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Spin dynamics in the paramagnetic phase of YBa2Cu3O6.12 as seen by Cu NMR
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~Received 11 March 1999!

We report a Cu nuclear magnetic resonance~NMR! study at both Cu sites in the paramagnetic phase of
YBa2Cu3O6.12. By measuring the temperature dependence of the magnetic shift and the spin-lattice relaxation
time, we have obtained the following major results. Above 500 K, the compound is in the renormalized
classical regime of a two-dimensional quantum Heisenberg antiferromagnet~AF! with spin S51/2. We have
determined the temperature dependence of the AF correlation length, a value for the hyperfine coupling
constant at the plane Cu~2! site, uAab24Bu5117(3) kOe/mB , and the effective magnetic moment,meff

50.68(2)mB . Below 500 K, the individual layers start to couple into pairs and the temperature dependence of
the AF correlation length abruptly crosses over to a faster increase whenTN is approached; the corresponding
effective AF in-plane coupling constant becomesJeff54100 K. A comparison with quantum Monte Carlo
calculations allows one to estimate an intrabilayer coupling constant,Jb /J&0.01, which is significantly
smaller thanJb /J50.08 as obtained by neutron-scattering experiments. Only'4 K aboveTN , also the
bilayers begin to couple. A further crossover has been observed in the Cu~2! spin-fluctuation symmetry: from
XY-like fluctuations aroundTN to isotropic fluctuations at'500 K. Due to its high value,TN does not depend
on the orientation of the applied magnetic field of 5.16 T.@S0163-1829~99!04137-5#
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I. INTRODUCTION

The bilayered structure YBa2Cu3O6 ~YBCO6! is the an-
tiferromagnetic~AF! parent compound of the YBa2Cu3O61y
superconductors~for y.0.4);1 its Néel temperatureTN , is
about 415 K. The investigation of the magnetic properties
YBCO6 is driven by two main interests. First, there is t
question about a possible interplay between magnetism
superconductivity. Even if there is no direct relation betwe
magnetism and the mechanism of superconductivity, mag
tism in these compounds certainly reflects the strong e
tronic correlation that exists and that must be taken into
count in any attempt to explain electron pairing in cuprat
Second, a bilayered AF offers insight into the crossover
gion between two-dimensional~2D! and three-dimensiona
~3D! magnetic systems.

In the paramagnetic phase of the quasi-2Dsingle-layer
antiferromagnets La2CuO4 ~LACO! and Sr2CuO2Cl2
~SCOCL!, the critical spin dynamics has been extensiv
studied by neutron scattering2,3 and nuclear magnetic o
quadrupole resonance4–9 and could be described successfu
with the nonlinears model for a so-called2D quantum
Heisenberg AF with spin S51/2 ~2D-QHAF for short!.10,11

For thebilayeredsystem, an extended nonlinears model12

and Monte Carlo simulations12,13 predict a considerably dif-
ferent low-energy excitation spectrum. These results ne
have been verified experimentally before.

In this paper, we report such a study, by nuclear magn
resonance~NMR!, of YBCO6 which became feasible afte
high-quality single crystals are now available.14,15 Our small
single crystals ('10 mg) are grown from a high
temperature solution and contain nearly no defects and
purity phases compared to the huge ('10 g) porous melt-
PRB 600163-1829/99/60~13!/9650~12!/$15.00
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textured samples used in neutron-scattering experiments.
single crystals allow NMR experiments of the paramagne
phase of YBCO6 over a very wide temperature range fr
TN up to almost 1000 K.

The well-known facts about theorderedphase of YBCO6
are as follows. Neutron-scattering experiments revealed a
AF lattice consisting of the Cu~2! magnetic moments in the
CuO2 planes.1 The magnetic moment arises from the hole
the 3dx22y2 orbital (S51/2) and lies parallel to the CuO2
plane.1,16 The Cu~1! ions residing between the bilayers a
nonmagnetic (S50). Although the magnetic lattice is 3D
the AF couplings are spatially very anisotropic: The sup
exchange interaction between nearest-neighbor~NN! spins in
the plane ~with coupling constantJ51450 K, Ref. 17!
dominates both theintrabilayer (Jb50.08 J, Ref. 17! and
the interbilayer coupling (J8'1025 J, Ref. 1!. These three
couplings are assumed to be isotropic~Heisenberg coupling!.
However, in order to explain the preferred spin orientati
parallel to the plane, a smallXY anisotropy ofJ ~that is
Jxy'1024 J, Ref. 1! has to be introduced. Thus, very clos
to TN , YBCO6 should behave as a 3D-XY-AF.

Our Cu NMR study of both Cu sites in theparamagnetic
phase of YBCO6 is a very detailed investigation of the s
dynamics. We are dealing with, among others,~i! the deter-
mination of the planar correlation length in the renormaliz
classical regime;~ii ! the rapid increase of the correlatio
length below 500 K and the determination of an effective A
in-plane coupling constant;~iii ! the crossover from isotropic
Cu~2! spin fluctuations at high temperature toXY-like fluc-
tuations aroundTN ; ~iv! the reduction of the Cu~2! magnetic
moment due to quantum fluctuations and its relation to
number of layers;~v! the effect of the motion of remnan
9650 ©1999 The American Physical Society
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PRB 60 9651SPIN DYNAMICS IN THE PARAMAGNETIC PHASE OF . . .
oxygen in the chains; and~vi! a possible explanation of th
unusual increase of the89Y relaxation rate, measured prev
ously, with rising temperature.

The paper is organized as follows. After briefly providin
experimental details in Sec. II and the theoretical backgro
of the experiment in Sec. III, we will present and analyze o
data in Sec. IV. We will separately discuss the results fr
Cu~2! and Cu~1! NMR and will address topics which ar
typical for the various temperature regimes.

II. EXPERIMENTAL

The YBa2Cu3O61y single crystals of'10 mg mass were
grown using the recently developed BaZrO3 crucibles14

which, in contrast to other container materials, do not c
taminate the growing crystal. Thus, our crystals exhibi
superior purity of more than 99.995 at. %.15 To fix the oxy-
gen content close toy50 ~Ref. 18!, the crystals were an
nealed at 740 °C in flowing argon~99.998%! for 100–280 h
followed by fast cooling to room temperature. In order
avoid oxygen absorption during our experiments perform
at high temperatures, the crystals were sealed in a thin qu
tube at 1023 mbar vacuum~crystals 1 and 2! or at 1 bar
argon atmosphere~crystal 3!.

X-ray-diffraction19 revealed the lattice constantsa5b
53.8591(7) Å andc511.7854(35) Å, and a chain oxyge
content ofy50.12(2). Theexistence of remnant chain oxy
gen can also be inferred indirectly from the relatively sm
lattice constantc ~compare with Refs. 16,20! and the slightly
reduced Ne´el temperature~407.5 – 410.3 K! compared to the
maximum values reported in the literature (TN*415 K,
Refs. 1,21!.

