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Fluctuation magnetoconductivity in YBa,Cu;0-: Gaussian, three-dimensionalXY, beyond
three-dimensional XY, and lowest-Landau-level scaling
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Systematic measurements of the in-plane fluctuation magnetoconductivity in Z£¥&% single crystal are
presented. Fields between 0 and 14 T were applied either parallel or perpendicular to the Cu-O atomic planes.
The data reveal the occurrence of a large Gaussian regime in the normal phase. Far.alibeemean-field
fluctuation spectrum is effectively two dimensional. Decreasing the temperature tolggrdscrossover to a
three-dimensional3D) Gaussian regime is seen at low applied fields. The analysis of these results allows the
estimation of the coherence length perpendicular and parallel to the Cu-O planes, and reveals that supercon-
ductivity in YBa,CuzO; is characterized by a double planar periodicity. EHattice parameter is the relevant
periodicity length of the 2D behavior, whereas the smallest distance between the double Cu-O layers plays an
important role in the 3D fluctuation spectrum. In fields above 5 T applied parallel akis, the fluctuation
magnetoconductivity scales as predicted by the 3D lowest-Landau-level approximation of the Ginzburg-
Landau theory. Very close td., and for quite low values of the applied field, the results clearly show the
occurrence of a genuine critical regime, where the exponent is consistent with the predictions of the full
dynamic 3DXY universality class. Still closer t®., evidence is found for a fluctuation regime beyond>8D
scaling. This new scaling raises the interesting possibility for the ultimate weakly first-order character of the
superconducting transition in YB@u;O;_ 5. The whole set of data is condensed ldAT diagrams, which
display the regions of stability for the observed fluctuation regimes, in fields oriented parallel or perpendicular
to the Cu-O layers.
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. INTRODUCTION field and temperature rangg&#
Most of the experimental work performed with the pur-

Thermodynamic fluctuations are observed in equilibriumpose of studying 3IXY or LLL scalings consists of specific-
and transport properties of the high-cuprategHTSC'S) in heat and magnetization measurements. However, conductiv-
large temperature ranges above and below the normaity  experiments in applied magnetic  fields
superconductor transitionThe study of Gaussian fluctua- (magnetoconductivityare also interesting, since fluctuation
tions, which are observed far aboVg, has been useful for effects are huge in this case, and accurate measurements can
obtaining informations on the effective dimensionality of su-be easily done. These experiments give quantitative informa-
perconductivity in the HTSC materiadS. Moreover, it pro-  tion that should be useful for clarifying some of the contro-
vides a method for determining quantitatively the anisotropicversial aspects related to field effects on regimes dominated
Ginzburg-LandayGL) coherence length® by thermal fluctuations in YBCO. In addition, fluctuation-

Recently, accurate specific-h®atand electrical- conductivity measurements in the critical region allow the
conductivity measurements very close T revealed the determination of the dynamical exponentThis is also a
effects of genuine critical fluctuations, which belong to thecontroversial subject since certain data are interpreted by as-
three-dimensionaBD) XY universality class. One important suming a relaxation dynamics with2,'° while other work-
related question, which has been addressed by severats suggeét® the modelE value’ z=1.5, even in the pres-
authors$S~1% concerns the robustness of the 30 scaling ence of an applied magnetic field.
upon the application of a magnetic field. Indeed, in high In this article we report field-dependent fluctuation con-
enough fields, the superconducting transition should be deductivity measurements in a YBCO single crystal. Fields up
scribed by the lowest-Landau-lev@lLL ) approximation of to 14 T were applied either paralleH{lab) or perpendicular
the GL theory**2 However, for YBaCu;O; (YBCO), con-  (H|/c) to the Cu-O atomic planes. In the normal phase, far
troversy remains about the magnitude of the field and thérom T., we observe a large Gaussian regime that is domi-
width of the temperature interval that delimit the regions ofnated by two-dimensiondRD) fluctuations. This regime is
stability of the 3DXY thermodynamics. Some authors claim stable up to the highest applied field wheiffab but it is
relevance of the 3IXY critical phenomenology in fields up rounded off in fields above 1 T for the|c configuration.
to 10 T and in temperature ranges aboub K around Decreasing the temperature towafds and in fields below
T2 while others find good agreement of specific-heat andL T for both orientations, a crossover to a 3D Gaussian re-
magnetization data with the LLL type of scaling in thesegime is seen. This study of the 3D Gaussian regime allows us
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to estimate the coherence length along thaxis. We also  sured conductivity andrg is the regular term extrapolated
obtain the field dependence of the mean-field critical temfrom the high-temperature behavior,

