
PHYSICAL REVIEW B 1 MAY 2000-IIVOLUME 61, NUMBER 18
Superconducting fluctuations and anomalous diamagnetism in underdoped YBa2Cu3O6¿x

from magnetization and 63Cu NMR-NQR relaxation measurements

P. Carretta, A. Lascialfari, A. Rigamonti, A. Rosso, and A. Varlamov*
Department of Physics ‘‘A. Volta,’’ Unita´ INFM di Pavia-Via Bassi, 6 I-27100 Pavia, Italy

~Received 1 June 1999; revised manuscript received 11 November 1999!

Magnetization and63Cu nuclear magnetic resonance-nuclear quadrupole resonance relaxation measurements
are used to study the superconducting fluctuations in YBa2Cu3O61x ~YBCO! oriented powders. In optimally
doped YBCO the fluctuating negative magnetizationM f l(H,T) is rather well described by an anisotropic
Ginzburg-Landau~GL! functional and the curvesM f l /AH cross atTc . In underdoped YBCO, instead, over a
wide temperature range an anomalous diamagnetism is observed, stronger than in the optimally doped com-
pound by about an order of magnitude. The field and temperature dependence ofM f l cannot be described
either by an anisotropic GL functional or on the basis of scaling arguments. The anomalous diamagnetism is
more pronounced in samples with a defined order in the Cu~1!O chains. The63Cu~2! relaxation rate shows
little, if any, field dependence in the vicinity of the transition temperatureTc(H50). It is argued how the
results in the underdoped compounds can be accounted for by the presence of charge inhomogeneities, favored
by chains ordering.
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I. INTRODUCTION

The superconducting transition in conventional superc
ductors is rather well described by mean-field theories,
sentially because in the coherence volumej3 a large number
of pairs is present. On the contrary, in cuprate supercond
ors the small coherence lengthj, the reduced carrier density
the marked anisotropy, and the high transition tempera
Tc strongly enhance the superconducting fluctuations~SF!.
In a wide temperature range, which can extend up to 10 o
K above Tc , a variety of phenomena related to SF~Refs.
1–3! can be detected by several experiments such as spe
heat,4 thermal expansion,5 penetration depth,6 conductivity,7

and magnetization8 measurements. Also nuclear magne
resonance-nuclear quadrupole resonance~NMR!–~NQR! re-
laxation has been used to detect SF.9–13 Recently the field
dependence of the NMR relaxation rateW and of the Knight
shift have been studied, by varying the magnetic field from
up to 24 T.11,12 Mitrovic et al.11 attributed the field depen
dence ofW(H) to the corrections in the density of stat
~DOS! contribution to the spin-lattice relaxation. On th
other hand, Gornyet al.13 have observedW(H) to be field
independent, up to 14 T, from 150 K to 90 K, in a samp
showing a decrease in 1/T1T starting around 110 K. More
recently, also Zhenget al.14 found no effect of the magneti
field on 63CuW in the underdoped YBa2Cu4O8, aboveTc .
An analysis of the role of SF in NMR experiments and of t
field dependence ofW has been recently carried out by E
chrig et al.,15 by extending the analitical approach of Ran
eria and Varlamov16 to include short-wavelength and dy
namical fluctuations.

Of particular interest is the role of SF in underdoped hig
temperature superconductors. In fact, in these compou
one has the peculiar phenomena of the opening, atT*
@Tc , of a spin gap~as evidenced by NMR and neutro
scattering! and of a pseudogap~as indicated by transport an
ARPES experiments!.17–19 These gaps, which are possib
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connected,20 have been variously related to SF of a particu
character.21–23

In this paper magnetization and63Cu~2! NMR-NQR re-
laxation measurements in underdoped YBa2Cu3O61x
~YBCO! are reported and compared with the ones in
optimally doped compound. The magnetization data yi
information on the fluctuating diamagnetism~FD!, while the
nuclear relaxation ratesW convey insights on the effects o
SF on the k-integrated spin susceptibility in the zero
frequency limit.