Our YBCO6 single crystals turned out to be unstable
high as well as at room temperature. Crystal 2 decaye
680 K, among others, into Cu2O ~monovalent Cu! and the
other crystals, after some weeks or months, fell apart
sheets probably due to the decomposition of remnant
inclusions, e.g., CuO~bivalent Cu! and BaCuO2.

A standard NMR pulse spectrometer was used with ex
nal magnetic fields of 5.16 and 9 T. In order to eliminate
pulse-induced ringing, an add-subtract phase-altering p
sequence was employed, which allows the echo delay t
t, to be chosen as short as 10ms. The signals were obtaine
by Fourier transformation of the spin echos or the free
duction decays. The spin-lattice relaxation time,T1, was
measured using the inversion-recovery pulse seque
About 50 ms turned out to be the shortest measurable re
ation time. The deviation from the desired crystal orientat
(Bextic or iab) has been determined to be less than 2°.

During the extremely long course of 1/T1 measurements
all our single crystals have been severely damaged, so
extension to spin-spin relaxation rate measurements aw
new single crystals.

III. THEORETICAL BACKGROUND
OF THE EXPERIMENT

The Cu nuclear spins (I 53/2) interact with their elec-
tronic environment through quadrupolar~i.e., electric! and
magnetic hyperfine couplings. In the presence of an app
magnetic fieldB0, the Hamiltonian of the Cu nuclear spinI ,
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having a gyromagnetic ratiogn and a quadrupole momen
eQ, can be written as

H5HZeeman1Hhyperfine
quadrupole1Hhyperfine

magnetic ~1!

with

HZeeman52gn\B0I ~2!

and, for axially symmetric site symmetry~as is the case o
both Cu sites in YBCO6!,

Hhyperfine
quadrupole5

eQVzz

4I ~2I 21!
@3I z

22I ~ I 11!#. ~3!

Hhyperfine
magnetic describes themagneticcoupling betweenI and its

electronic environment.
Here,Vzz denotes the largest principal component of t

electric-field gradient~EFG! tensorV, which, for both Cu
sites, is along thec axis. The quadrupolar frequencynQ
[eQVzz/2h is a measure for the quadrupolar interaction e
ergy.

The presence ofHhyperfine
magnetic in Eq. ~1! results in a magnetic

shift of the central line, i.e., them51/2↔21/2 transition.
This frequency shiftDnmag is measured with respect to th
Cu Larmor frequencynL , determined in a diamagnetic re
erence substance such as CuCl. Therelativemagnetic shift is
defined asK5Dnmag/nL with the special valueKc if B0 is
parallel to c. For this orientation, there is no quadrupol
shift of the central transition frequency, henceDnmag can be
evaluated directly from the measured frequency, thus allo
ing a very accurate determination ofKc .

The components of the magnetic shift tensor measure
the experimentKexp, can be decomposed into a spin and
orbital part, for instance,

Kc
exp~T!5Kc

spin~T!1Kc
orb. ~4!

In cuprates, the orbital part is anisotropic22 and assumed to
be temperature independent. The spin part, which is an
tropic as well but changes with temperature, can be
pressed by the spin hyperfine coupling tensor and
temperature-dependent static electronic spin susceptib
For thec component, we have

Kc
spin5

1

gcmB
Ac

spin~q50!•xo,c
spin~T!. ~5!

gc , mB , andq denote thec component of the slightly aniso
tropic Cu21 spectroscopic splitting factor, the Bohr magn
ton and the wave vector, respectively. According to Mila a
Rice,22 the q50 spin hyperfine coupling constant for th
planar Cu~2! site can be written asAc

spin5Ac14B, whereAc

is thec component of the anisotropic on-site hyperfine co
pling tensor andB represents the transferred isotropic hyp
fine coupling with one of the four Cu~2! NN spins in the
plane. For the Cu~1! site, since there is no on-site spin, on
a transferred hyperfine coupling~represented byBc8) with the
two Cu~2! NN spins has to be taken into account. Th
Ac

spin52Bc8 .
In the whole temperature range examined, the Cu~2! spin-

lattice relaxation is known to be caused by the fluctuations
the Cu~2! electron spins. Thus we obtained the spin-latt
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relaxation rate, 2W ~or equivalently 1/T1), by fitting our
magnetization recovery data,M (tw), of the central line to the
theoretical expression for recovery due tomagneticrelax-
ation ~Ref. 23!:

M ~ t !5M02C@0.9 exp~212Wtw!10.1 exp~22Wtw!#,
~6!

wheretw is the time elapsed after the application of the
version pulse,M0 is the equilibrium value, andC is a param-
eter depending on the excitation pulse.

General expressions for the relaxation rates, 2Wc51/T1c
~for B0ic axis! and 2Wab51/T1ab ~for B0iab plane!, respec-
tively, have been provided by Moriya:24

2Wc~T!5
2gn

2kBT

2mB
2 (

q
„Aab

spin~q!…2
xab9 ~q,vn ,T!

vn
, ~7!

2Wab~T!5
gn

2kBT

2mB
2 (

q
F „Aab

spin~q!…2
xab9 ~q,vn ,T!

vn

1„Ac
spin~q!…2

xc9~q,vn ,T!

vn
G , ~8!

where Aaa
spin(q) and xaa9 (q) (aa5ab,c) are the wave-

vector-dependent spin hyperfine coupling constant
imaginary part of the electron spin susceptibility, resp
tively, andvn denotes the nuclear precession frequency.

Due to the AF correlations, the susceptibility in YBCO
is enhanced at the AF wave vector,QAF5(p/a,p/a), and
exhibits, at this vector, a strong peak. Therefore, the p
dominant part of the spin-lattice relaxation comes from
spin fluctuations with wave vectors at and close toQAF . By
assuming atQAF a slow change ofAaa

spin(q) as compared to
the sharply peakedxaa9 (q), we approximate, in Eqs.~7! and
~8!, Aaa

spin(q) by Aaa
spin(QAF). For Cu~2!, the hyperfine cou-

pling constant atQAF is (Aaa24B) and the (Aaa
spin)2 value

for the Cu~1! site equals 0 or 2(Baa8 )2, depending on
whether the spins of adjacent bilayers fluctuate AF coup
or not.

The width of the susceptibility peak is isotropic since it
determined by the inverse of the isotropic AF correlati
length,j(T) ~see, for example, the Millis, Monien, and Pin
model25!. Therefore, together with the approximatio
Aaa

spin(q)'Aaa
spin(QAF), the temperature dependence of t

spin-lattice relaxation rate anisotropy can be related to
anisotropy ofx9 at the AF wave vector in the following way

We define asusceptibility anisotropy factork by

k~T!5
2Wab~T!2Wc~T!

Wc~T!

'
„Ac

spin~QAF!…2

„Aab
spin~QAF!…2

•

xc9~QAF ,T!

xab9 ~QAF ,T!
.

