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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 supercondu(i@gfluctuation 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 ré&gief ., 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 fangime nearT=0 between the resistivity and the magnetiza-
shaped broadenings of curves of resistivity and thermodytion was predicted in Ref. 11.
namic quantities, typically seen in optimallyrole)doped Recent data of resistivity and Nernst coefficientimer-
high-T., cuprate superconductof&iTS's), are thermal su- dopedcuprate$?have also shown similar high field behav-
perconducting(SC) fluctuation phenomena mainly in the iors, suggesting a large quantum fluctuation effect. The two-
vortex liquid region of the normal phagelowthe zero-field dimensional (2D) field-tuned superconductor-insulator
(H=0) transition poinfT,.» In applied magnetic fields of a transition(FSIT) behavior, seen in resistance data in strongly
tesla range perpendicular to the SC planes, the in-plane remderdoped casé$;** cannot occur without the quantum
sistivity and other physical quantities in these materials showature of SC fluctuatioh:'® and, as the SC fluctuation is
familiar behavioré® correlated with one another. For in- enhanced, the quantum contribution to the fluctuation domi-
stance, the onset temperature of the fluctuation effects sugrates over the thermal one. Hence it is natural to expect the
gested from resistive data is almost the same as the corr&C fluctuation effect to be stronger with underdoping. How-
sponding one of thermodynamic and thermomagnetic dataver, a sharp drop of resistivity in high fields, which often
This familiar correlation is typically seen in much lower appears even in underdoped materials, was regarded as a
fields thanH,(0), where the fluctuation is purely thernfal, mean-field-like behavior in the literatut® Further, the resis-
and the quantum fluctuation contribution is negligible. tance data in the pseudogap regime suggest an in-plane co-

In contrast, the resistivity in other HTS’s with low@t, herence length increasitfgwith underdoping.
often behaves in an uncorrelated manner with thermody- In this paper, we try to improve the understanding of SC
namic quantities. Typically, as the applied field is higher,fluctuation properties in underdoped cuprates within the GL
resistivity data in electron-doped HTS’s and some of overtheory, and argue that, together with a quantum fluctuation, a
(holeddoped materials show not a fan shabéuit a flat large widthT,— T, of a SC pseudogap region is a key factor
curvé"® following the in-plane normal resistivityp,(T) for consistently explaining the conflicting observations in un-
=[a,(T)]"* curve until a vortex-glas€/G) transition field, derdoped cuprates, whefg is themean-fieldransition tem-
lying much below® an effectiveH .,(T) determined thermo- perature inH=0. We start with the 2D GL action expressed
dynamically, is approached from above. In o¢enle)-doped  in terms of a single-component pair fiee(r, 7),
material§ with high o,-value[~10*(R,s) '], such an ab-
sence of correlation is not surprising because the fluctuation
conductivity o; is negligible compared witlar, in the total S=f
conductivity o=0,+ oy over a wide temperature range, '
where R;=6.45 (K1) is the resistance quantum measured, 8 b
and s=10(A) is a typical size of the spacing between SC +f dT([lﬂ(r,T)]*M(Qz)lﬂ(r,T)‘*' §|¢(V,T)|4)
layers. However, the corresponding uncorrelated behavior 0
seen in the electron-doped materiatsith o, of the same (D)
order as in the optimally doped YBCO:s intrinsic, and its .
origin needs to be attributed to a fluctuation property. Simila{% ,kg=1), wherey(7)=2 ¢4, '“7, B the inverse tem-
behaviors have also been found in overdopesl L&r,CuQ,  peratures the imaginary time, and>0. The 3D nature due
(LSCOx) (Ref. 7 and «-(ET), organic superconductofs. to the coupling between SC planes will be included later in
As argued elsewhet®by fitting to data’ the main origin is  considering a VG contribution. When the GL approach is
expected to consist in the quantum dynamical nature, erapplied to the lowF, high-H region,H dependences of the
hanced with increasing the field, of the SC fluctuation. Incoefficientsy, u, andb need to be taken into account since
general, oy defined in a Ginzburg-LandayGL) theory the familiar lowT divergences of these coefficients fi
decrease® as the SC fluctuation is dominated not by the =0 clean limit are cut off by the orbital depairing effect of
thermal fluctuation but rather by a quantum dynamical flucthe magnetic fieldfor simplicity, the Pauli paramagnetic de-
tuation. Such an absence of correlation in the quantum repairing effect, becoming important in stronger fields, will be