The paper is organized as follows. In Sec. II some ba
equations describing SF and FD are recalled. After so
experimental details~Sec. III!, in Sec. IV the experimenta
findings and their analysis are presented, with emphasis
the effect of the field onW and on the behavior of the dia
magnetic magnetization in chain-ordered underdop
YBCO. The main results and conclusions are summarize
Sec. V.

II. THEORETICAL FRAMEWORK
AND BASIC EQUATIONS

Because of SF the number of Cooper pairs per unit v
ume, which is given by the average value of the square of
modulus of the order parameterA^ucu2&, is different from
zero aboveTc . In the time-dependent Ginzburg-Landa
~GL! description2,3 the collective amplitudes and the corr
spondent decay times of SF are given by

^ucku2&5
^uc0u2&
11j2k2 and tk5

tGL

11j2k2 , ~1!

where tGL5(p\/8kBTc)e
21 and j(T)5j(0)e21/2, with e

5(T2Tc)/Tc . ^ucku2& plays the role of the Fourier compo
nents of the average number of pairs per unit volume, wh
tk is the correspondent relaxation time.

Fluctuating pairs can give rise to a diamagnetic magn
zation aboveTc . The diamagnetic magnetizationM f l in gen-
12 420 ©2000 The American Physical Society
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eral is not linear in the fieldH. The curvesM f l vs H andM f l
vs T can be tentatively analyzed by generalizing t
Lawrence-Doniach model, using the free-ener
functional24,25

F@c#5(
n
E dr Faucnu21

b

2
ucnu4

1
\2

4mi
UF¹ i2

2ie

\c
AiGcnU2

1tucn112cnu2G , ~2!

where the last term takes into account the tunneling coup
between adjacent layers. From Eq.~2!, deriving the free en-
ergy in the presence of the field and by means of a nume
derivation (M f l52]F/]H), one can obtain the fluctuatin
magnetization.

According to scaling arguments26–28 for moderate anisot-
ropy @quasi-three-dimensional~3D! case# one expects tha
the magnetization curves, at constant field, cross atTc(H
50) when the magnetization is scaled byAH. The ampli-
tudeM f l at T5Tc departs from Prange’s result29 by a factor
ranging from 3 to 7, corresponding to the anisotropy ra
(j i /j'). Accordingly,30 the data at different fields collaps
onto an universal curve whenM f l /T is plotted as a function
of e/H1/2n, with a critical exponent for the coherence leng
n.0.66.

For strong anisotropies, namely, quasi-2D systems,
M f l curves at constant field cross each other atTc(0).
M f l(Tc) is larger than the value obtained from the Gauss
approximation by a factor28 of approximately 2. Collapse o
the data onto a universal curve occurs forn well above 0.66,
usually in the range 1.2–1.4.

The contributions to the relaxation ratesW due to SF can
be derived within a Fermi liquid scenario, without specifyin
the nature of the interactions.2 The direct and most singula
contribution, equivalent to the Aslamazov-Larkin paraco
ductivity, is not effective as a nuclear relaxation mechanis
The positive Maki-Thompson~MT! contribution WMT re-
sults from a purely quantum process, involving pairing of t
electron with itself at a previous stage of motion, along
tersecting trajectories. A negative SF contributionWDOS
comes from the density of states reduction when electr
are subtracted to create pairs. Approximate expressions
WDOS andWMT can be derived by resorting to simple phys
cal arguments as follows. The relaxation rates can be
proximated by

2W.
g2

2
^Ak&kBT(

kW
S xspin9 ~k,v!'

v D
v→0

.
g2

2N
^Ak&kBTxspin~0,0!(

k
tk , ~3!

where^Ak& is an average form factor for Cu nuclei andtk
5Jk(0) an effective spectral density.17,31 SF modify the
static spin susceptibilityxspin(0,0) and the effective correla
tion time (ktk in Eq. ~3!. From Eq.~1! the in-plane density
of pairs isnc5(k^ucku2&52ne(kBTc /EF)ln(1/e) and there-
fore the SF imply
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xspin~0,0!5
nemB

2

EF
F12

2kBTc

EF
ln

1

e G . ~4!