~9!

This definition is useful for two reasons. First, the anisotro
of the hyperfine coupling constant atQAF can be determined
Since the spins fluctuate isotropically far aboveTN , the ratio
xc9/xab9 equals the constant value (gc /gab)

2'1.2 ~Refs.
-
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20,24,26,27!. Thus,k yields, at high temperatures, the rat
uAc

spin(QAF)/Aab
spin(QAF)u. Second, since one generally a

sumes the hyperfine coupling constants to be tempera
independent, measuringk now allows us to determine th
temperature dependence of the ratioxc9(QAF)/xab9 (QAF) thus
providing direct information on the asymmetry of the Cu~2!
spin fluctuations.

We now turn to the spin-lattice relaxation of Cu~1! where
two different regimes must be distinguished. Belo
'500 K, the relaxation is mainly due to magnetic fluctu
tions whereas above'500 K, fluctuations of the electric
field gradient due to the motion of remnant chain oxygen
dominant. In case of purely quadrupolar relaxation, the e
recovery of the central line is given by28

M ~ tw!5M02C@0.5 exp~22W1tw!10.5 exp~22W2tw!#,

~10!

where 2W1 and 2W2 represent the quadrupolar relaxatio
rates due toDm51 and Dm52 transitions, respectively
Since the permutation of 2W1 and 2W2 in Eq. ~10! yields the
same relaxation law, the fit result does not tell which is t
2W1 and 2W2 term, respectively.

We assume the diffusing oxygen ions to move only in t
Cu~1! plane. For such a motion, they produce a fluctuat
EFG tensor whoseVxz and Vyz components are zero at th
Cu~1! site in a frame withz perpendicular to the Cu~1! plane
(zic). Therefore, when an external magnetic field~defining
the quantization axis,z) is applied along thec axis ~as in our
experiment!, the lack ofVxz and Vyz components, for this
special field orientation, leads to 2W150 ~Refs. 29 and 30!.
Thus, we regard 2W2 to be the larger value of the two Cu~1!
rates.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Cu„2… spin-lattice relaxation

In the whole temperature range we studied, Cu~2! nuclei
relax due to the AF electron-spin fluctuations. Thus, the te
perature dependence of the spin-lattice relaxation time of
an excellent opportunity to study the low-energy excitatio
of a bilayer QHAF with weak coupling between the plane
that isJb /J,0.1. We will start with presenting the data fo
lowed by a discussion of the effects studied in the vario
temperature regimes.

1. Experimental data

Because of occasional decomposition of the YBC
single crystals at high temperatures, we had to perform
laxation measurements on three different specimens~see Sec.
II !, partially in different, though overlapping temperature r
gions ~see Fig. 1!. Whenever comparison is possible, th
experimental 1/T1 values of different crystals turned out t
agree within 15%. At 670 K, far aboveTN , crystal 3 with the
lowest TN has also the lowest 1/T1c , suggesting a slight
decrease of 1/T1c with lower TN . On the other hand, the
1/T1c measured by Maliet al.31 on oriented YBCO6 powder
with TN5416 K that surpasses all single crystalsTN , is not
higher but about 20%lower than the single-crystal value
Thus, there is no clear trend of 1/T1c far aboveTN as com-
pared to the small differences inTN . Most of the experimen-
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tal data were determined in a magnetic field,Bext55.16 T,
except for the crystal 3 data close toTN which were mea-
sured at 9 T to benefit from a better signal-to-noise rati
Unfortunately, the operating temperature of this magne
cryostat is limited to 450 K. Since the temperature dep
dence of the 5.16 and 9 T data connect smoothly, we assum
in the following that 1/T1 is independent ofBext.

2. Renormalized classical regime

At temperatures far enough aboveTN , where the inter-
plane couplings,Jb and J8, play a minor role in the spin
dynamics, the measured 1/T1c can be compared with the the
oretical predictions of the nonlinears model for a 2D-QHAF
~with S51/2) in the so-called renormalized classical~RC!
regime. This regime is governed by the critical slowi
down of the spin fluctuations if the temperature approac
the ordering temperature,TN

2D50, of an ideal 2D-QHAF. In
the RC regime, the low-energy spin dynamics are descri
in terms of the spin-wave stiffness constantrS , and the spin-
wave velocity, both being linear functions of the intraplan
coupling constant,J.11 According to this model, the relax
ation rate 1/T1c and the planar spin-correlation length,j2DH
~normalized, as usually, to the lattice constanta), are related
to each other as follows:10,11

1/T1c~T!50.3
~Aab24B!2

J\
j2DH~T!

x3/2

~11x!2
, ~11!

j2DH~T!50.5 exp~1/x!@12~x/2!1O~x2!#, ~12!

wherex5T/(1.13J). Hence, the temperature dependence
1/T1c is dominated by the termT1.5 exp(1.13J/T). In the
temperature range 520–700 K, the predicted curves for

FIG. 1. Temperature dependence of the plane Cu~2! spin-lattice
relaxation rate in three different YBa2Cu3O6.12 single crystals with
the external magnetic field of 5.16 T~except for the crystal 3 mea
surements close toTN) either parallel or perpendicular to thec axis.
The star denotes a value measured on oriented YBa2Cu3O6 powder
~Ref. 31!. The same symbols will be used throughout the followi
graphs unless otherwise stated. The Ne´el temperature is denoted b
the arrow.
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behavior agree quite well with our experimental data, s
Fig. 2. In principle, the fit of Eqs.~11! and ~12! to the data
allows for two fit parameters,J and uAab24Bu. However,
since 1/T1c(T) is much less sensitive to variations ofJ than
to those ofuAab24Bu, we decided to use only the hyperfin
coupling constant as a fit parameter and to takeJ51450 K
as determined by neutron scattering.17 The best fit yields
uAab24Bu5117(3) kOe/mB .

Following the analysis introduced by Imaiet al.5

the known value ofuAab24Bu allows us to determine the
effective magnetic momentmeff via the relation Bint,0
5uAab24Bumeff , whereBint,0 is the internal magnetic field
measured in the ordered phase at very low temperatures
perform this determination not only for YBCO6 but also f
LACO and for the infinite-layer compound (Ca,Sr)CuO2
~CASCO! whose relevant parameters, together with the
sults, are listed in Table I. CASCO, which exhibits nearly 3
behavior,32 has a larger moment than the bilayered YBCO
whose moment, in turn, is larger than that of the sing
layered LACO where all planes are coupled only extrem
weakly.1 These findings agree qualitatively with theoretic
results33 obtained for a single-, bi- and infinite-layered A
system~Table I!. The moments evaluated for YBCO6 an
CASCO are smaller than the corresponding theoretical
ues because the latters have been calculated for the sp
case of spatially isotropic AF coupling, i.e.,J85Jb5J.
Thus, the value of the effective magnetic moment increa
with increasing number of layers; this confirms the gene
statement that quantum fluctuations play a minor role in s
tems of higher dimension.

