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Superconducting fluctuations and anomalous diamagnetism in underdoped YB&u3Og4
from magnetization and 3Cu NMR-NQR relaxation measurements
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Magnetization and3Cu nuclear magnetic resonance-nuclear quadrupole resonance relaxation measurements
are used to study the superconducting fluctuations in,€B#Ds ., , (YBCO) oriented powders. In optimally
doped YBCO the fluctuating negative magnetizatidr,(H,T) is rather well described by an anisotropic
Ginzburg-LandayGL) functional and the curvelsl;, /\JH cross aff .. 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 dependekty¢ cdnnot 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 thélXQuchains. Thé®*Cu(2) relaxation rate shows
little, if any, field dependence in the vicinity of the transition temperafiygH =0). It is argued how the
results in the underdoped compounds can be accounted for by the presence of charge inhomogeneities, favored
by chains ordering.

[. INTRODUCTION connected® have been variously related to SF of a particular
charactef!~%

The superconducting transition in conventional supercon- In this paper magnetization arfiCu(2) NMR-NQR re-
ductors is rather well described by mean-field theories, edaxation measurements in underdoped YB@&Og
sentially because in the coherence volufi@ large number (YBCO) are reported and compared with the ones in the
of pairs is present. On the contrary, in cuprate superconduc@ptimally doped compound. The magnetization data yield
ors the small coherence lengghthe reduced carrier density, information on the fluctuating diamagnetigfD), while the
the marked anisotropy, and the high transition temperaturBUcléar relaxation rated/ convey insights on the effects of
T. strongly enhance the superconducting fluctuati¢sis. SF on the_ k-.|ntegrated spin susceptibility in the zero-
In a wide temperature range, which can extend up to 10 or lgequency I|m|F. . .
K aboveT,, a variety of phenomena related to SRefs. Th(_a paper is .or.gamzed as follows. In Sec. Il some basic
1-3 can be detected by several experiments such as speciﬁguat!ons descnb!ng SF and_ FD are recalled. After some
heat? thermal expansion penetration depth conductivity! experimental detail¢Sec. ll), in Sec. IV the experimental

o ._findings and their analysis are presented, with emphasis on
and magnetizatihmeasurements. Also nuclear magnetic . o offect of the field oW and on the behavior of the dia-
resonance-nuclear quadrupole resonaihNdR)—(NQR) re-

i o ) magnetic magnetization in chain-ordered underdoped
laxation has been used to detect S¥. Recently the field ygco. The main results and conclusions are summarized in

dependence of the NMR relaxation ratéand of the Knight  gec .
shift have been studied, by varying the magnetic field from 2

up to 24 T2 Mitrovic et al!! attributed the field depen-

dence ofW(H) to the corrections in the density of states

(DOS) contribution to the spin-lattice relaxation. On the

other hand, Gorneet al'® have observedV(H) to be field Because of SF the number of Cooper pairs per unit vol-
independent, up to 14 T, from 150 K to 90 K, in a sampleume, which is given by the average value of the square of the
showing a decrease inTYT starting around 110 K. More modulus of the order parametgy(|¢|2>, is different from
recently, also Zhengt al!* found no effect of the magnetic zero aboveT.. In the time-dependent Ginzburg-Landau
field on ®®Cuw in the underdoped YB&u,Og, aboveT..  (GL) descriptiod the collective amplitudes and the corre-
An analysis of the role of SF in NMR experiments and of thespondent decay times of SF are given by

field dependence dlV has been recently carried out by Es-

chrig et al,'® by extending the analitical approach of Rand- ) {|o?) TGL

eria and Varlamo¥ to include short-wavelength and dy- (| >:1+—§2k2 and "1 K2 (1)
namical fluctuations.