For the dynamical part in Eq.~3!, the DOS contribution can
be obtained by averaging over the Brillouin zone~BZ! the
collective correlation time in Eq.~1!:

^tDOS&5(
k

tk
DOS5\r~EF!

\

4EFt
ln

1

e
, ~5!

in the dirty limit, differing from the exact calculation16 only
by a small numerical factor.t is the electron collision time.
The MT contribution has to be evaluated in the framework
diagrammatic theories.2 The final result corresponds to th
2D average over the BZ of a decay rate of diffusive charac
Gk5Dk2 ~with D5vF

2t/2 being the carrier diffusion con
stant!, phenomenologically accounting for phase-break
processes by adding in the decay rate a frequencytf

21:

^tMT&5(
k

$~Dk21tf
21!e~11j2k2!%21

5\r~EF!
\

4EFt

1

~e2gf!
ln

e

gf
, ~6!

where gf5j2(0)/tfD5p\/8KBTctf is a dimensionless
pair-breaking parameter.

By indicating withW0 the relaxation rate in the absenc
of SF and by neglecting the correction toxspin(0,0) @Eq.
~4!#, from Eqs. ~3!, ~5!, and ~6! the relaxation rate in 2D
systems becomes

WSF5W0F p\

8FFt

1

~e2gf!
ln

e

gf
2

0.8\

EFt
ln

1

e G . ~7!

To extend this equation to a layered system, when dim
sionality crossover~2D→3D! occurs, one has to substitute2

ln(1/e) by 2 ln@2/(Ae1Ae1r )# and ln(e/gf) by 2 ln@(Ae
1Ae1r )/(Agf1Agf1r )#, with r 52jc

2(0)/d2 anisotropy
parameter~d is the interlayer distance!. It is noted that the
MT contribution @first term in Eq.~7!# is present only for
s-wave orbital pairing, while it is averaged to almost zero f
d symmetry.

III. EXPERIMENTAL DETAILS

The measurements have been carried out on orie
powders of optimally doped YBCO, on one chain-disorder
underdoped, and on two chain-ordered underdoped YB
samples.32 By thermogravimetric analysis the oxygen co
tent in the underdoped compounds was found close to 6
with slight differences inTc . In the chain-ordered com
pounds electron diffraction microscopy evidenced the
pected tripling of thea axis, while resistivity measurement
show a sharp transition with zero resistivity atT562 K and
occurrence of paraconductivity below about 75 K.32 Table I
shows the main properties of the samples, as obtained fro
combination of measurements.

The 63Cu relaxation rates 2W[T1
21 have been measure

by standard pulse techniques. In NQR the recovery towa
the equilibrium after the saturation of the (6 1

2 →6 3
2 ) line is

well described by a single exponential, directly yielding 6W.
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TABLE I. Main properties of the samples, as obtained from a combination of measurements.

YBCO
optimally doped

YBCO
underdoped

Disordered Chain-ordered

Tc(0) 91.160.4 K 63.360.4 K 64.560.4 K 64.260.4 K
Tc(H56 T) 8760.5 K 6061 K
Tc(H59.4 T) 5561 5461 K

S]Hc2

]T D
Tc0

T/K
21.260.2 21.05 21.160.2 21.060.1

Hc2(T→0) H ic 100620 T ;70 T ;65 T
Hc2(T→0) H'c ;67 T ;44 T
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For the NMR relaxation a good alignment of thecW axis of the
grains along the magnetic field is crucial to extract relia
values ofW(H). The NMR satellite line, corresponding t

the (1
2 → 3

2 ) transition, can be used to adjust the alignme
and to monitor the spread in the orientation of thec axis, the
resonance frequency being shifted at the first order by
termeQVzz(3 cos2 u21)/h, due to the quadrupole interactio
~u angle of thecW axis with the field!. From the width of the
spectrum@Fig. 1~a!# the spread in the orientation of thec axis
appears within about two degrees.

The recovery law for the NMR satellite transition is

y~ t !50.5 exp~212Wt!10.4 exp~26Wt!

10.1 exp~22Wt!. ~8!

This formula fits the experimental data@Fig. 1~b!# and indi-
cates that the estimate of 2W is not affected by other reso
nance lines.

