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Fluctuation effects in underdoped cuprate superconductors under a magnetic field
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Department of Physics, Kyoto University, Kyoto 606-8502, Japan

~Received 26 June 2002; published 30 September 2002!

Fluctuation effects in underdoped cuprates under high fields are examined by trying to fit theoretical results
to resistivity and Nernst data in vortex states. The superconducting~SC! fluctuation in underdoped cuprates
includes not only the ordinary thermal contribution but also a large amount of quantum dynamical contribu-
tions. Together with this, the presence of a SC pseudogap regionT02Tc0 increasing with underdoping is found
to be the origin of the Nernst coefficient becoming anomalously smaller and the in-plane coherence length
apparentlyincreasing with underdoping.
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It has been well understood that the field-induced f
shaped broadenings of curves of resistivity and thermo
namic quantities, typically seen in optimally~hole-!doped
high-Tc0 cuprate superconductors~HTS’s!, are thermal su-
perconducting~SC! fluctuation phenomena mainly in th
vortex liquid region of the normal phasebelowthe zero-field
(H50) transition pointTc0.1 In applied magnetic fields of a
tesla range perpendicular to the SC planes, the in-plane
sistivity and other physical quantities in these materials sh
familiar behaviors2,3 correlated with one another. For in
stance, the onset temperature of the fluctuation effects
gested from resistive data is almost the same as the c
sponding one of thermodynamic and thermomagnetic d
This familiar correlation is typically seen in much lowe
fields thanHc2(0), where the fluctuation is purely thermal2

and the quantum fluctuation contribution is negligible.
In contrast, the resistivity in other HTS’s with lowerTc0

often behaves in an uncorrelated manner with thermo
namic quantities. Typically, as the applied field is high
resistivity data in electron-doped HTS’s and some of o
~hole-!doped materials show not a fan shaped1 but a flat
curve4,5 following the in-plane normal resistivityrn(T)
5@sn(T)#21 curve until a vortex-glass~VG! transition field,
lying much below5,6 an effectiveHc2(T) determined thermo-
dynamically, is approached from above. In over~hole!-doped
materials4 with high sn-value @.102(Rqs)21#, such an ab-
sence of correlation is not surprising because the fluctua
conductivity s f is negligible compared withsn in the total
conductivity s5sn1s f over a wide temperature rang
whereRq56.45 (kV) is the resistance quantum measure
and s.10(A) is a typical size of the spacing between S
layers. However, the corresponding uncorrelated beha
seen in the electron-doped materials5 with sn of the same
order as in the optimally doped YBCO,3 is intrinsic, and its
origin needs to be attributed to a fluctuation property. Sim
behaviors have also been found in overdoped La22xSrxCuO4
(LSCOx) ~Ref. 7! and k-(ET)2 organic superconductors.8,9

As argued elsewhere10 by fitting to data,9 the main origin is
expected to consist in the quantum dynamical nature,
hanced with increasing the field, of the SC fluctuation.
general, s f defined in a Ginzburg-Landau~GL! theory
decreases11 as the SC fluctuation is dominated not by t
thermal fluctuation but rather by a quantum dynamical fl
tuation. Such an absence of correlation in the quantum
0163-1829/2002/66~10!/100511~4!/$20.00 66 1005
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gime nearT50 between the resistivity and the magnetiz
tion was predicted in Ref. 11.

Recent data of resistivity and Nernst coefficient inunder-
dopedcuprates7,12 have also shown similar high field beha
iors, suggesting a large quantum fluctuation effect. The tw
dimensional ~2D! field-tuned superconductor-insulato
transition~FSIT! behavior, seen in resistance data in stron
underdoped cases,12–14 cannot occur without the quantum
nature of SC fluctuation,11,15 and, as the SC fluctuation i
enhanced, the quantum contribution to the fluctuation do
nates over the thermal one. Hence it is natural to expect
SC fluctuation effect to be stronger with underdoping. Ho
ever, a sharp drop of resistivity in high fields, which ofte
appears even in underdoped materials, was regarded
mean-field-like behavior in the literature.16 Further, the resis-
tance data in the pseudogap regime suggest an in-plane
herence length increasing17 with underdoping.

In this paper, we try to improve the understanding of S
fluctuation properties in underdoped cuprates within the
theory, and argue that, together with a quantum fluctuatio
large widthT02Tc0 of a SC pseudogap region is a key fact
for consistently explaining the conflicting observations in u
derdoped cuprates, whereT0 is themean-fieldtransition tem-
perature inH50. We start with the 2D GL action expresse
in terms of a single-component pair fieldc(r ,t),

S5E
r
Fb(

v
@cv~r !#* g~Q2!uvucv~r !

