence of antiferrom
netic ~AF! fluctuations and a spin pseudogap in the lo
energy excitations.2 While the AF fluctuations seems to b
present in all HTSC’s, the spin pseudogap is rather restric
to the underdoped compounds, being their most outstan
feature because it opens aboveTc . These results have give
support to theories in which strong correlations play an
sential role in the cuprates, like some approaches base
the t-J model3 or the magnetic scaling~MS! model,4 which
predict the occurrence of a spin pseudogap phase in the
derdoped HTSC’s.

A remarkable fact is that from the experiments two d
tinct temperature crossovers may be identified, one ass
ated with the spin response atq5QAF and the other with tha
560163-1829/97/56~17!/11294~5!/$10.00
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at q50. The crossover associated withq50 is related to the
decay of the static spin susceptibilityxs(q50, v50) below
a characteristic temperatureT0 , as measured in bulk exper
ments or in NMR magnetic hyperfine shift probes. Wheth
or not the gap recently observed by photoemission exp
ments in Bi2Sr2CaCu2O8 ~Bi2212! ~Ref. 5! is related to
crossover atT0 is still an open question. The characteris
temperatureT0 varies strongly with doping as evidenced b
NMR results in La22xSrxCuO4 ~LSCO!,6 YBa2Cu3O61x
~Y123!,7,8 Bi2212,9 and HgBa2CuO41d .10 As regards the
opening of a spin pseudogap atq5QAF , it corresponds to a
transfer of spectral weight of magnetic excitations from lo
to higher energy, when the temperature decreases belo
characteristic temperatureT* . The occurrence of this gap
aboveTc , has been evidenced by INS measurements in
derdoped Y123.11,12In parallel, the NMR data also suggeste
a decrease of the low-energy excitations from the precu
decay of the nuclear spin-lattice relaxation rate divided byT
of the planar copper (63T1T)21 well aboveTc .13–15 Not-
withstanding, this does not suffice to determine the open
of a spin pseudogap; it is rather through the comparison
11 294 © 1997 The American Physical Society
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tween (63T1T)21 and the Gaussian component of the nucl
spin-spin relaxation rate (63T2g)21 that the opening~or not!
of the spin pseudogap can be confirmed.16–18

The static and dynamic responses of the electronic spi
a function of the doping level in Y123 as well as other HTS
compounds has been the subject of numerous N
studies.6–9,18 In previous works8,18 we have pointed out the
spin pseudogap and the decrease with the temperature o
static spin susceptibility as the main characteristics of
underdoped regime of the Y123, while in the overdoped
gime the spin pseudogap coincides withTc and xs slightly
increases with decreasingT. In particular, the dependence o
the opening of the spin pseudogap with doping is an imp
tant issue in order to elucidate its relationship with superc
ductivity. Pursuing this idea, other groups have recently
ported NMR studies of the evolution ofTc and the AF
correlations as a function of the doping level,19 but in the
absence of63T2g data, the conclusion is uncertain. The a
of the present communication is to report NMR results wh
clearly show that the spin pseudogap atQAF doesnot open
above Tc at the optimal doping composition of an Y12
single crystal. Moreover, a comparison with the data of ot
‘‘90 K’’ samples studied by our group strongly suggests th
the crossover to the spin pseudogap regime atq5QAF occurs
precisely at the optimal doping level.

II. EXPERIMENT

The measurements were carried out on a ‘‘porou
YBa2Cu3O6.94 single-crystal. Specific sample preparation20

ensured the highestTc value ~of 93 K! for the Y123 family
and a very sharp superconducting transiti
@DTc(10– 90 %)50.15 K in ac susceptibility withHac
50.1 Oerms], enabling us to identify the sample asoptimally
doped. Details of its characterization by specific heat m
surements are given elsewhere,20 and we also confirmed th
Tc determination by thein situ measurement of the detunin
of the NMR probe in zero magnetic field. The63T1 and the
63T2g were measured on the central line of the quadrup
splitted spectrum of the63Cu(2) with the applied magneti
field H055.7 T parallel to thec axis. The 89Y magnetic
hypertime shift~MHS! ( 89K) with respect to the YCl3 refer-
ence was measured withH0515T(ic) using the Carr-
Purcell-Meiboom-Gill sequence to increase the signal
noise ratio.