Of particular interest is the role of SF in underdoped high-where 7, = (7#/8kgT.)e * and £(T)=£(0)e Y2, with €
temperature superconductors. In fact, in these compounds(T—T.)/T¢. (|¢|?) plays the role of the Fourier compo-
one has the peculiar phenomena of the openingT*at nents of the average number of pairs per unit volume, while
>T., of a spin gap(as evidenced by NMR and neutron 7, is the correspondent relaxation time.
scattering and of a pseudogaas indicated by transport and  Fluctuating pairs can give rise to a diamagnetic magneti-
ARPES experimenjs’~!° These gaps, which are possibly zation abovél;. The diamagnetic magnetizatidfy, in gen-

Il. THEORETICAL FRAMEWORK
AND BASIC EQUATIONS
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eral is not linear in the fielth. The curvedM;; vsH andMy Neu 2kgT, 1

vs T can be tentatively analyzed by generalizing the Xspin(0,0= E [1— £ In—|. (4)
Lawrence-Doniach  model, using the free-energy F P

functionaf*2° For the dynamical part in E43), the DOS contribution can

be obtained by averaging over the Brillouin zof®Z) the
collective correlation time in Eq.l):

b
FLI=3 [ drlalyaf?+ 2 Lol -
_ DOS_ -
42 o ) <7'Dos>—§k‘4 T =hp(Ep) 4E|:7'In o )
_ _ _ 2
" am, [V e M|l = dnl®h @ e dirty limit, differing from the exact calculatiohonly

by a small numerical factorr is the electron collision time.

where the last term takes into account the tunneling couplind N MT contribution has to be evaluated in the framework of

between adjacent layers. From E8), deriving the free en- diagrammatic theories The final result corrgqunds to the

ergy in the presence of the field and by means of a numericdD average over the BZ of a decay rate of diffusive character

derivation (M= — dF/dH), one can obtain the fluctuating I'k=Dk?® (with D=vZ7/2 being the carrier diffusion con-

magnetization. stan}, phenomenologically accounting for phase-breaking
According to scaling argumerifs28for moderate anisot- processes by adding in the decay rate a frequercy

ropy [quasi-three-dimensiondBD) casg one expects that

the magnetization curves, at constant field, cros3 &H _ 2, -1 21,2\, 1

=0) when the magnetization is scaled k. The ampli- {rum) Ek: (DK 7, D e(1+ %0}

tudeMy, at T=T, departs from Prange’s restilby a factor x 1

ranging from 3 to 7, corresponding to the anisotropy ratio :ﬁp(EF)_—|ni (6)

(&,/€,). Accordingly® the data at different fields collapse AErT (€= 7v4) Vo'

onto an/ universal curve whevi;, /T is plotted as a function where 'y¢=§2(0)/7¢D= mhiBKgT,74 is a dimensionless
1/2 i " c
of e/H™<", with a critical exponent for the coherence length pair-breaking parameter.

v=0.66. By indicating with WP the relaxation rate in the absence

For strong anisotropies, namely, quasi-2D systems, thsf SF and by neglecting the correction f@p;+(0,0) [Eq.

My curves at constant field cross each otherTg(0). (4)], from Egs. (3), (5), and (6) the relaxation rate in 2D
M¢ (T,) is larger than the value obtained from the GaussmrgystemS becomes

approximation by a facté? of approximately 2. Collapse of
the data onto a universal curve occurs farvell above 0.66, h 1 e 08& 1
usually in the range 1.2—1.4. WSF= 8Fr(e—7,) no-—¢ In—|. (7)
The contributions to the relaxation ratéédue to SF can Fr(emvy) vy Eprm e

be derived within a Fermi liquid scenario, without specifying  To extend this equation to a layered system, when dimen-
the nature of the interactiodsThe direct and most singular sionality crossovef2D—3D) occurs, one has to substitdte
gontribution, equivalent to the Aslamazov-Larkin paracon-|n(1/¢) by 2 Inf2/(\e+e+r)] and Ingly,) by 2 IN(Ve

uctivity,. i; not effective as a nuclear relaxation mechanism., Vet 1) (Vyg+ va+1)], with r=2£%(0)/d? anisotropy
The positive Maki-ThompsoMT) colntrlbu'uon Wit re- parameter(d ig the i?]terlayer distanaelct is noted that the
sults from a purely quantum process, involving pairing of theMT contribution [first term in Eq.(7)] is present only for

electrop with !tself ?t a prewous.stage of mOt.'O”'. along N"s wave orbital pairing, while it is averaged to almost zero for
tersecting trajectories. A negative SF contributidvyog d symmetry

comes from the density of states reduction when electrons
are subtracted to create pairs. Approximate expressions for
WposandW,,t can be derived by resorting to simple physi-

cal arguments as follows. The relaxation rates can be ap- The measurements have been carried out on oriented