perature, from which we calculate the in-plane coherence
length. In fields above 5 T applied along tleeaxis, the or=(a+bT)™ % (2

fluctuation conductivity scales according to the 3D LLL .
theory? in a broad temperature range around the transition\.Nherea andb are phen_omenologlcal constants that depend
eakly on the applied field.

In very low applied fields and in a narrow temperature range" . .
very Jow apbliec f ! W temperat 9€ n analogy with the Kouvel-Fisher methdor the analy-

about 0.5 K abové, we observe a genuine critical regime, .  critical oh determi icall
where the exponent is consistent with the predictions for th&!S O critical phenomena, we determine numericaily

full dynamic 3D XY universality class? Still closer toTg, d

our results reveal a scaling regime beyond 8N fluctua- Xo=—-=InAo. 3)
tions, which has been first reported in Ref. 20. The origin of dT

this new fluctuation regime is still unknown, but the very low ysing Eq.(1), we deduce that

value found for the corresponding exponent suggests its in-

terpretation as precursor of an ultimate weakly-first-order . 1

pairing transition in YBCO. The whole set of data is con- Xo =3 (T=To). (4)
densed inH-T diagrams showing the regions of validity of

the various fluctuation regimes observed for fields oriented’hus, the simple identification of a linear temperature behav-

parallel and perpendicular to the Cu-O atomic planes. ior in plots of x, ! versusT allows the simultaneous deter-
mination of T, and\. With the definition of the temperature

Il. EXPERIMENTAL DETAILS AND METHOD OF region in which scaling is observed, the amplitidenay be
ANALYSIS easily calculated from Ed1) by substituting in it the values

of T, and\ previously determined.
The quantity)(;1 may also be used to verify the applica-
A single crystal of YBCO was grown by a self-flux bility of the Lawrence-DoniackLD) approacfk® to the re-
method in a yttria-stabilized zirconigrS2) crucible. Oxy- gimes dominated by Gaussian fluctuations in HTSC'’s. Ac-
genation was performed for 6 days at 500 °C. The crystal igording to that theory, which is relevant for layered
uniformly microtwinned and has an oxygen content betweersuperconductors, a crossover occurs from a 3D fluctuation
6.90 and 6.92. Further details on the sample preparation arrégime nearT, to an effectively 2D decoupled regime in
characterization may be found in Ref. 21. temperatures far abov€;. The critical temperature, how-
In-plane resistivity measurements were performed with aver, remains the same for both asymptotic regions. Within
low-frequency low-current ac technique that employs athis approach the quantity,* is written as
lock-in amplifier as null detector. Four in-line electrical con-
tacts were painted silver on one sample surface. Contact re- _, 2Tee(eta)
sistances below 1Q could be obtained. During the resistiv- Xo = octa ®)
ity measurements, uniform magnetic fields in the range 0-14
T were applied parallel or perpendicular to the Cu-O layerswhere a=[2£,(0)/s]?, &,(0) is the amplitude of the GL
For the in-plane configuration, the field was applied eitheccoherence length perpendicular to the layers, ansl the
parallel or at a right-angle to the current direction. The mis-Spacing between the layets.
alignments are estimated to be below 3°. Temperatures were As an example of our method of analysis, in Fig. 1 we
determined with a Pt sensor that has an accuracy of 1—2 mghow the resistive transition of our YBCO sample at zero
and was corrected for magnetoresistance effects. Data poirfi€ld. In panels(a and(b), p anddp/dT results are plotted,
were recorded while increasing or decreasing the temperdespectively. In pane{c), the transition is shown ag,*
ture in rates of 3 K/h or smaller. A large number of closely versus temperature. The slope of the straight line on the fig-
spaced points were recorded in order to allow the numericaire gives the exponent=0.17, which corresponds to a new
determination of the temperature derivative of the resistivitycritical fluctuation regime, as discussed in Sec. IV B 1. Also