1E
0

b

dtS @c~r ,t!#* m~Q2!c~r ,t!1
b

2
uc~r ,t!u4D G

~1!

(\,kB51), wherec(t)5(vcve2 ivt, b the inverse tem-
perature,t the imaginary time, andb.0. The 3D nature due
to the coupling between SC planes will be included later
considering a VG contribution. When the GL approach
applied to the low-T, high-H region,H dependences of the
coefficientsg, m, andb need to be taken into account sinc
the familiar low-T divergences of these coefficients inH
50 clean limit are cut off by the orbital depairing effect o
the magnetic field~for simplicity, the Pauli paramagnetic de
pairing effect, becoming important in stronger fields, will b
©2002 The American Physical Society11-1
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neglected together with a particle-hole assymmetric dyna
cal term leading to a fluctuation Hall effect!. In fact, the
coefficientsg and m are functionals of the gauge-invaria
gradient Q52 i¹12pA/f0 and, oncec is decomposed
into the Landau levels~LL’s !, are replaced by the coefficien
gn and mn dependent on the LL indexn. Hereafter, the fa-
miliar clean limit18 will be invoked to describe these coeffi
cients in a form reasonable even in lowT and highH. Then
gn andmn are given by

gn5
b

2pE0

`

ds
s

sinh~s!
Ln~uc

2s2!e2(ucs)2/2,

mn5 lnS T

T0
D1E

0

`

ds
12Ln~uc

2s2!e2(ucs)2/2

sinh~s!
, ~2!

respectively, whereuc5T0AH/(2H0eg)/T, H0 is the T50
value of the mean field upper critical fieldH0(T) measuring
the in-plane coherence length,Ln(x) is the nth order La-
guerre polynomial, andg50.5771 is the Euler constant. A
though, indx2-y2 pairing, cross terms between the lowest L
and then54m (m>1) higher LL’s arise in the quadrati
terms of Eq.~1!, they can be safely neglected in situations
our interest where the lowest LL mode is dominant. The ti
scalesg2m11 vanish in the low-T limit, and are highly sen-
sitive to T andH in contrast tog0, which takes values clos
to 0.3 in the field and temperature ranges we have exami
Other material and doping dependences will be assume
be included in the coefficientb from which, in low-H limit,
the T50 magnetic penetration depthl(0) is defined. For
instance,~if any! effects of other competing order parame
fluctuations19 may be seen as having been integrated out
absorbed intob. Further, a numerical computation ofb con-
sistent with Eqs.~2! suggests that itsH and T dependences
are similar to those ofg0. For these reasons,b will be treated
as one of fitting parameters independent ofH andT.

To renormalize thec fluctuation, the lowest LL approxi-
mation will be used. Following previous works,1,11 the renor-
malized mass parameterG0(0) defined through the propaga
tor G0(v)5^uw0(v)u2&5„g0uvu1@G0(0)#21

…

21 for the
lowest LL fluctuation fieldw0 is written as

G0~0!51/~m01DSh1S01DS l!. ~3!

The main roles ofm0 renormalization are played by the Ha
tree termS0, which is expressed as

S05
16p2l2~0!

f0
2sb

H

H0
(
v

G0~v!

5
16pl2~0!

f0
2sg0

H

H0
E

0

ec
de

3cothS be

2g0
D e

e21@G0~0!#22
, ~4!

where the cutoffec is a constant of order unity, and th
coefficientb was replaced with the familiar GL expressio1
10051
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16p2l(0)2/(f0H0). Although other renormalization~cor-
rection! term DS l within the lowest LL @see, for instance
Eq. ~2.11! of Ref. 11# should be included, it is not essential
our semiquantitative comparison with the data and may
dropped hereafter. The termDSh expressing a sum of highe
LL contributions is insensitive toH at least inH!H0 and
can be regarded as contributing to a shift ofH50 transition
temperature inm0. ThenDSh may be written20 as ln(T0 /Tc0),
and theeffectiveupper critical fieldHc2* (T), defined consis-
tently with Tc0, is determined in the clean limit bym0
1DSh50 and takes the form

Hc2* ~T!5H0S Tc0

T0
D 2

F~ t !, ~5!

while H0(T)5H0F(T/T0), wheret5T/Tc0, and the func-
tion F(x) satisfiesF(0)51 and F(1)50. If 12Tc0 /T0
!1, as in optimally doped YBCO,1 the presence of the pa
rameter (Tc0 /T0)2 is unimportant in Eq.~5!, and physical
properties belowTc0 may be described without distinguish
ing Tc0 from T0. However, in cases with a largeT0 /Tc0, this
parameter significantly affects fluctuation phenomena in n
zero fields.