3. Deviations from the RC behavior at high temperatures

There are two temperature regimes where 1/T1c departs
from the curves predicted for RC behavior. We will fir
discuss the regime above'700 K, where the 1/T1c rates in

FIG. 2. Temperature dependence of Cu~2! 1/(T1c•T3/2) in
YBa2Cu3O6.12 ~this work!, (Ca,Sr)CuO2 ~Ref. 34!, and La2CuO4

~Ref. 7!. The dashed lines are fits to the data using the model
S51/2 2D quantum Heisenberg antiferromagnet in the renorm
ized classical regime.
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TABLE I. Relevant parameters of YBCO6 and related antiferromagnets.

CASCO YBCO6 LACO

J ~K! 1450~150! ~Ref. 34! 1450 ~Ref. 17! 1550~50! ~Ref. 53!
uAab24Bu (kOe/mB) 155~10! ~Ref. 34! 117~3! 122~2! ~Ref. 53!
Bint(T→0) ~kOe! 115.2~Ref. 32! 79.65~Ref. 54! 78.78~Ref. 55!
meff (mB) evaluated 0.74~5! 0.68~2! 0.645~10!

meff (mB) theoretical 0.82 ~Ref. 33! 0.73 ~Ref. 33! 0.61 ~Ref. 33!
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all three compounds, YBCO6, CASCO~Ref. 34! and LACO
~Ref. 7!, are shifted to values higher than the curves for R
behavior~see Fig. 2!.

One possible explanation of the observed deviations
high temperatures is the spin diffusion which adds a lo
wavelength (q→0) contribution to the relaxation rate. I
LACO, it might amount up to 10% of the whole relaxatio
rate at 900 K and is proportional to the square of theq50
hyperfine coupling constant, (Aab14B)2.35 In CASCO, this
quantity has the value 9000 (kOe/mB)2 ~Ref. 34!, which is
distinctly smaller than 26 400 and 36 200 (kOe/mB)2 in
LACO and YBCO6, respectively.36 Thus, one would expec
a spin-diffusion contribution, and hence a deviation from
RC behavior, that is about three times smaller in CASC
than those in LACO and YBCO6. However, the experime
revealing a more or less material-independent deviation d
not support this explanation.

Another explanation option for the observed deviati
could be the crossover from the RC regime to the so-ca
quantum critical regime atT'J/2 wherej2D}1/T and 1/T1
'const ~Refs. 37 and 5–7! or the crossover to the high
temperature behavior where 1/T1, after passing through a
minimum,11 starts to grow towards the constant 1/T1,̀
value.38

4. Bilayer correlation length

The other deviation from the curve for RC behavio
which occurs below 500 K~see Fig. 2!, is interpreted as the
signature of the coupling of the layers into pairs which c
be regarded as new entities. To show this, we plot, in Fig
an ‘‘experimental’’ correlation length,j2D,exp, which we cal-
culated by help of Eq. ~11!, which is valid quite
generally,11,12 using our 1/T1c data, the valueuAab24Bu
5117 kOe/mB ~from the fit described above!, and J
51450 K ~Ref. 17!. Obviously, j2D,exp displays a kink
around 500 K and deviates from the curve for RC behav
thus indicating the onset of intrabilayer coupling. It turns o
that the data below 500 K can be fitted by the express
j2D,exp5C(12x/2)exp(1/x) with x5T/1.13Jeff which, in
this form, is essentially the same as Eq.~12! that is valid for
a single isolated layer. The best fit delivers

C51.14~80!31023 and Jeff54120~300! K,

whereJeff is approximatelythree timesthe value ofJ. This
temperature dependence below 500 K implies a diverge
of the bilayer correlation length atTN

2D50 and is qualita-
tively different from the 3D critical increase of 1/T1 in
CASCO at its finite Ne´el temperature,TN

3D5539 K ~see next
section and Fig. 4!.
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We now compare our results with two theoretical tre
ments. Recently, Yinet al.12 have calculated the correlatio
length for abilayer AF. In Fig. 3, the dotted line is their
result for the specific value in YBCO6,Jb /J50.08, as ob-
tained from neutron scattering.17 This line obeys quite accu
rately the simple expressionj2D,bi5Cexp(1.13Jeff /T) with
C56.23(1.00)1022 and Jeff53200(50) K. Compared with
the two fits to ourj2D,exp data below and aboveT5500 K,
the slope of the ‘‘Yin curve’’ is too high at high temperature
and too low at temperatures close toTN . In addition, the
‘‘Yin curve’’ does not display the crossover behavior o
served atT5500 K and the absolute value ofj2D,expat 500 K
is approximately one order of magnitude overestimat
Thus, the prediction for the bilayer structure in the RC
gime is not as successful as that for the single-layer AF.

Next, we compare our data with quantum Monte Ca
~QMC! calculations12,13 which have been performed to de
termine the correlation length for various values of the int
bilayer coupling,Jb . The results of the two groups ar
shown in Fig. 3 by dashed13 and dashed-dotted12 lines. The
curve for Jb50 confirms the analytical result of Eq.~12!.

FIG. 3. The planar antiferromagnetic correlation lengthj2D as a
function of inverse temperature. The solid lines are fits to the
perimental data above and below 500 K, respectively. The do
line represents the prediction for aS51/2 bilayer quantum Heisen
berg antiferromagnet in the renormalized classical regime~Ref. 12!
with Jb /J50.08. The dashed~Ref. 13! and dashed-dotted~Ref. 12!
curves are the results of quantum Monte Carlo calculations for
layers with intrabilayer coupling constants,Jb , ranging from 0.08J
to 0.5J.
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The slopes of the other curves, forJb.0, seem to approach
at high temperature, the slope of the single-layer curve,
approach approximately the slope of our data at low te
peratures, as soon as the calculatedj2D value exceeds'10
lattice constants. However, the predicted curve forJb /J
50.08 exhibits its ‘‘kink’’ at much higher temperature tha
our experimental curve.

The discrepancy may be solved by either assuming
the Hamiltonian used in the calculation has to be improv
by taking into account, for instance, a next-nearest-neigh
coupling which markedly diminishes the correlation leng
or by postulating a much smaller bilayer coupling, for e
ample Jb /J&0.01. The apparent discrepancy with t
neutron-scattering result,Jb /J50.08, is not understood a
present.