Ill. EXPERIMENTAL DETAILS

proximated by powders of optimally doped YBCO, on one chain-disordered
underdoped, and on two chain-ordered underdoped YBCO
52 Xooin(Kw), samples?? By thermogravimetric analysis the oxygen con-
2W= —(A)ks T, ( = ) tent in the underdoped compounds was found close to 6.66,
2 k @ w—0 with slight differences inT.. In the chain-ordered com-

2 pounds electron diffraction microscopy evidenced the ex-
~ y_<Ak>kBTXspin(010)2 Te» ©) pected tripling of thea axis, while resistivity measurements
2N k show a sharp transition with zero resistivity &t 62 K and
occurrence of paraconductivity below about 75T able |
where(A,) is an average form factor for Cu nuclei amg  shows the main properties of the samples, as obtained from a
=J,(0) an effective spectral density®! SF modify the combination of measurements.
static spin susceptibility,,(0,0) and the effective correla- The %Cu relaxation rates\ W=T; * have been measured
tion time =, 7 in Eq. (3). From Eq.(1) the in-plane density by standard pulse techniques. In NQR the recovery towards
of pairs isn.= (| ¢ |?) = 2ng(kgT¢/Eg)In(1/e) and there- the equilibrium after the saturation of the: ¢ — + 3) line is
fore the SF imply well described by a single exponential, directly yielding/6
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TABLE I. Main properties of the samples, as obtained from a combination of measurements.

YBCO YBCO
optimally doped underdoped
Disordered Chain-ordered
T.(0) 91.1+0.4K 63.3t0.4K 64.5£0.4K 64.2£0.4K
T(H=6T) 87+0.5K 60+1 K
T(H=9.4T) 55+1 54+1K
MHe —-1.2+0.2 —1.05 -1.1+0.2 —-1.0£0.1
)
Teo

H(T—0) Hilc 100+20T ~70 T ~65T
He(T—0) Hic ~67T ~44 T

For the NMR relaxation a good alignment of tfiexis of the  NQR W’s has been already discussed in previous pap8rs.
grains along the magnetic field is crucial to extract reliableHere we only add a few comments motivated by more re-
values of W(H). The NMR satellite line, corresponding to cents work$"*33*involving the remarkable aspect of the
the (¢ —2) transition, can be used to adjust the alignmentfield dependence. .
and to monitor the spread in the orientation of thexis, the The NQRW is compared to Eq(7), using the valués
resonance frequency being shifted at the first order by the 4
termeQV, 43 cog 6—1)/h, due to the quadrupole interaction
(0 angle of theC axis with the field. From the width of the [
spectrun{Fig. 1(a)] the spread in the orientation of thexis T=98.5K al a)
appears within about two degrees.

The recovery law for the NMR satellite transition is

[~
S
1

[ ]
)

y(t)=0.5 exg — 12W1t)+ 0.4 exg — 6W1)
+0.1 exg —2Wt). (8)

n
o
1
1

This formula fits the experimental daftBig. 1(b)] and indi-
cates that the estimate ofA2is not affected by other reso- 104 i
nance lines. ] |

The magnetization has been measured by means of a Met -
ronique Ingegnerie superconducting quantum interface de- -
vice (SQUID) magnetometer, on decreasing the temperature 01— T . . r i
at constant field and, at selected temperatures, by vakying
The paramagnetic contribution k was obtained fronM vs
H at T=110K, where practically no fluctuating magnetiza-
tion is present. TheMy, was derived, accounting for an 19
intrinsic Pauli-like paramagnetic term as well as for a small
contribution from paramagnetic impurities. The paramag-
netic susceptibility turns out to be a little temperature depen-
dent aroundT. and this dependence will be neglected in
discussing the much stronger diamagnetic term.