Now, let us consider transport quantities. Although, in a
dition to the lowest LL mode, then51 LL mode and the
in-plane electric current~EC! vertices need to be examine
to obtains f and the transport entropysf , microscopic con-
sideration ons f can be avoided as follows. As show
previously,15 the mean-field vortex flow property require
that, irrespective of microscopic details, then51 renormal-
izedmass parameterG1(0) belowHc2* (T) should be given by
a factor accompanying the EC vertex. On the other ha
since G1(0) below Hc2* (T) is well approximated by (m1

2m0)21 ~Ref. 20! insensitive toT at low T, the EC vertex is
found without microscopic calculations. Thens f calculated
in terms of the Kubo formula consistently with Eq.~3! is11

sRqs f5
g0

2@G1~0!#2b (
v

FG0~v!G1~v!@G0~v!1gG1~v!#

2
@G0~v!#21g2@G1~v!#2

@G1~0!#211g@G0~0!#21G , ~6!

whereg5g1 /g0, andG1(v)5(g1uvu1(G1(0))21)21. It is
easily seen that, in the quantum (T→0) limit, Eq. ~6!
vanishes11 and that, in the opposite thermal limit with nov
Þ0 terms, Eq.~6! is independent ofG1(0) due to the relation
gG1(0)!G0(0). Further, we numerically verified that, eve
if the vÞ0 terms are included, this cancellation onG1(0)
works extremely well particularly in higherH.

On the other hand,sf is, by definition,21 proportional to
the heat current vertex, which may have a strongT/T0 de-
pendence of electronic origins. For brevity, hereafter we
the GL expression21 of the heat current and will not conside
the very lowT/T0 region in whichsf decreases22 upon cool-
ing independently ofs ~see the figures!. Consistently with
Eq. ~6!, sf is obtained in terms of a Kubo formula and, usin
gG1(0)!G0(0), is simplified as
1-2
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sf.
H

H0sG1~0! (
v

G1~v!G0~v!.
f0

2

16p2l2~0!T
S0 , ~7!

where the factor (G1(0))21 is carried by an ET vertex. Tha
is, in the lowest LL approximation,sf in the GL region
is proportional to the fluctuation entropy even in t
quantum case, and the mean-field resultf0

2b(1
2T/Tc0)/@16p2l2(0)# is recovered when bothH andT are
lowered enough.

We have tried to fit theoretical curves following from Eq
~6! and ~7! to the resistivityr and Nernst signal data in
LSCOx samples withx50.06 ~Ref. 23! and 0.08,12 and the
results are given in Figs. 1 and 2, respectively, where
Nernst coefficientN5rsf /f0. The used values of materia
parameters are shown in the figure captions. Since, by d
nition, our Tc0 in two dimensions corresponds to
~amplitude-! fluctuation-corrected BCS critical temperatu
denoted in Ref. 24 asTc

0 , Tc0 was identified in the figures
with the onset of a remarkable resistivity drop inH50. The
normal conductivitysn is assumed to take the empiric
form const/ln(Tp /T) ~Ref. 25! with Tp@Tc0. Regarding the

FIG. 1. ~a! Resistivity r (mV cm) and ~b! Nernst coefficient
N (mV/K) data in LSCOx50.06 ~Ref. 23! in 2 ~open square!, 3
~cross!, 4 ~closed circle!, 6 ~open circle!, and 8~asterisk! ~T! at each
T ~K! and the corresponding theoretical~solid! curves. The param-
eter values used arel(0)52.3 (mm), H05493 (T), Tc0

513 (K), s51.5 (nm), andT0596 (K).
10051
e

fi-

VG fluctuation termsvg , added tos for describing the low-
T tails of r curves, a 3D formsvg50.01(Rqs)21g0Tc0 /(t
2tg)4 was assumed in Fig. 2 withtg50.125 (0.016) for 12
~26! ~T!, while a 2D form15 used in analyzing the FSIT be
haviors in thes-wave pairing case was applied in Fig. 1 b
assuming a vortex pinning strength as a fitting parame
independent ofl(0). Details of such an analysis of FSI
behaviors will be explained elsewhere.10 Here we simply
note that the detailed forms ofsvg are inessential to our main
conclusion given below. For instance, the flatr curves near 4
~T! in Fig. 1 are created mainly by a quantum behavio11

shown by Eq.~6!, and thesvg contribution was quantita-
tively negligible there.