ﬂg [$o(N]* Q)| @] h,(1)
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neglected together with a particle-hole assymmetric dynamid6m2\ (0)?/($oH,). Although other renormalizatioticor-

cal term leading to a fluctuation Hall effg¢ctin fact, the rection term A2, within the lowest LL[see, for instance,
coefficientsy and p are functionals of the gauge-invariant Eq.(2.11) of Ref. 11] should be included, it is not essential to
gradient Q= —iV+27Al/ ¢y and, oncey is decomposed our semiquantitative comparison with the data and may be
into the Landau levelé_L's), are replaced by the coefficients dropped hereafter. The terfx, expressing a sum of higher
vn and u, dependent on the LL indem. Hereafter, the fa- LL contributions is insensitive téd at least inH<H, and
miliar clean limit® will be invoked to describe these coeffi- can be regarded as contributing to a shifi-bf 0 transition
cients in a form reasonable even in I@wand highH. Then  temperature ino. ThenAS,, may be writteR’ as In(To/Tey),

v, and u, are given by and theeffectiveupper critical fieldH3,(T), defined consis-
8 tently with Ty, is determined in the clean limit by,
* S —(u.)2 +A3,=0 and takes the form
LU S dssinf(s)L”(u§SZ)e e, =
* TcO z
T o 1_|_n(u252)e—(ucs)2/2 He(T)=Hg T_O O(1), )
_ o c
poin| -+ [ (e E e ——. @

while Hy(T)=Hy®(T/Ty), wheret=T/T,, and the func-
respectively, wherei,=ToH/(2Hqe")/T, Hg is theT=0  tion ®(x) satisfies®(0)=1 andP(1)=0. If 1-T¢,/Ty
value of the mean field upper critical fiekl,(T) measuring <1, as in optimally doped YBCOthe presence of the pa-
the in-plane coherence length,(x) is the nth order La- rameter T¢o/To)? is unimportant in Eq(5), and physical
guerre polynomial, ang=0.5771 is the Euler constant. Al- Properties belowl .o may be described without distinguish-
though, ind,z.y2 pairing, cross terms between the lowest LL ing Tco from To. However, in cases with a largg /Tco, this
and then=4m (m=1) higher LLs arise in the quadratic Parameter significantly affects fluctuation phenomena in non-
terms of Eq.(1), they can be safely neglected in situations ofzero fields.
our interest where the lowest LL mode is dominant. The time  Now, let us consider transport quantities. Although, in ad-
scalesy,m, 1 vanish in the lowT limit, and are highly sen- dition to the lowest LL mode, the=1 LL mode and the
sitive to T andH in contrast toy,, which takes values close in-plane electric currentEC) vertices need to be examined
to 0.3 in the field and temperature ranges we have examinetP obtaino; and the transport entrogsy,, microscopic con-
Other material and doping dependences will be assumed gderation ono; can be avoided as follows. As shown
be included in the coefficiert from which, in lowH limit, ~ Previously;® the mean-field vortex flow property requires
the T=0 magnetic penetration dept(0) is defined. For that, irrespective of microscopic details, the1 renormal-
instance (if any) effects of other competing order parameterizedmass parametef;(0) belowHg,(T) should be given by
fluctuations® may be seen as having been integrated out an@ factor accompanying the EC vertex. On the other hand,
absorbed intd. Further, a numerical computation bfcon-  since G;(0) below HZ,(T) is well approximated by #;
sistent with Eqs(2) suggests that itsl and T dependences — o)~ (Ref. 20 insensitive toT at low T, the EC vertex is
are similar to those of,. For these reasonswill be treated  found without microscopic calculations. Then calculated
as one of fitting parameters independentioand T. in terms of the Kubo formula consistently with E@) is*