In optimally doped YBCO the measurements have been
carried out to confirm the results recently obtained in single &
crystals by other authofé:283%33The isothermal magnetiza- >
tion curves are satisfactorily described on the k23a3|s of the
anisotropic GL functiona[Eq. (2)], for e=4x10 <. Only
close toT, and forH=<1T an observable departure is de- 0.14
tected, indicating crossover to a region of non-Gaussian SF
in agreement with recent thermal expansion measurements.
The My, vs T curves cross at;(0) whenMy, is scaled by ———————
JVH, as expected for moderate anisotrépy. 0 200 400 600 800 1000 1200

t (us)
FIG. 1. (8 NMR spectrum of thé3Cu (2) satellite line andb)

Let us first comment on the data in optimally dopedthe correspondent relaxation law in optimally doped YBC@e
YBCO [Fig. 2(@)]. The comparison between the NMR and solid line is the best fit according to E(B) in the texi.

Intensity (arb.units)

IV. RESULTS AND ANALYSIS
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FIG. 2. (8 NQR (O) and NMR (0) (Ho=6 T||€) ®Cu relax-
ation rates ¥V in optimally doped YBCO. The solid and dashed
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SF contribution to the relaxation rate is a delicate issue, be-
cause of the nontrivial interplay of many parameters that
include reduced temperatukg reduced field3=2H/H,,
anisotropy parameter and elastic and phase-breaking times
r and 7,. Eschrig et al’® have extended the analytical
approacﬁ6 by taking into account arbitrary values of
(kgT7/h), short-wave fluctuations, and dynamical fluctua-
tions. The price of this generalization is the restriction to a
2D spectrum of SF fluctuations. In view of our experimental
findings the analysis of the field effect in a purely 2D frame-
work is questionable. On the other hand, a reexamination of
the field effect for a layered system is now possible by ap-
plying the method of the DOS term regularization devised by
Buzdin and Varlamo¥? which has indicated how the diver-
gences can be treated. Since the dynamical fluctuations could
be relevant only for fields of the order éf.,, up to 20—30

T the fluctuations can be safely treated in the nearly static
Iimité'ghe field dependence for weak field8<€ €) turns out
tob

W(B< e)—W(O,e)=W(0)241ZFT( k(T7)

T e+r/2
oy raer @
where
74(3 1
k(Tr)= £(3)

14¢(3)/ 73, Tr<1
| 4Tr, 1<Tr<1ie

(herehi=kg=1).

Therefore,W can increase or decrease with increasing
magnetic field, depending on the mean-free path in the spe-
cific sample. IfTr=<0.1 the main correction t@V is due to
the MT term and one should obserwdecreasing with in-
creasing field, while ifT7=0.1 the DOS correction becomes
dominant andV is expected to increase.

As it appears from Fig. 2 the effect of the field for

lines are guides for the eye. The dotted line is the temperature. 1 (H=0) is small, if any. It is noted that if Eq(7) is
= lc [l . .

behavior according to Eq7) in the text forr=0 (namely, a 2D
spectrum of fluctuationsand y,=0.2. NQR(empty symbolsand

NMR (full symbols relaxation rates W (in a field of 9.4 T along
the ¢ axi9 (b) in chain-disordered an¢t) in chain-ordered under-

doped YBCO around, .

applied to the underdoped compounds the reduction in the
Fermi energyEr and the increase in the anisotrofiye.,
decrease of) would imply a sizable increase WSF. This
effect is absent in the underdoped compoursg® Figs. i)

and Zc) for the chain-disordered and chain-ordered YB-
CO's, respectively The decrease &l over a wide tempera-