III. RESULTS AND DISCUSSION

In the presentation of the results, we directly compare
data for the optimally doped sample to those obtained on
other ‘‘90 K’’ single crystals previously studied by ou
group:8,18 a slightly underdoped YBa1.93Sr0.07Cu3O6.92 @Tc
591 K, DTc(10– 90 %)52.5 K# and an overdoped
YBa1.92Sr0.08Cu3O7 @Tc590 K, DTc(10– 90 %)51 K#,
where theTc’s were determined from the detuning of th
NMR probe in zero magnetic field. These samples are sm
pieces of the single crystals used for INS experiments at
Leon Brillouin Laboratory.12 Regarding the presence of S
impurity at the site of Ba, as is discussed in a previo
work,21 its main effect is to slightly depressTc (DTc
<1 – 2 K! with respect to impurity free Y123 of the sam
nominal oxygen content. Therefore, we emphasize that,
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spite the presence of Sr impurity, we are actually compar
three ‘‘90 K’’ samples with respect to their doping leve
which is reflected on the value ofTc and, as is discusse
below, through the89Y MHS.

The T dependence of89Kc is shown in Fig. 1 for the
optimal, thex50.92 and, for the sake of completeness, a
for two fully oxygenated samples (x51, 17Kc from Refs. 8
and 21 and89Kc from Ref. 22! and for a less-oxygenate
sample (x50.5).23 As far as the static spin susceptibility
concerned, it was demonstrated that the MHS of all nucl
sites@Cu~2!, O~2,3!, and Y# couple to a single spin degree o
freedom.24 The MHS is composed of aT-independent orbital
part NKaa,prb plus a T-dependent spin partNKaa,spin(T)
5 NAaa,spin

Nxaa,spin(T), whereN563, 17, and 89 stand fo
Cu~2!, O~2,3!, and Y sites, respectively. It is well known tha
the MHS is very sensitive to the doping level of the syste
CuO2 planes, and this is confirmed by the data of Fig. 1:xs
increases and becomes lessT dependent with greater dopin
levels. This enabled us to clearly distinguish the doping le
of our samples, from the underdopedx50.92 sample up to
the overdopedx51.0 sample. In the underdoped regim
xs(T) decays monotonically with decreasingT, whereas in
the overdoped regime it is slightly increasing. In the le
doped compounds, like YBa2Cu4O8 ~Ref. 25! and
YBa2Cu4O6.63 ~Ref. 24!, T0 is above 300 K, but in the
slightly underdoped sample (x50.92) T05200 K and in the
optimal sample (x50.94) T05150 K. Note that at optimal
doping xc(T) starts to decrease atT05150 K and theT
dependence is intermediate between the underdoped
overdoped behavior; i.e., it isflat at higher temperature. In
the overdoped regime, the temperatureT0 tends towardsTc ,
and for the more heavily doped compositionsxs(T) is
roughly temperature independent aboveTc , like in ordinary
metals. More precisely,xs(T) slightly increases with de-
creasingT,8,21,22 a behavior which may be expected in
narrow band metal. These features ofxs(T) are quite genera
in HTSC’s and have been analogously observed on the N
measurements in LSCO~Ref. 6! and Bi2Sr2CaCu2O8 ~Ref.
9!. Curiously, in optimally doped Tl2Ba2CuO61y,

26 the tem-
perature behavior ofxs(T) is identical to our optimal doping
sample, suggesting that this behavior might be character
of optimally doped compositions.