To renormalize they fluctuation, the lowest LL approxi-
mation will be used. Following previous works! the renor- Yo
malized mass parametép(0) defined through the propaga- SRqO'f:W E
tor  Go(@) =(|¢o(@)|?) = (yol @[ +[Go(0)] )" for the ' v

Go(w)G1(w)[Go(w)+9G1(w)]

lowest LL fluctuation fielde, is written as [Go(@) ]2+ g Gi(w)]? ©
- -1 =11
Go(0) = 1 jrp+ ASy+ S +AS). 3 [61(0)] 7+ 0lGo(0)]
The main roles ofi, renormalization are played by the Har- Whereg=y1/yo, andgGy(w) = (y1|o| +(g1(o_))*_1)*1_ It is
tree term3.o, which is expressed as easily seen that, in the quantunT-0) limit, Eq. (6)
vanishe&! and that, in the opposite thermal limit with re
16m2\2(0) H #+0 terms, Eq(6) is independent of;(0) due to the relation
T 5 He Go(w) 0G1(0)<G,y(0). Further, we numerically verified that, even
boSB 0 @ if the w#0 terms are included, this cancellation gn(0)

works extremely well particularly in highe.

On the other hands, is, by definition?* proportional to

16mA2(0) H (e
- R j de

desy, Holo the heat current vertex, which may have a strdig, de-
pendence of electronic origins. For brevity, hereafter we use
« cot Be € 7 the GL expressiaft of the heat current and will not consider
M35, 24 [Go(0)] 2’ the very lowT/T, region in whichs,, decreasé$ upon cool-

ing independently ofr (see the figurgs Consistently with
where the cutoffe; is a constant of order unity, and the Eq.(6), s, is obtained in terms of a Kubo formula and, using
coefficientb was replaced with the familiar GL expresston ggG;(0)<Gy(0), is simplified as
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FIG. 1. (a) Resistivity p (mQ cm) and(b) Nernst coefficient

N (uVIK) data in LSCOx=0.06 (Ref. 23 in 2 (open square 3
(cros9, 4 (closed circlg, 6 (open circlg, and 8(asterisk (T) at each
T (K) and the corresponding theoretigablid) curves. The param-

eter values used arex(0)=2.3 (um),
=13 (K), s=1.5 (nm), andT ;=96 (K).

Ho=493 (T),

b
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FIG. 2. Corresponding results to Fig. 1 for LSG& 0.08 (Ref.

in 12 and 26 (T).
=0.43 (um), Hy=235 (T), T,=32 (K), s=1.5 (nm), andT,
=96 (K).

The parameter values ara(0)

»g» added tar for describing the low-

T tails of p curves, a 3D formrvgz0.0l(Rqs)*lyoTcol(t

—tg)4 was assumed in Fig. 2 with,=0.125 (0.016) for 12
(26) (T), while a 2D fornt® used in analyzing the FSIT be-

haviors in thes-wave pairing case was applied in Fig. 1 by

assuming a vortex pinning strength as a fitting parameter
independent of\ (0). Details of such an analysis of FSIT

is proportional to the fluctuation entropy even in the behaviors will be explained elsewhéfeHere we simply

guantum case, and the mean-field

lowered enough.

with the onset of a remarkable resistivity dropHr=0. The

resut3B(1
—T/To)/[167%\?(0)] is recovered when botH and T are

note that the detailed forms of, 4 are inessential to our main
conclusion given below. For instance, the flaturves near 4