7=10"1s, 7,=2.10 '3s, and a dephasing time parameterture range T<160K), usually related to the spin-gap
y4="0.2. A quantitative fitting is inhibited by the fact that the opening!’ in principle could be attributed to a field-

background contribution t@V does not follow the Korringa
law, in view of correlation effects among carriéfsA firm
deduction, however, is that an anisotropy paramete0
(i.e., a crossover to a 3D regimis required to avoid unre-
alistic valued 2D line in Fig. 2a)] as indicated also by mag-

netization measurementsee later on
Mitrovic et al!! have discussed the field dependence ofW(B)—W(0)=0.15M/ 32, which is difficult to observe for
T, in terms of quenching of the DOS term only, by resorting 3<1. A comprehensive discussion of the field dependence

to the theory of Eschrigt al

|15

independent DOS term. On the other hand, the conventional
SF of GL character should occur only closelto, where, on

the contrary, xspin(0,0) is weakly temperature dependent.
Equation(9), in principle, does predict a field dependence.
However, if typical valuesEg=3000K, r7=10"1* «(T7)
—(m/8y4)=1, andr=0.1 are used, foe=3X 10 2 one has

The field dependence of the of the SF contribution to the relaxation rate is given
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T, (K !
, _ R = ®  -0.008 .
-0.08 034 | ] -
40 50 60 70 80 90 100 ’ [
T (K) . 80 90 100 110 120
i T (K)
FIG. 3. Raw data foM/H (H=0.1T) in chain-ordered YBCO, 0.4 .
- H H H Ve LI LI LI 1 1 1 v
for field along thec axis ((J) and in thea-b pIgne(A). In the_ inset 60 80 100 120 140 160 180 200
the results forH., aroundT. are shown(estimated experimental
error < 2%). The solid lines indicate the procedure to evaluate T (K)
Tc(H) andT¢(0). , o -
FIG. 4. RatioM/H, in a field of 0.02 T along the axis, in

5 , chain-ordered YBCO. The inset is the blowup of the dataTor
glsewheré. Here we only remark that the results in strong ~ g5 k. Similar results have been obtained in another sample pre-
fields (8=0.2) from Mitrovic et al.** cannot be justified On  pared with the same procedure.
the basis of Eq(9).

As regards the magnetizatio.n measurement{s in. optimall nes, supports the intrinsic origin of the phenomenon. Re-
doped YBCO, as already mentioned, our data indicate a 30, i0.61ie%.37 have discussed how a distribution of local
regime crossing from Gaussian to critical fluctuations Closesuperconducting temperatures, related to charge inhomoge-
to Tc. The value ofyanMs(<) (Ref. 28 at the crossing point neities, can cause anomalous aiamagnetic effects.
of the.curvest,/_\/ﬁ vs T tumns out around-1.5, corre- Mesoscopic charge inhomogeneities have been predicted
sponding to an anisotropy factg,=4.5. A collapse onto @ 4, the hasis of various theoretical approacdié€in under-
common function is obtained wheviy, /\/ﬁT is plotted as @ goped compounds one could expect the occurrence of pre-
function of e/H%"*" The collapse fails in magnetic fields formed Cooper pairs causing “local” superconductivity
less than ab_out 0.3 T. A small-field departure.from the uniyyithout long-range phase coherence. An inhomogeneous dis-
versal funct(l)on has been already observed in underdopegihytion of carriers, on a mesoscopic scale, is supported by
Compound% but no mention about it is found in the litera- a1 plane optical conductiviff and it is the basic ingredient
ture for optimally doped YBCO. of the stripes modé? Since the anomalous diamagnetism is

In the underdoped compounds a marked enhancement of
the fluctuating magnetization is observdgs. 3 and 4 In S
Fig. 4 the susceptibility, defined a8/H for H=0.02T, is .

spin

plotted. The inset is a blowup of the results around the tem- 0.00- '/?__-__._.____,_r_-__e‘_..__.,_A‘
A
]

I

perature where reversing of the sign of the magnetization .
occurs. The susceptibilities for chain-ordered and chain-— A .
disordered underdoped samples are compared with the one ig

A
R T.(0)

optimally doped YBCO in Fig. 5. £ : s 4

In underdoped YBCO the magnetization curves dramati-g 0.044 v ]
cally depart from the ones expected on the basis of(Bg. & 4
and numerical derivative. The curvis; vs T do not cross é

at any temperature. No collapse on a common function i
found for My, /\/H or for My, as a function ofe/HY?” (Fig.