FIG. 1. T dependence of89Kc in x50.92 ~h! andx50.94 ~d!
sample. Additional data are89Kc for x50.5 ~j! and x'1 ~solid
line! samples~from Refs. 23 and 22, respectively!, and 17Kc ~1!
from Refs. 8 and 21. The origin of the vertical axes coincides w
Korb so that one is left with the spin contribution to the MHS.



o
t
e

Th

a
le

s

-
ti

e
s
ed

g

-
le

It

ity

n
ur

-

pin

ling
orre-
hen

be
f

-

in

t

ture

spin

igin
ship
,

11 296 56T. AULER et al.
Figure 2~a! shows (63T1T)21 as a function ofT for three
samples withx50.92, 0.94, and 1.0. The overall tendency
( 63T1T)21 is well known, increasing asT decreases, bu
turning down differently according to the doping level of th
sample.13,15 At higher temperatures~between 150 and 300
K!, the data of all samples superpose almost perfectly.
discrepancy sets on atT* 5140 K where (63T1T)21 of the
slightly underdoped sample (x50.92) passes through
maximum. This behavior is typical of less-doped samp
such as YBa2Cu3O6.52,8,21 YBa2Cu3O6.63,17 and
YBa2Cu4O8.25,27 For the optimal and overdoped sample
( 63T1T)21 continuously increases down toTc , saturating
somewhat aboveTc for the optimal composition. This flat
tening close toTc has been analogously observed in op
mally doped Tl2Ba2CuO61y ,28 but also in overdoped
HgBa2CaCu2O61d ,29 and so it is not yet clear if this featur
is characteristic of doping levels near the optimal compo
tion or it may have some other origin. In the overdop
YBa1.92Sr0.08Cu3O7 sample, (63T1T)21 increases more lin-
early with decreasingT, turning down abruptly atTc ~i.e.,
the flattening beforeTc is much less pronounced!. The dif-
ference in theT dependence of (63T1T)21 as a function of
doping contrast to the similarity of the behavior of (63T2g)21

shown in Fig. 2~b!. For bothx50.92 andx50.94 samples,
( 63T2g)21 grows asT decreases, passing through a lar
maximum around 100 K~unfortunately for thex51 sample,
these data are not available!. TheT dependence and the am
plitude of (63T2g)21 are larger for the less-doped samp
We point out again the remarkable similarity between theT
dependence of (63T1T)21 and (63T2g)21 of the optimally
doped sample investigated here and that reported by
et al.28 for a nearly optimal Tl2Ba2CuO61y .

Now we compare (63T1T)21 to ( 63T2g)21. The imagi-
nary part of the dynamical electron spin susceptibil
x9(q,v) is probed by (63T1T)21, while information on the
real partx8(q,v50) may be extracted from (1/63T2g).30 If
x9(q,v) andx8(q,v50) are dominated by the contributio
nearq5QAF and if one first neglects a possible temperat
dependence of the correlation lengthj ~in agreement with all

FIG. 2. T dependence of~a! ( 63T1T)21 and~b! ( 63T2g)21: h is
for thex50.92 sample,d for thex50.94 sample, andn is for the
x51 sample.
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available neutron data in Y123 compounds!, it can be shown
that (63T1T)21}x9(QAFvn)/vn[J(vn), where vn'0 is
the nuclear Larmor frequency, while (63T2g)21}x8(QAF)}
*0