5. Critical behavior near TN

In order to discuss the 1/T1c data when the temperatur
approachesTN

1 , we plot the relaxation rate as a function
the reduced temperature,t5(T2TN)/TN , and include, for
comparison, our previous Cu data34 for CASCO, whereTN

5539 K ~Fig. 4!. While the relaxation rate in CASCO ex
hibits 3D critical behavior over quite a large temperatu
range,34 i.e., 1/T1c}tw with w520.33(4), this is not the
case for YBCO6. Only the three YBCO6 data points clos
to TN could signalize the onset of a critical behavior wi
w'20.33. Unfortunately, technical reasons did not allow
to get closer toTN than 15 K. Certainly, close enough toTN ,
all 3D-XY-like AF are expected to display the same critic
exponentw. The fact that the 3D critical temperature regio
in YBCO6 is barely detected and is so much smaller th
that of CASCO, is a consequence of the very small inte
layer coupling,J8'1025J ~Ref. 1! which is about three or-
ders of magnitude weaker than the coupling between
CASCO layers.32

FIG. 4. The spin-lattice relaxation rate of plane Cu versus
duced temperature for YBa2Cu3O6.12 ~this work! and (Ca,Sr)CuO2
~Ref. 34!. The dashed lines represent a power-law behavior wit
critical exponentw.
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6. Anisotropy of the susceptibility

The Cu relaxation rate forBextiab,1/T1ab , has been mea
sured at two temperatures,T5512 and 592 K. For this ori-
entation, the NMR signal is severely reduced because
line is broader and the spin-echo decay rate is very la
Together with the 1/T1c data at 512 and 592 K, we obtain th
following relaxation rate anisotropies:T1c /T1ab53.8(5) and
3.4~6!, respectively. Within the error bars, this result impli
that the anisotropy is temperature independent in this ran
or in other words, the transition fromXY-like spin fluctua-
tions close toTN to isotropic spin fluctuations far aboveTN

is already completed at about 500 K. Further support for t
interpretation follows in Sec. IV C 4.

Our resultT1c /T1ab53.8(5) confirms the 3.8 value de
termined for YBCO6 by Zhaet al.36 Furthermore, our value
agrees, within the errors, with the anisotropy of 3.9~3! mea-
sured in LACO~Ref. 5!. This similarity of the anisotropies
supports the known fact that YBCO6 and LACO have sim
lar Ac , Aab , andB hyperfine coupling constants.36

The relaxation rate anisotropies allow one to calculate
susceptibility anisotropy factorsk, which are 6.6~1.0! and
5.8~1.2!, respectively, at 512 and 592 K, and which are s
nificantly larger than the CASCO value,k(950 K)
53.7(2) ~Ref. 34!. At temperatures'100 K aboveTN ,k
depends only on the hyperfine coupling constants, there
this difference ink confirms our recent finding that theAab
constant in CASCO quite strongly departs from those eva
ated in YBCO6 and LACO. For the same reason, the hyp
fine field in CASCO atT→0 is about 45% higher than thos
in YBCO6 and LACO~see Table I!. This unusualAab value
of CASCO reveals unambiguously that the electronic c
figuration of Cu in the CASCO plane differs considerab
from those in LACO and YBCO6, presumably due to t
absence of apical oxygen in CASCO.

-

a FIG. 5. Temperature dependence of the Cu~2! magnetic shift in
c direction. Inset: Cu~2! central transition frequency versus tem
perature for the external field~5.16 T! parallel toab.
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B. Cu„2… magnetic shift and linewidth

Figure 5 shows the temperature dependence of theKc

component of the Cu~2! magnetic shift, measured at 5.16
for all three crystals together with some 9 T data for crystal
3 and the data point for oriented powder.31 Note that, for the
crystal samples, theKc data fall into a very narrow range o
only 0.06%. The minor differences in the absolute values
Kc for the different crystals are caused by minimal dep
tures of less than 1.5° from the idealciBext crystal orienta-
tion.

Below 600 K, the magnetic shift in all samples is, with
the error bar limits, temperature independent, and, in a
tion, there is no field dependence seen in crystal 3. The t
perature independence ofKc is in accord with previous re
sults for the superconductors YBa2Cu3O7 ~Ref. 39!,
YBa2Cu4O8 ~Ref. 40!, and La22xSrxCuO4 ~Ref. 41! which
implies that also for insulating YBCO6 the on-site and tra
ferred contributions of the static spin hyperfine fields co
pensate to zero, that isAc14B'0.

However, above 600 K, theKc data of all three crystals
reveal a slight temperature dependence which starts at s
what different temperatures and with slightly differe
slopes. TheKc increase, which is most clearly seen in crys
3, does not reflect the temperature dependence of the s
susceptibility whose slope diminishes when the tempera
approaches 1000 K~Refs. 20,42,43!. Therefore, according to
Eqs. ~4! and ~5!, the hyperfine coupling constants mu
change at high temperature.

A possible origin of such a change could be the exc
ment of the 3d hole into the next higher state, i.e., into th
3d3z22r 2 orbital. Such an excitation, however, wou
strongly affect the quadrupolar frequencynQ because it is
extremely sensitive to a change of the charge distribu
around the nucleus, andnQ(T) in turn mainly determines the
temperature dependence of the resonance frequencynab ,
measured forBextiab. There is no strong temperature vari
tion of nQ as seen bynab ~inset in Fig. 5! that exhibits only
the usual increase with increasing temperature due to
thermal expansion of the crystal lattice.32,34 Thus, a tentative
hole excitement is excluded as the origin of the unusual
crease ofKc at high temperatures. At present, we have
explanation for this unusual behavior.

Figure 6 displays the temperature dependence of
Cu~2! linewidth ~defined as half width at half height!. Very
close toTN , the line shape becomes asymmetric with a
at the low-frequency side. Since the linewidth data of
individual crystals scatter considerably, we conclude that
linewidth we measured is not an intrinsic property
YBCO6, but depends strongly on the quality of the ind
vidual crystal.

At 505 K, the smallest linewidths are 85 and 170 kHz f
the orientationsBextic andBextiab, respectively. Since thes
values are almost the same as observed in oriented powd31

the same statements made in that publication apply to
present single-crystal results. Quadrupolar broadening ca
ruled out because, in such a case, the Cu~1! linewidth would
be larger than the Cu~2! one because of the larger Cu~1!
quadrupolar frequency~29.6 MHz compared to 23.8 MHz
Ref. 31!. However, the corresponding Cu~1! linewidths we
measured in our crystal atTN are only 6 and 33 kHz.
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The pronounced increase of the linewidth whenTN is ap-
proached from above, isnot the result of 3D critical fluctua-
tions as can be seen in the following way. We have ten
tively fitted the temperature dependence by the ‘‘critic
equation’’ linewidth 5C(T2TN)p leading to a nice agree
ment with the data in the vicinity ofTN . However, for the
two fit curves in Fig. 6, not only the two exponents, name
p521.4(1) and p520.9(1), disagree considerably, bu
also the two constantsC differ by more than one order o
magnitude. Therefore, 3D critical behavior does not desc
satisfactory the linewidth data.

Instead, the linewidth can be related to the in-plane
correlation length,j2D,exp, as discovered for LACO by Ima
et al.6 The inset of Fig. 6 shows clearly that both quantiti
exhibit the same temperature dependence in the whole
perature range examined thus confirming that linewidth a
correlation length are intimately related. Since the magn
cally broadened linewidth is sample dependent there mus
some sort of sample-dependent disorder or defects that
hance the magnetical broadening of the linewidth.