6). These anomalies are more manifested in the chain- -0.084
ordered compound, as it can be realized from the peculial
shape of the isothermal magnetization Ms(Fig. 7). One i
could remark that a fraction of a few percent of nonpercolat- 50 70 80 90 100 110
ing local superconducting regions can account for the abso T (K)

lute value of the diamagnetic susceptibility and for the shape

of the magnetization curves. A trivial chemical inhomogene-  F|G. 5. Comparison of the susceptibilitdefined asv/H, for
ity could be suspected. The fact that the anomalous diamag+=0.02 T along thec axis) in optimally doped YBCO(squares
netism has been observed in three samples differently premd in chain-disorderettircles and chain-orderedtriangles un-
pared and since it is strongly enhanced in the chain-orderegerdoped YBCO.

'
$
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R — T T T T T FIG. 7. Magnetization curve in chain-ordered underdoped
Q YBCO under high stabilization temperaturé= 65.67 K). (a) Raw
g 0.0 ACO  CAOAMO A 0 aAsD O data for the total magnetizatiofh) fluctuating magnetizatiov ¢,
o o® a " as a function of the field.
-\-m oo a
. E . . .
% . fluctuating pairs are formed, without long-range phase coher-
0] R . m 0T ence. BelowTgg, about 20-30 K abové@ ., phase coher-
S -3.0x107 . o 05T ] ence among adjacent charge-rich dfdpstart to develop,
GE, . : ;TQT yielding the formation of superconducting loops with strong
o i screening and causing the onset of the anomalous diamagne-
T tism. Close tdT;, SF of GL character occurs and long-range
== -6.0x10° ] - phase coherence sets in.
A
04 050 054 058 112 1?6 250 V. SUMMARIZING REMARKS AND CONCLUSIONS
e /H™ (Tesla®™"™) By combining magnetization and NMR-NQR relaxation

measurements, an attempt has been made to clarify the role
FIG. 6. Evidence of the failure of anisotropic GL functional and of Superconducting fluctuations and of ﬂuctuating diamagne-
of scaling arguments to describe the magnetization curves in chaiism in underdoped YBCOyis-avis the optimally doped
ordered underdoped YBCO. The solid lines in the upper part of th%ompound. In the latter case the fluctuations abdyeare
figure are the behaviors obtained Trom the numerical derivative of5ther well described by an anisotropic Ginzburg-Landau
Eq. (2). The dashed curves are guides for the eye. (GL) functional and by scaling arguments for slightly aniso-
tropic systems. A breakdown of the Gaussian approximation
enhanced in chain-ordered underdoped YBCO one ifor small magnetic fields has been observed closE.toThe
tempted to relate it to the presence of stripes. The insurgen&&Cu relaxation rate§V aroundT, do not show a noticeable
of phase coherence among adjacent charge-rich regions céisld dependence. One cannot rule out the presence of a MT
qualitatively be expected to yield strong screening above theontribution, and then of a smadtwave component in the
bulk superconducting temperatu¥e’** Therefore, one spectrum of the fluctuations, which should be sample depen-
could phenomenologically describe the role of SF in underdent in view of the role of impurities in the pair-breaking
doped compounds, as follows. At>T,., just belowT*, mechanisms. In underdoped YBCO an anomalous diamagne-
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tism is observed, on a large temperature range. The diamaglocally superconducting” nonpercolating drops, present
netic susceptibility afT. is about an order of magnitude above the bulkT. and favored by chain ordering.

larger than the one in the optimally doped sample and the
isothermal magnetization curves cannot be described by the
anisotropic GL functional. The data cannot be fit by a scaling
function of the form e/HY?. The anomalies are more
marked in the chain-ordered sampl&Cu NQR W in the A. Bianconi, F. Borsa, J. R. Cooper, and M. H. Julien are
underdoped YBCO almost coincide with the NMR ones atthanked for useful discussions. The collaboration of Paola
H=9.4T, in agreement with a theoretical estimate of theMosconi in processing the SQUID magnetization data is
effect of the magnetic field. Another conclusion drawn fromgratefully acknowledged. Thanks are due to B. J. Suh and P.
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