The magnetization has been measured by means of a
ronique Ingegnerie superconducting quantum interface
vice ~SQUID! magnetometer, on decreasing the tempera
at constant field and, at selected temperatures, by varyinH.
The paramagnetic contribution toM was obtained fromM vs
H at T>110 K, where practically no fluctuating magnetiz
tion is present. ThenM f l was derived, accounting for a
intrinsic Pauli-like paramagnetic term as well as for a sm
contribution from paramagnetic impurities. The parama
netic susceptibility turns out to be a little temperature dep
dent aroundTc and this dependence will be neglected
discussing the much stronger diamagnetic term.

In optimally doped YBCO the measurements have b
carried out to confirm the results recently obtained in sin
crystals by other authors.24,28,30,33The isothermal magnetiza
tion curves are satisfactorily described on the basis of
anisotropic GL functional@Eq. ~2!#, for e>431022. Only
close toTc and for H<1 T an observable departure is d
tected, indicating crossover to a region of non-Gaussian
in agreement with recent thermal expansion measureme5

The M f l vs T curves cross atTc(0) whenM f l is scaled by
AH, as expected for moderate anisotropy.28

IV. RESULTS AND ANALYSIS

Let us first comment on the data in optimally dop
YBCO @Fig. 2~a!#. The comparison between the NMR an
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s.

NQR W’s has been already discussed in previous papers9,10

Here we only add a few comments motivated by more
cents works11,13,34 involving the remarkable aspect of th
field dependence.

The NQR W is compared to Eq.~7!, using the values2

FIG. 1. ~a! NMR spectrum of the63Cu ~2! satellite line and~b!
the correspondent relaxation law in optimally doped YBCO@ the
solid line is the best fit according to Eq.~8! in the text#.
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t510214s, tf52.10213s, and a dephasing time parame
gf50.2. A quantitative fitting is inhibited by the fact that th
background contribution toW does not follow the Korringa
law, in view of correlation effects among carriers.17 A firm
deduction, however, is that an anisotropy parameterrÞ0
~i.e., a crossover to a 3D regime! is required to avoid unre
alistic values@2D line in Fig. 2~a!# as indicated also by mag
netization measurements~see later on!.

Mitrovic et al.11 have discussed the field dependence
T1 in terms of quenching of the DOS term only, by resorti
to the theory of Eschriget al.15 The field dependence of th

FIG. 2. ~a! NQR ~s! and NMR ~h! (H056 TicW ) 63Cu relax-
ation rates 2W in optimally doped YBCO. The solid and dashe
lines are guides for the eye. The dotted line is the tempera
behavior according to Eq.~7! in the text for r 50 ~namely, a 2D
spectrum of fluctuations! andgf50.2. NQR~empty symbols! and
NMR ~full symbols! relaxation rates 2W ~in a field of 9.4 T along
the c axis! ~b! in chain-disordered and~c! in chain-ordered under
doped YBCO aroundTc .
r

f

SF contribution to the relaxation rate is a delicate issue,
cause of the nontrivial interplay of many parameters t
include reduced temperaturee, reduced fieldb52H/Hc2 ,
anisotropy parameterr, and elastic and phase-breaking tim
t and tf . Eschrig et al.15 have extended the analytica
approach16 by taking into account arbitrary values o
(kBTt/\), short-wave fluctuations, and dynamical fluctu
tions. The price of this generalization is the restriction to
2D spectrum of SF fluctuations. In view of our experimen
findings the analysis of the field effect in a purely 2D fram
work is questionable. On the other hand, a reexamination
the field effect for a layered system is now possible by
plying the method of the DOS term regularization devised
Buzdin and Varlamov,34 which has indicated how the diver
gences can be treated. Since the dynamical fluctuations c
be relevant only for fields of the order ofHc2 , up to 20–30
T the fluctuations can be safely treated in the nearly st
limit. The field dependence for weak fields (b!e) turns out
to be35

W~b!e!2W~0,e!5W~0!
\

24EFt S k~Tt!

2
p

8gf
D e1r /2

@e~e1r !#3/2b2, ~9!

where

k~Tt!5
7z~3!

p

1

4pTt@c~1/2!2c~1/211/4pTt!#1c8~1/2!