C. Cu„1… spin-lattice relaxation

Figure 7 gives a summary of the 1/T1c Cu~1! spin-lattice
relaxation rate data. One can distinguish temperature regi
with quite different relaxation behavior which we will dis
cuss now.

1. Transferred hyperfine field at Cu(1) site

In the temperature rangeTN,T,500 K, the Cu~1! relax-
ation rate is about three orders of magnitude smaller than
Cu~2! relaxation rate. As shown in Fig. 8, Cu~1! and Cu~2!
1/T1c have the same temperature dependence between
and 470 K ~corresponding to thet range 431022

21.531021) with a scaling factor ofT1c,Cu(1)/T1c,Cu(2)
52600. Such a large difference of the rates can be accou
for only if the Cu~1! ion by itself does not possess an u

FIG. 6. Temperature dependence of the Cu~2! linewidth for
Bextic ~open! andBextiab ~full symbols!. The dashed lines are fit
to a tentative power-law behavior~see text!. Inset: linewidth~for
Bextic) versus planar antiferromagnetic correlation length.
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PRB 60 9657SPIN DYNAMICS IN THE PARAMAGNETIC PHASE OF . . .
paired electron spin and, in addition, the transferred hyp
fine coupling to the next ion with an unpaired electron spin
not too strong. The scaling behavior of Cu~1! and Cu~2! T1c
implies that in the temperature region belowT5470 K
Cu~1! is relaxedmagneticallyby the Cu~2! electron-spin
fluctuations. This conclusion is supported by the followi
facts. First, the Cu~1! relaxation rates of the two Cu isotope
~63Cu and 65Cu) scale, within error bars, with the gyroma
netic ratios squaredg2, which is what one expects from Eq
~7!. Second, Fig. 9 shows that the magnetization recov
near TN follows quite accurately the theoretical expressi
for magneticrelaxation, namely Eq.~6!.

Next, the experimental ratioT1c,Cu(1)/T1c,Cu(2)52600 is,
according to Sec. III, equal to (Aab24B)2/2(Bab8 )2. To-
gether withuAab24Bu5117 kOe/mB ~see above!, the ratio

FIG. 7. Temperature dependence of the Cu~1! spin-lattice relax-
ation rate. 2W, 2W1, and 2W2 are explained in the text. The dashe
lines are guides to the eye.

FIG. 8. The Cu~1! spin-lattice relaxation rates~for Bextic) in
both the paramagnetic and the ordered phase versus absolute
of the reduced temperature~open symbols!. The full symbols de-
note Cu~2! rates aboveTN .
r-
s

ry

yields uBab8 u51.6 kOe/mB which is our result for the Cu~1!
hyperfine coupling constant due to one Cu~2! nearest neigh-
bor. Since the direct dipolar field at the Cu~1! site produced
by the AF ordered Cu~2! electron spins of one plane amoun
to less than 100 Oe, theBab8 coupling must predominantly
arise from atransferredhyperfine field. This kind of cou-
pling is in general positive and isotropic as will be co
firmed, for the Cu~1! case, later.

The value we have obtained foruBab8 u may also be de-
duced from NQR measurements44 of Lütgemeieret al. per-
formed in a YBCO6 sample with 1% of Cu~1! replaced by
Fe. The doping enforces, belowTN , a ferromagneticorder in
the nearest CuO2 planes~of the two adjacent bilayers! result-
ing in a nonzero magnetic field at the Cu~1! site, Bint
52.0 kOe. Assuming that this field arises from just tw
magnetic moments ofmeff50.68mB magnitude~our value
from above!, the relation Bint5u2Bab8 umeff yields uBab8 u
51.5 kOe/mB , which agrees very well with our result.

One may wonder why the hyperfine interaction of t
unpaired Cu~2! 3dx22y2 electron spin with the Cu~1! nuclear
spin is so strong although the shortest route for supertran
via apex 2pz orbital is not possible due to the orthogonali
with Cu~2! 3dx22y2 orbital. Obviously, there has to be an
other but more efficient transfer route. Perhaps, the unpa
electron from the Cu~2! 3dx22y2 orbital polarizes first the
two Cu~2! 3d3z22r 2 electrons as indicated in quantum
chemical calculations recently.45 This would enable then the
polarization supertransfer via apical oxygen 2pz orbital and
Cu~1! 4s shell to the Cu~1! nuclear spin. Of course, it re
mains to be shown that this is the right explanation.

2. Field dependence of TN

Since the Cu~1! nuclei relax rather slowly, compared t
Cu~2!, one can measureT1c andT1ab of Cu~1! close to and
even atTN ~Fig. 10!. We identify the temperature whereT1
is minimal as the Ne´el temperature. In this way, we getTN
values that agree quite accurately with those gained fr
neutron-scattering experiments.1

lue

FIG. 9. Decay of the Cu~2! nuclear magnetization atTN and 750
K. Dashed~solid! curves are fits to theoretical expressions for pu
magnetic~quadrupolar! relaxation.
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9658 PRB 60R. POZZI, M. MALI, D. BRINKMANN, AND A. ERB
Figure 10 also demonstrates that, within error bars,TN of
crystal 1@410.3~5! K# does not depend on the orientation
the applied external magnetic field of 5.16 T. On the ot
hand, in the single-layer AF SCOCL, whereTN is only 257
K, TN rises by several degrees when an external magn
field is appliedparallel to the CuO2 planes while no effect is
seen forBextic ~Ref. 8!.

This difference can be understood as follows. For laye
antiferromagnets,TN is estimated by the mean-field relatio

J8@j2D~TN!#2'kTN , ~13!

where@j2D(T)#2 is approximately the number of short-rang
AF coupled spins that are present in aj2Da size spot. The
energy gain per one AF coupled Cu pair sitting in an ad
cent bilayer amounts toJ8. When the exchange energy b
tween two such neighboring spots in the adjacent bilay
surmountskT, the system orders three-dimensionally.

As shown in Sec. IV A 2, the temperature dependence
j2D in the paramagnetic phase can be approximated by
~12! where j2DH diverges atTN

2D50. An applied magnetic
field parallel to the CuO2 plane induces an additional Ising
like anisotropy that consequently raises thej2D divergence
~or 2D ordering! temperature to afinite value.8,46 Conse-
quently, the in-plane correlation length increases more r
idly for decreasing temperature. However, in a field bel
10 T this increase becomes noticeable only at temperat
below 300 K~Fig. 2 in Ref. 8! and thus influences only th
low TN

3D of SCOCL but not the high Ne´el temperature of
YBCO6.