`J(v)dv.1 Clearly, a loss of spectral weight of the low
energy AF excitations will strongly affectJ(vn) and
( 63T1T)21, but barely the total integral overJ(v) and
( 63T2g)21. Thus theT dependence of the ratioT1T/T2g pro-
vides a powerful method to investigate whether a s
pseudogap atq5QAF opens or not: If this ratio starts to
increase at a certain temperatureT* , a spin pseudogap is
opening. If one considers scaling hypothesis,4 then
( 63T2g)21}j21x8(QAF) and (63T1T)21}jz22x8(QAF)/
GAF , wherez is the critical dynamic exponent andGAF the
bare characteristic energy of AF fluctuations. Whenz51
~quantum critical regime!, one expects63T1T/ 63T2g to be
constant within the temperature range in which the sca
hypothesis apply, then to increase as soon as the gap c
sponding to the quantum disordered regime opens. W
z52 ~nearly antiferromagnetic Fermi liquid!, the
temperature-independent quantity is expected to
63T1T/( 63T2g)2}@j22x8(QAF)#GAF . TheT dependences o
the ratios 63T1T/ 63T2g and 63T1T/( 63T2g)2 are plotted in
Figs. 3~a! and 3~b!, respectively. In both the slightly under
doped and the optimally doped samples63T1T/ 63T2g and
63T1T/( 63T2g)2 are weakly T dependent above a certa
temperatureT* . For the underdoped sampleT* >140 K co-
incides with the maximum of (63T1T)21, while for the op-
timally doped sampleT* >Tc . Although these data are no
available for the overdoped sample, the (63T1T)21 increas-
ing continuously from highT down toTc , without any satu-
rating tendency, suffices to ensure that there is no signa
of the opening of the spin pseudogap aboveTc . Therefore,
these results strongly suggest that the crossover to the
pseudogap regime atq5QAF is occurring precisely at the
optimal doping.

There is not yet a consensus about the microscopic or
of the pseudogap and neither about its possible relation
with the highTc . In the MS theory,4 at high temperatures

FIG. 3. T dependence of the ratios~a! 63T1T/ 63T2g and ~b!
63T1T/( 63T2g)2: j is for the x50.92 sample ands for the x
50.94 sample.
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there is a crossover to a universal scaling regime at s
temperatureTcr corresponding to a coherence lengthj/a
'2. Tcr is associated withT0 and marks the onset of quan
tum critical ~QC! scaling behavior, of thez51 dynamic
critical exponent, whose low-temperature end is given
T* . At T* the system crosses over to the quantum dis
dered regime with the opening of a spin gap in the s
excitation spectrum. According to the MS model,4 when the
disorder introduced by the hole doping is too high, the sc
ing is no longer valid. So the overdoped samples are i
nonuniversal mean-field regime, which resembles az52 de-
scription, wherex8(QAF)GAF is T independent and therefor
a relation (T1T)/(T2g)25const should be obeyed in the lim
of long correlation length for the AF spin fluctuations. As
matter of fact, (T1T)/(T2g)25const is quite well verified
both for the optimally doped sample investigated here
Tl2Ba2CuO61y .28 The MS model4 also predicts that in the
QC regime, in the range of temperature betweenT0 andT* ,
T1T(}GAF), T2g

21(}j), andxs(T) should all be linear inT,
and thus the ratio (T1T)/(T2g) is constant. If these predic
tions seem to be fulfilled in YBa2Cu4O8,31 in the ‘‘90 K’’
Y123 samples this corresponds to a rather narrowT range
and the error bars remain too important to allow one to d
tinguish between the two regimes. The same way, even
the slightly underdoped sample, one cannot reliably dec
whether (T1T)/(T2g)5const or (T1T)/(T2g)25const is bet-
ter verified aboveT* . We note also that a linear behavior
(T1T)21 andT2g

21 extends up to the higher temperatures,
above T0 . Within the MS theory4 the flattening ofT2g

21

around 110 K is attributed to the saturation ofj. However, it
must be stressed that the interpretation of (T1T)21 andT2g

21

changes for short coherence lengthj,12,32 and if the non-
negligibleq'0 contribution is taken into account.23