5H 14z~3!/p3, Tr!1

4Tt, 1!Tt!1/Ae

~here\5kB51).
Therefore,W can increase or decrease with increas

magnetic field, depending on the mean-free path in the s
cific sample. IfTt&0.1 the main correction toW is due to
the MT term and one should observeW decreasing with in-
creasing field, while ifTt*0.1 the DOS correction become
dominant andW is expected to increase.

As it appears from Fig. 2 the effect of the field forT
>Tc(H50) is small, if any. It is noted that if Eq.~7! is
applied to the underdoped compounds the reduction in
Fermi energyEF and the increase in the anisotropy~i.e.,
decrease ofr! would imply a sizable increase inWSF. This
effect is absent in the underdoped compounds@see Figs. 2~b!
and 2~c! for the chain-disordered and chain-ordered Y
CO’s, respectively#. The decrease ofW over a wide tempera-
ture range (T&160 K), usually related to the spin-ga
opening,17 in principle could be attributed to a field
independent DOS term. On the other hand, the conventio
SF of GL character should occur only close toTc , where, on
the contrary,xspin(0,0) is weakly temperature dependen
Equation~9!, in principle, does predict a field dependenc
However, if typical valuesEF.3000 K, t.10214, k(Tt)
2(p/8gf).1, andr .0.1 are used, fore.331022 one has
W(b)2W(0).0.15W(0)b2, which is difficult to observe for
b!1. A comprehensive discussion of the field depende
of the SF contribution to the relaxation rate is give

re
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elsewhere.35 Here we only remark that the results in stro
fields (b*0.2) from Mitrovic et al.11 cannot be justified on
the basis of Eq.~9!.

As regards the magnetization measurements in optim
doped YBCO, as already mentioned, our data indicate a
regime crossing from Gaussian to critical fluctuations clo
to Tc . The value ofganm3(`) ~Ref. 28! at the crossing poin
of the curvesM f l /AH vs T turns out around21.5, corre-
sponding to an anisotropy factorgan54.5. A collapse onto a
common function is obtained whenM f l /AHT is plotted as a
function of e/H0.747. The collapse fails in magnetic field
less than about 0.3 T. A small-field departure from the u
versal function has been already observed in underdo
compounds,30 but no mention about it is found in the litera
ture for optimally doped YBCO.

In the underdoped compounds a marked enhanceme
the fluctuating magnetization is observed~Figs. 3 and 4!. In
Fig. 4 the susceptibility, defined asM /H for H50.02 T, is
plotted. The inset is a blowup of the results around the te
perature where reversing of the sign of the magnetiza
occurs. The susceptibilities for chain-ordered and cha
disordered underdoped samples are compared with the o
optimally doped YBCO in Fig. 5.

In underdoped YBCO the magnetization curves dram
cally depart from the ones expected on the basis of Eq.~2!
and numerical derivative. The curvesM f l vs T do not cross
at any temperature. No collapse on a common function
found for M f l /AH or for M f l as a function ofe/H1/2n ~Fig.
6!. These anomalies are more manifested in the ch
ordered compound, as it can be realized from the pecu
shape of the isothermal magnetization vsH ~Fig. 7!. One
could remark that a fraction of a few percent of nonperco
ing local superconducting regions can account for the ab
lute value of the diamagnetic susceptibility and for the sh
of the magnetization curves. A trivial chemical inhomogen
ity could be suspected. The fact that the anomalous diam
netism has been observed in three samples differently
pared and since it is strongly enhanced in the chain-orde

FIG. 3. Raw data forM /H (H50.1 T) in chain-ordered YBCO
for field along thec axis ~h! and in thea-b plane~n!. In the inset
the results forHc2 aroundTc are shown~estimated experimenta
error < 2%!. The solid lines indicate the procedure to evalua
Tc(H) andTc(0).
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ones, supports the intrinsic origin of the phenomenon.
cent theories36,37 have discussed how a distribution of loc
superconducting temperatures, related to charge inhom
neities, can cause anomalous diamagnetic effects.