Although there is a slight disagreement in theT depen-
dences ofN between the data and theoretical curves, we f
that the fitting to the data is satisfactory when taking acco
of the use of our simplified model with a reduced number
fitting parameters. The figures show an enhancemen
quantumSC fluctuation accompanying the underdoping.
Fig. 2,Hc2* (0) is close to 26~T!, while Hc2* @4 ~K!# .8 (T)
andHc2* @7 ~K!# .6 (T) in Fig. 1 so that the resistance ma
show an insulating behavior even belowHc2* (T). Further,
the fitting results imply the following doping dependences

FIG. 2. Corresponding results to Fig. 1 for LSCOx50.08~Ref.
12! in 12 and 26 ~T!. The parameter values arel(0)
50.43 (mm), H05235 (T), Tc0532 (K), s51.5 (nm), andT0

596 (K).
1-3
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material parameters. First,l(0) significantly increases with
underdoping and, in thex50.06 case, is longer tha
1 (mm). Judging from the LSCO data,26 the l(0) values
used in the figures are not unreasonable. Second, throug
doping dependence ofH0, the in-plane coherence lengthde-
creaseswith underdoping in contrast to the experimen
estimation.17 Further, the SC pseudogap region measured
T02Tc0 was assumed to become wider with underdoping
is unclear whether the obtainedT0 value should bequantita-
tively compared with, for instance, the onset temperatureTn

~Ref. 27! of the Nernst effect. Actually, theT0596 (K) in
Fig. 2 was estimated from the data for largerH/H0 values
than in Fig. 1, and its actual value may be slightly high
Thus a doping dependence ofT0 suggested through the fig
ures does not necessarily contradictTn in LSCO,27 decreas-
ing with underdoping inx<0.1.

It is important to notice that thes f expression of Eq.~6!
is invariant under the replacement of parametersl(0)
→l(0)Tc0 /T0 , H0→Hc2* (0), andT0 /Tc0→1. That is, the
presence of a large SC pseudogap is not uncovered by e
ining only the magnetoresistance data, and a neglect of
pseudogap region would lead to a much shorter penetra
depth and an in-plane coherence lengthgrowing17 with un-
derdoping. More importantly, as a result of the much sho
penetration depths, the assumptionT05Tc0 leads toN values
in the x50.08 case which are one order of magnitude lar
than the data in Fig. 2, and toN values in thex50.06 case
which are two orders of magnitude larger than in Fig. 1. I
quite difficult to resolve such a serious discrepancy, for
stance, simply by improving the prefactor of the heat curre
10051
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This result, requiringT02Tc0 to increase with underdoping
agrees with the opinion thatTn , much higher thanTc0, is
essentially identical to themean fieldtransition pointT0 or
H0(T).

Recently, Wanget al.7 argued that a fieldH* at which the
Nernst coefficient reaches its maximum is, in their ov
doped LSCO, due to a simulatneous sharp drop ofr related
to an effectively longer vortex core size. From Fig. 1, suc
mean-fieldargument on the sharp drop ofr is generally in-
valid, since a picture based on an anomalous feature nea
vortex cores would become more applicable with underd
ing, while a comparison between ther and N data in high
fields in Fig. 1 clearly shows that the decrease ofN at lower
temperatures is due not tor but to sf . As mentioned in the
introduction, a sharp drop ofr much below Hc2* (T)
@<H0(T)# occurs even in organic materials9,10 and is due
not to a mechanism peculiar to the cuprates but to a 3D
transition in systems with a large quantum SC fluctuation

In conclusion, the resistance and Nernst data in und
doped LSCO were consistently explained to clarify the do
ing dependences of fluctuation effect and of SC paramet
The in-plane coherence length was argued to decrease
underdoping. To explain those transport data consisten
microscopic details near the vortex cores are not necess
and taking account of the quantum SC fluctuation and a
pseudogap regionT02Tc0, both of which are enhanced wit
underdoping, is indispensable.

The author thanks C. Capan and W. Lang for sending h
their unpublished data and for useful discussions.
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