(T) in Fig. 1 are created mainly by a quantum behaior
We have tried to fit theoretical curves following from Egs. shown by Eq.(6), and theo,y contribution was quantita-
(6) and (7) to the resistivityp and Nernst signal data in tively negligible there.
LSCOx samples withx=0.06 (Ref. 23 and 0.08'2 and the
results are given in Figs. 1 and 2, respectively, where thélences oN between the data and theoretical curves, we feel
Nernst coefficienN=ps,/$,. The used values of material that the fitting to the data is satisfactory when taking account
parameters are shown in the figure captions. Since, by def@f the use of our simplified model with a reduced number of
nition, our T, in two dimensions corresponds to a fitting parameters. The figures show an enhancement of
(amplitude) fluctuation-corrected BCS critical temperature quantumSC fluctuation accompanying the underdoping. In
denoted in Ref. 24 a3, T, was identified in the figures Fig. 2,HZ,(0) is close to 2GT), while HE, [4 (K)] =8 (T)

Although there is a slight disagreement in thedepen-

andH}, [7 (K)] =6 (T) in Fig. 1 so that the resistance may

normal conductivityo, is assumed to take the empirical show an insulating behavior even beld#, (T). Further,

form const/InT,,/T) (Ref. 29 with T,>T. Regarding the
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material parameters. First(0) significantly increases with This result, requirindgl',— T to increase with underdoping,
underdoping and, in thex=0.06 case, is longer than agrees with the opinion thak,, much higher thaiT g, is

1 (um). Judging from the LSCO dafd,the \(0) values

essentially identical to thenean fieldtransition pointT, or

used in the figures are not unreasonable. Second, through thg,(T).

doping dependence &, the in-plane coherence lengtle-

Recently, Wanget al.” argued that a fielé* at which the

creaseswith underdoping in contrast to the experimental Nernst coefficient reaches its maximum is, in their over-
estimation’ Further, the SC pseudo_gap region measured b)éioped LSCO, due to a simulatneous sharp drop oflated
To—Teo was assumed to become wider with underdoping. It an effectively longer vortex core size. From Fig. 1, such a

is unclear whether the obtaindd value should bguantita-

tively compared with, for instance, the onset temperaiyre

(Ref. 27 of the Nernst effect. Actually, th& ;=96 (K) in
Fig. 2 was estimated from the data for lardéfH, values

than in Fig. 1, and its actual value may be slightly higher.
Thus a doping dependence Bf suggested through the fig-

ures does not necessarily contradictin LSCO?’ decreas-
ing with underdoping inx=<0.1.

It is important to notice that the; expression of Eq(6)
is invariant under the replacement of paramet&i®)
—N(0)Teo/To, Ho—HE(0), andTy/To—1. That is, the

presence of a large SC pseudogap is not uncovered by exa
ining only the magnetoresistance data, and a neglect of S
pseudogap region would lead to a much shorter penetratio?

depth and an in-plane coherence lengtbwing!’ with un-

derdoping. More importantly, as a result of the much shorte

penetration depths, the assumptiy+ T, leads toN values

in thex=0.08 case which are one order of magnitude large
than the data in Fig. 2, and fd values in thex=0.06 case

which are two orders of magnitude larger than in Fig. 1. It is
quite difficult to resolve such a serious discrepancy, for in-

mean-fieldargument on the sharp drop pfis generally in-
valid, since a picture based on an anomalous feature near the
vortex cores would become more applicable with underdop-
ing, while a comparison between tipreand N data in high
fields in Fig. 1 clearly shows that the decreasé\ait lower
temperatures is due not obut tos,. As mentioned in the
introduction, a sharp drop ofp much below H¥,(T)
[<Ho(T)] occurs even in organic materi&f€ and is due
not to a mechanism peculiar to the cuprates but to a 3D VG
transition in systems with a large quantum SC fluctuation.
In conclusion, the resistance and Nernst data in under-

E‘éped LSCO were consistently explained to clarify the dop-

g dependences of fluctuation effect and of SC parameters.
he in-plane coherence length was argued to decrease with
underdoping. To explain those transport data consistently,

icroscopic details near the vortex cores are not necessary,
and taking account of the quantum SC fluctuation and a SC

'bseudogap regiomy— To, both of which are enhanced with

underdoping, is indispensable.
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