Mesoscopic charge inhomogeneities have been predi
on the basis of various theoretical approaches.22,39 In under-
doped compounds one could expect the occurrence of
formed Cooper pairs causing ‘‘local’’ superconductivi
without long-range phase coherence. An inhomogeneous
tribution of carriers, on a mesoscopic scale, is supported
ab plane optical conductivity38 and it is the basic ingredien
of the stripes model.40 Since the anomalous diamagnetism

FIG. 4. RatioM /H, in a field of 0.02 T along thec axis, in
chain-ordered YBCO. The inset is the blowup of the data forT
>85 K. Similar results have been obtained in another sample
pared with the same procedure.

FIG. 5. Comparison of the susceptibility~defined asM /H, for
H50.02 T along thec axis! in optimally doped YBCO~squares!
and in chain-disordered~circles! and chain-ordered~triangles! un-
derdoped YBCO.
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enhanced in chain-ordered underdoped YBCO one
tempted to relate it to the presence of stripes. The insurge
of phase coherence among adjacent charge-rich regions
qualitatively be expected to yield strong screening above
bulk superconducting temperature.36,37,41 Therefore, one
could phenomenologically describe the role of SF in und
doped compounds, as follows. AtT@Tc , just below T* ,

FIG. 6. Evidence of the failure of anisotropic GL functional a
of scaling arguments to describe the magnetization curves in ch
ordered underdoped YBCO. The solid lines in the upper part of
figure are the behaviors obtained from the numerical derivative
Eq. ~2!. The dashed curves are guides for the eye.
is
ce
an
e

r-

fluctuating pairs are formed, without long-range phase coh
ence. BelowTSF , about 20–30 K aboveTc , phase coher-
ence among adjacent charge-rich drops37 start to develop,
yielding the formation of superconducting loops with stro
screening and causing the onset of the anomalous diama
tism. Close toTc , SF of GL character occurs and long-ran
phase coherence sets in.

V. SUMMARIZING REMARKS AND CONCLUSIONS

By combining magnetization and NMR-NQR relaxatio
measurements, an attempt has been made to clarify the
of superconducting fluctuations and of fluctuating diamag
tism in underdoped YBCO,vis-à-vis the optimally doped
compound. In the latter case the fluctuations aboveTc are
rather well described by an anisotropic Ginzburg-Land
~GL! functional and by scaling arguments for slightly anis
tropic systems. A breakdown of the Gaussian approxima
for small magnetic fields has been observed close toTc . The
63Cu relaxation ratesW aroundTc do not show a noticeable
field dependence. One cannot rule out the presence of a
contribution, and then of a smalls-wave component in the
spectrum of the fluctuations, which should be sample dep
dent in view of the role of impurities in the pair-breakin
mechanisms. In underdoped YBCO an anomalous diama

in-
e
f

FIG. 7. Magnetization curve in chain-ordered underdop
YBCO under high stabilization temperature (T565.67 K). ~a! Raw
data for the total magnetization,~b! fluctuating magnetizationM f l

as a function of the field.
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12 426 PRB 61P. CARRETTAet al.
tism is observed, on a large temperature range. The diam
netic susceptibility atTc is about an order of magnitud
larger than the one in the optimally doped sample and
isothermal magnetization curves cannot be described by
anisotropic GL functional. The data cannot be fit by a scal
function of the form e/H1/2n. The anomalies are mor
marked in the chain-ordered samples.63Cu NQR W in the
underdoped YBCO almost coincide with the NMR ones
H59.4 T, in agreement with a theoretical estimate of
effect of the magnetic field. Another conclusion drawn fro
the field and temperature dependences of the63Cu relaxation
rate is that the spin gap does not depend on the magn
field and that the behavior of the spin susceptibility forT
@Tc cannot be ascribed to SF of GL character.

The fluctuating diamagnetism observed in underdo
YBCO can be phenomenologically accounted for by
presence of charge inhomogeneities at mesoscopic level.
anomalies in the magnetization curves can be attribute
g-

e
he
g

t
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tic
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he
to

‘‘locally superconducting’’ nonpercolating drops, prese
above the bulkTc and favored by chain ordering.
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