A. Sample preparation and measurement techniques

dp/dT, in the temperature range encompassiing signaled in Fig. 1 is the temperature of maximuap/dT,
denoted a§ ;. In low and moderate applied fields this tem-
B. Method of analysis perature is a useful parameter since it represents a lower limit

_ ) for observing fluctuation regimes in the normal phase. It can
For analyzing the results we adopt the simplest approacty g, pe 5 good approximation for the critical temperature in

which assumes that the field-dependent fluctuation conduGsygies of conductivity fluctuations in the mean-field reglon.
tivity diverges as a simple power law, The numerical procedure to determigg® and the ex-
Ao(T,H)=As . 1) trapolatiqn to estimate_R introduce uncertainties in the val-
ues obtained for the critical exponents. However, these errors
In the above equatiorg=[T—T.(H)]/T.(H) is the field- tend to become small nedr,, since a large fraction of the
dependent reduced temperatuxejs the critical exponent, total conductivity in this temperature region is due to fluc-
andA is a constant. The fluctuation magnetoconductivity istuations. In order to minimize uncertainties, we performed at
obtained fromAo=0o— o, whereo=0o(T,H) is the mea- least two measurements pfversusT for a given applied
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E 8 FIG. 2. Representative plots 93;1 as a function ofT for
& H YBCO. Results are obtained in zero applied field, anduigH
z 0.0 Y =0.02 T (H|lab). The straight line labeled by the exponent
'2-(C) AP (=1.0+0.1) is a fit to Eq.(4), and corresponds to a 2D
Gaussian fluctuation regime. The line labeled %§> (=0.50
+0.04) is also a fit to Eq4), and represents a 3D Gaussian regime.
<
K 1l power-law regime, characterized by the exponerﬁD
=0.50+0.03. This is a three-dimensional Gaussian regime,
which is unaffected by magnetic fields in the rangesH
<1 T (H|jab) andugH=<0.1 T (H|/c). Further decreasing
the temperature, but still in the normal phaaboveT ), we
0 93.5 94.0 observe a marked crossover to power-law regimes character-
ized by small exponents. This indicates the breakdown of the
TEMPERATURE (K) mean-field description for the fluctuation conductivity in our

YBCO crystal. In Figs. 3, 4, and 5 we show expanded views

. _1 . « .
ted as(a) resistivity versusT, (b) dp/dT versusT, and(c) inverse _Of representat_lve results for, versu§T in the (_:Iose vicin-
logarithmic derivative of the conductivity@l, versusT. The tem- 'Y of Tc. In Fig. 3, data for several fields applied parallel to

perature range is the same for the three plots. The exponent quotéd€ @b plane are shown. The obtained scalings are indicative
in panel(c) is obtained from the slope of the fitted straight line. ~ Of genuine critical conductivity fluctuations. Just below the
Gaussian region, we notice a regime labeled by the exponent