One might wonder why the Ne´el temperatures of SCOCL
and YBCO6 differ by more than 150 K although theJ value
in both AF amounts to 1450 K~Ref. 47!. The answer is as
follows. First, the interplane coupling in SCOCL is smalle48

than in YBCO6 and, second, the bilayer correlation len
increases much faster compared to the single-layer beha

FIG. 10. Temperature dependence of the Cu~1! spin-lattice re-
laxation time in crystal 1 forBextic ~open! and Bextiab ~full tri-
angles!. The dashed lines are guides to the eye. Inset: tempera
dependence of the susceptibility anisotropy factork of Cu~1! ~full !
and Cu~2! ~open diamonds!.
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~see Sec. IV A 4!. According to Eq.~13!, both differences
contribute to the higher Ne´el temperature of YBCO6.

3. Dynamics near TN

Obviously, the Cu~1! relaxation rate does not exhibit a 3
critical increase~characterized by the critical exponentw'
20.33) which one might expect to arise from the 3D critic
slowing down of the Cu~2! electron-spin fluctuations atTN
~Fig. 8!. Instead, in the paramagnetic as well as in the
dered phase, the Cu~1! rate seems to become ‘‘flattened
when the temperature approachesTN .

The explanation of this behavior is as follows. One kno
that due to symmetry no static internal field exists at
Cu~1! site in theorderedphase of YBCO6~Ref. 16! because
the hyperfine fields cancel. In the paramagnetic phase, w
approachingTN and a coupling of the bilayers sets in, on
expects a similar cancellation of the fluctuating fields aris
from spins of adjacent bilayers, leading to an increasing s
pression or ‘‘flattening’’of the Cu~1! relaxation~see Fig. 8!.
This effect becomes noticeable atutu'0.01~corresponding to
TN64 K) which agrees nicely with theTN22 K range
where a recent neutron-scattering study49 of the ordered
phase detected a crossover from 2D to 3D behavior. Th
the Cu~1! relaxation rate is rather a witness of growing A
coupling between the bilayers whenTN

1 is approached, but it
is unable to mirror the Cu~2! 3D critical spin fluctuations.

4. Transition from XY to isotropic spin fluctuations

In Sec. IV A 6, we started to discuss the transition fro
XY-like spin fluctuations close toTN to isotropic spin fluc-
tuations far aboveTN . Since the Cu~1! relaxation can be
monitored very close toTN , further information is obtained
from the Cu~1! susceptibility anisotropy factork because the
Cu~2! spin direction determines the direction of the hyperfi
fields they generate at the Cu~1! site.

Cu~1! k values are shown in the inset of Fig. 10 togeth
with the two Cu~2! values measured above 500 K. In th
temperature regionTN65 K, k is 0.1~1! and hencexc9
!xab9 . In others words, the Cu~2! spin fluctuations are
strongly suppressed in thec direction. This is a consequenc
of the in-plane anisotropy,Jxy'1024J ~Ref. 1!, which is, in
the ordered state, also responsible for the spin alignment
allel to the CuO2 plane. With increasing temperature, there
a continuous crossover from anisotropic to isotropic Cu~2!
spin fluctuations indicated by a growingk, reaching a
0.65~10! value at 460 K. Recently, we observed a simi
crossover in CASCO~Ref. 34! and it had been reported als
for SCOCL.8

At sufficiently high temperature, the Cu~1! k should ap-
proach the constant value (gc /gab)

251.2 ~see Sec. III! pro-
vided both the spin-fluctuation and the hyperfine coupl
constantBaa8 are isotropic. However, if the hyperfine cou
pling were purely dipolar,k would reach a much larger lim
iting value, namely (Bc,dip8 /Bab,dip8 )2(gc /gab)

25
@2/(21)#21.254.8. Unfortunately, the Cu~1! 1/T1 anisot-
ropy gets spoiled above 500 K by a strong additional q
drupolar relaxation contribution having its own anisotro
unrelated to spin fluctuations. From ourplaneCu~2! anisot-
ropy values, we concluded before that the transition to p
isotropic spin fluctuations is completed already at about 5

re
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K. Therefore, one may say that the moderate increase o
Cu~1! k value aboveTN favors an isotropic hyperfine cou
pling constantB8 rather than an anisotropic dipolar one.

For comparison, the inset of Fig. 10 also shows ourk
value for the ordered phase, namely at 300 K, where
measuredT1c /T1ab51.39(2) s / 1.76(4) s50.79(3), thus
yielding k50.58(6) which is very close to the 460 K valu
in the paramagnetic phase.

5. Quadrupolar relaxation beyond 500 K

Next, we discuss the crossover from magnetic relaxa
at temperatures below 500 K~see Sec. IV C 1! to quadrupo-
lar relaxation, due to diffusing chain oxygen, at higher te
peratures. Figure 9 shows that the magnetization recove
750 K disagrees clearly with magnetic relaxation@Eq. ~6!#,
but follows quite accurately the theoretical expression
quadrupolar relaxation, namely Eq.~10!. This result confirms
the finding of Matsumuraet al.21 that, at temperatures abov
530 K, the Cu~1! relaxation rate is proportional to the C
quadrupole moment squared, a clear sign of pure quadr
lar relaxation.

Figure 7 provides an overview of the relaxation rates 2W,
2W1, and 2W2. Apparently, the temperature of 500 K mar
the transition between dominating magnetic and quadrup
relaxation, respectively. Both quadrupolar rates, 2W1 and
2W2, rapidly increase above 500 K and exhibit a maximu
or saturation around 650 K. The ratio of 2W2/2W159 at 600
K contains information about the excitation modes of t
lattice vibration at the Cu~1! site caused by diffusing chai
oxygen and allows, in principle, to test different models
diffusion of remnant chain oxygen.

The saturation of the Cu~1! rate around 650 K hasnot
been observed by Matsumuraet al.21 who studied the Cu~1!
relaxation in a YBCO6 powder sample withTN5415 K,
i.e., in a sample with even smaller chain oxygen content.
authors reported a rate increase up to 1/T1553104 s21 ~at
780 K!, a value which is about 150 times larger than t
highest 2W2 rate we measured. Matsumuraet al. interpreted
their data, which follow an Arrhenius law over three d
cades, as the result of oxygen diffusion and extracted a
fusion activation energy of 1.15 eV. As it is obvious fro
Fig. 7, our data exhibit a rather different behavior.
present, there is no explanation for this difference.

D. Cu„1… magnetic shift and linewidth

The temperature dependence of the Cu~1! Kc data ~Fig.
11! is similar to that of the static spin susceptibility20,42,43

and does not reveal any anomaly atTN . As already stated
above, the Cu~1! ion does not have an unpaired electron sp
So, there is no on-site contribution to the spin part of
magnetic shift and since the orbital partKorb, is temperature
independent, the temperature dependence of Cu~1! Kc must
arise from the transferred hyperfine fields generated by
plane Cu~2! electron spins. Cu~1! Kc consequently should
reflect the spin susceptibility of the planes,x0(T).