In order to clarify the role of magnetic excitations in s
perconductivity, the relationship between the anomalies
served in the NMR measurements and those observe
transport measurements has been discussed. First Bu
et al.33 and, more recently, Barzykin and Pines,4~a! argued
that T* coincides with the temperatureTr below which the
resistivity ceases to be linear inT. Indeed, for YBa2Cu4O8
this seems right, but not for LSCO where the anomaly atTr

occurs at a temperature much higher thanT* . As Nakano
et al.34 have pointed out, in LSCO,Tr is closer to the maxi-
mum of the static spin susceptibility (T0). Further strong
evidence relatingTr to T0 was recently brought on by resis
tivity measurements35 revealing that the characteristic tem
peraturesTr are not affected by Zn doping in Y123. Onc
Zhenget al.36 have shown that the Zn doping destroys t
spin pseudogap while leaving almost unchangedxs(T),
these results support that the anomalies in the resistivity
related to crossover temperatureT0 , and not to the spin
pseudogap atq5QAF . Finally, Julienet al.37 arrived at the
same conclusion from almost perfect scaling of the in-pla
resistivity ~divided by T) and 63Kab in an underdoped
HgBa2Ca2Cu3O81d .

The key finding of this work is the coincidence of th
disappearance of the spin pseudogap precisely at opt
doping, which suggests that some relation might exist
tween this phenomena and superconductivity. Actually,
importance of the AF correlations to the highTc was evi-
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denced by Zhenget al.,36 who have shown that the substitu
tion of Cu~2! by Zn ~which depressesTc! destroys the spin
pseudogap in YBa2Cu4O8, with a minor change inxs(T).
This indicates, first, that the decrease ofTc produced by
nonmagnetic Zn doping is related to the modification of t
AF correlations and, second, that the spin dynamics at
center and at the border of the Brillouin zone are someh
decoupled.23 In addition to this, the high pseudogap tempe
ture and high characteristic energies of the spin fluctuati
reported in mercury compounds37,38 may also suggest a rela
tionship to the highTc’s of these compounds. Of course, th
experimental evidence is yet too sparse to enable any
clusion about the relationship between the spin pseudo
and superconductivity, and so further investigations
needed.

IV. SUMMARY

The main findings of this work are summarized in t
magnetic phase diagram proposed in Fig. 4, where the cr
over temperaturesT* and T0 @determined from (63T1T)21

andxs , respectively# as well asTc are plotted as a function
of the relative deviation from the optimal doping. For th
first time we were able to compare the NMR results of th
single crystals belonging to the ‘‘90 K plateau’’ of the Y12
compounds. We observed quite distinct behavior
( 63T1T)21, ( 63T2g)21, and 89Kc according to the doping
level. When the doping level is smaller than the optimal
spin pseudogap regime appears in the range of tempera
betweenT* andTc . We could determine that the crossov
to the spin pseudogap most probably occurs at the opti
doping, whereT* coincides withTc within the experimental
precision. The temperatureT0 is always superior toT* and
Tc . Upon increasing doping,T0 decreases, withT0.T* at
optimal doping and tending towardsTc in the overdoped
regime. The properties in the narrow rangeT0.T.Tc could
not be clearly identified. We also speculate that a sim
temperature dependence forxc , (T1T)21, and (T2g)21 is

FIG. 4. Magnetic phase diagram for Y123 based on the NM
data presented here: the characteristic temperatures as a funct
the doping level.T0 andT* are crossover temperatures defined
the text. Temperatures are expressed with respect to the maximTc

of the optimally doped composition (Tc
opt), and the doping level is

expressed as the relative decrease ofTc from Tc
opt .
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found in every optimally doped cuprate. Further studies co
paring these quantities as a function of the doping in
LSCO and other cuprates are desirable in order to shed m
light on the problem of the relationship between the sp
pseudogap and superconductivity.
m-
he
ore
in

ACKNOWLEDGMENTS

We thank M.-H. Julien for helpful discussions. T.A. ac
knowledges support from the Brazilian agency Conselho N
cional de Desenvolvimento Cientı´fico e Tecnolo´gico.
*Present address: Universidade Federal de Sa˜o Carlos, Via Wash-
ington Luı́s, km 235, C.P. 676, 13.565-905 Sa˜o Carlos, SP, Brazil

1For a recent review of NMR studies, see C. Berthier, M-H. Julien
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