From the sign of the slope of the Cu~1! magnetic shift,
dKc

exp/dT, which is positive, one can determine, with the he
of Eqs. ~4! and ~5!, the sign of the transferred hyperfin
coupling, B8, using the relation dKexp/dT5dKspin/dT
52B8dx0 /dT. Sincedx0 /dT.0, it follows thatB8 has to
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be positive too. The same positive sign is obtained22,36 for
the Cu~2! in-planetransferredhyperfine coupling constantB,
a property that seems to be typical for this kind of coupli
mechanism.

Since the Cu~1! linewidth ~not shown here! of different
specimens varies by a factor of 2, it is, similar to the Cu~2!
linewidth, not an intrinsic parameter but depends on
quality of the individual crystals. For example, the Cu~1!
linewidth in crystal 1~as determined by Fourier transform o
the free induction decay! is 5.5 kHz ~for Bextic) and inde-
pendent of temperature betweenTN and 470 K. AtTN , the
linewidth slightly increases and seems to remain 7 kHz do
to 390 K, the lowest temperature point measured. Also th
linewidth50 remains constant aboveTN but increases strongly
below TN so that it doubles at'370 K. At the Bextiab
orientation, the Cu~1! linewidth values scatter too much t
allow one to resolve any temperature dependence.

E. Increase of the Y relaxation rate due to bilayer decoupling

Alloul et al.51 have reported89Y spin-lattice relaxation
data obtained from a YBCO6 powder sample. Above 425
the authors observed anincreaseof the Y rate that contrasts
to the decreasing 1/T1 of the neighboring Cu~2! nuclei which
relax through the strong Cu~2! spin fluctuations.

On the other hand, the Y temperature dependence is q
similar to our Cu~1! relaxation data in that temperatur
range, tempting to make the chain oxygen diffusion resp
sible for the Y relaxation as well. However, this possib
source for the unusual Y relaxation enhancement can be
cluded for two reasons. First, Y nuclei havingI 51/2 and,
therefore, no quadrupole moment, do not sense elec
charge fluctuations caused by diffusing oxygen. Second,
possible magnetic relaxation induced by the same oxy
diffusion would be too weak due to the large Y-Cu~1! dis-
tance and the very small89Y magnetic moment.

Two other possibilities to explain the increase of Y 1/T1
are the following:~i! the high-temperature enhanced cont
bution from spin fluctuations with wave vectors far aw
from QAF predicted by Chakravartyet al.52 and verified by

FIG. 11. Temperature dependence of the Cu~1! magnetic shift
for Bextic. The dashed line is a guide to the eye.
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Thurberet al.9 using 17O 1/T1 in paramagnetic SCOCL;~ii !
the decoupling of the two planes in the bilayer~Sec. IV A 4!
taking place at'500 K. We will discuss possibility~ii ! in
more detail.

Above 500 K, the dipolar fields arising from the tw
CuO2 planes do not cancel anymore at the Y site as they
in the case of AF coupled planes within the bilayer. Th
these dipolar fields now contribute to the Y relaxation; t
extra contribution is estimated as follows. The four AF co
related NN Cu~2! spins from one plane produce a dipol
hyperfine field at the Y site which we calculated with t
help of the well-known structure data@a5b53.86 Å, inter-
plane distance53.33 Å, Ref. 19#. The coupling constants
specifying the dipolar field areDab

dip51.24 kOe/mB and
Dc

dip50. Using the relation 1/T1c}gn
2@Aab

spin(QAF)#2 ~Sec.
III !, and the63Cu(2) relaxation rate at 600 K, 1/63T1c
53000 s21, we get for the Y relaxation rate: 1/89T1c

5(89g/63g)2@2Dab
2 /(Aab24B)2#(1/63T1c)50.023 s21.

This result is of the same order of magnitude as the exp
mentalincreaseof 0.07 s21 of the Y relaxation rate betwee
TN and 600 K. Thus, the observed increase of the Y rel
ation rate above 425 K is, at least partially, due to the m
netic decoupling of the planes of the bilayer.

V. SUMMARY

We have reported a detailed Cu NMR study of hig
quality YBa2Cu3O6.12 single crystals in their paramagnet
phase, ranging from slightly belowTN>410 K up to nearly
1000 K. The temperature dependence of the Cu~1! and Cu~2!
spin-lattice relaxation rates and their anisotropies and
magnetic shift inc direction at both sites have been me
sured. The major results obtained in the various tempera
regimes are as follows.

Above 500 K, the Cu~2! relaxation data reveal tha
YBa2Cu3O6.12 is in the renormalized classical regime of
2D quantum Heisenberg antiferromagnet~AF! with spin S
51/2, what means that electron spins of neighboring pla
fluctuate independently. From the data, we calculated
temperature dependence of the AF correlation length and
termined a value for the hyperfine coupling constant at
Cu~2! site, uAab24Bu5117(3) kOe/mB , and the effective
magnetic moment,meff50.68(2)mB . Thus, among the anti
ferromagnets La2CuO4,YBa2Cu3O6, and (Ca,Sr)CuO2, the
. Y
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value of the effective magnetic moment is larger the stron
the magnetic interplane coupling. Above 600 K, the Cu~2!
hyperfine coupling constant (Ac14B) exhibits an unusua
change which is not yet explained. The Cu~1! hyperfine cou-
pling constant due to one Cu~2! nearest neighbor, isB8
51.6 kOe/mB ; it is positive and approximately isotropic
Finally, we inferred, from the Cu~1! relaxation above 500 K,
that diffusion of remnant oxygen in the chains is present

Below 500 K, the individual layers in YBa2Cu3O6.12 start
to couple into pairs and the temperature dependence of
AF correlation length abruptly crosses over to a faster
crease whenTN is approached. The corresponding effecti
AF in-plane coupling constant becomesJeff54100 K, a
value nearly three times larger thanJ51450 K known for
the isolated layer. A comparison with quantum Monte Ca
calculations allows one to estimate an intrabilayer coupl
constant,Jb /J&0.01, which is significantly smaller tha
Jb /J50.08 as obtained by neutron-scattering experime
The origin of this disagreement is not yet known. On
'4 K aboveTN , do the bilayers begin to couple as ind
cated by a suppression of the Cu~1! relaxation rate. The de
coupling of the planes adds to the increase of the89Y relax-
ation rate above 425 K.

Measuring the susceptibility anisotropy, we detected
crossover in the Cu~2! spin fluctuations. In the rangeTN
65 K, these fluctuations areXY-like and become, with ris-
ing temperature, approximately isotropic; the crossover is
ready complete around 500 K. This behavior is similar to
crossover we observed recently in (Ca,Sr)CuO2.

The Néel temperature of YBa2Cu3O6.12 does not depend
on the orientation of the applied magnetic field of 5.16
This behavior contrasts with that of Sr2CuO2Cl2 where the
orientational dependence ofTN is a consequence of its low
value, namely 257 K.
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