, . (1)_ . ; : .
field. Four or more of these independent runs were perter —0.33£0.02. At very low fields, this regime holds in a
formed in several cases in order to check the exponent vafémperature range smaller than 0.1 K, and may be discerned

ues, to estimate their uncertainties, and to obtain a bett&nly When a given experiment is individually analyzed, as
definition of the temperature ranges relevant for the variou§one in Fig. 5, and in Fig. 2 of Ref. 20. In plots like those of

scaling regimes observed. In such cases, the reported expbids: 3 and 4, the\(t) regime may be visualized above a
nents are average values over the runs. certain value of the applled field. In very low fields, as
shown in Figs. 3 and 4, the asymptotic power-law regime in
the fluctuation conductivity of our YBCO crystal corre-
IIl. RESULTS sponds to an exponent?)=0.17+0.01. This regime is
rounded off in very small magnitudes of the applied field

(approximately 5 mT wheiid|ab). At fields around 50 mT

FIG. 1. Superconducting transition in YBCO at zero field plot-

In Fig. 2 we show measured valueS)(o;;'1 versusT in a
large temperature range aboVg, both in zero applied field ) i )
and inugH=20 mT (H||ab). These results are representa- (Hl|ab) or 10 mT H][c), a crossover regime with=0.24is
tive of the behavior of this quantity in low applied fields, Observed, as represented in the figures. When the field attains
uoH=<100 mT forH|ab and goH<10 mT for H|c. Far 100 mT H|lab) or 20 mT (Hl|c), the only power law ob-

aboveT,, and in a large temperature range, we obtained fit$erved in the critical region corresponds to ¥}’ exponent.
of x;! to Eq. (4) with the exponenthZ°=1.0(x0.1), for ~Above uoH=150 mT H|ab) and uoH=40 mT (H|c)

both measurements in Fig. 2. This behavior is indicative othe regime\{) is also rounded off. The ultimate critical
two-dimensional Gaussian fluctuations. Decreasing the tentegimes observed are those corresponding{f and ().

perature toward3; we notice a smooth crossover to anotherWhen the temperature is further decreased towﬁ[,dsxgl
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FIG. 3. Expanded view ofy,' versusT in the critical- FIG. 5. Representative run gf, * versusT in the critical region,

fluctuation region. Results for seve(&dw) fields applied parallel to  allowing the observation of the narrow regime characterized by the
the ab planes are shown. The straight line labeled by the exponenéxponenta(Y=0.33 (3D XY-E), which is located between the
\=0.17 correspond to a regime beyond the 8B fluctuations,  Gaussian and the asymptoli¢)=0.17 regimes.

which is observable in very low values of the field. Larger fields
tend to suppress this behavior, and stabilize a regime with an exp
nent close toxn{=0.33, which corresponds to critical 3RY-E
fluctuations.

Qdentified. However, fougH=5 T and above, the fluctua-
tion magnetoconductivity data could be reasonably fitted to
the 3D LLL scaling theory, as discussed in Sec. IV D.
. We remark, from the results in Figs. 1-5, that the extrapo-
becomes rounded, and no power-law behavior can be SYgseq critical temperatures are slightly different for the vari-
tematically identified. — ous scaling regimes observed. This fact, which becomes evi-
For the geometryﬂlg\Db, we observe iny, - a power-law  gent in our method of analysis, in whidh is not considered
regime with exponenkg"=1 up to the highest studied field a5 a unique fitting parameter, is indeed expected on physical
and for both field-current configurationsi(j, HLj). How-  grounds. For instance, the critical temperature relevant for a
ever, the 3D Gaussian regime is rounded off abgs#i  mean-field Gaussian fuctuation regime should not be exactly

=1 T, independently of the field orientation in thé plane.  coincident with the one characterizing a genuine critical
WhenH||c, we observe a 2D Gaussian region in fields up toregime.

1 T, whereas the 3D Gaussian regime is discerned only up to
uoH=0.1 T. For this field orientation, and for field magni-

. .1 IV. DISCUSSION
tudes above 2.5 T, no single power law 43~ could be

A. Fluctuation-conductivity exponent

1.6 s . ' The contribution of fluctuations to the electrical conduc-
ymbel Bo(m ) g tivity of superconductors may be estimated from the Drude
SR 0.5 kinetic formula*
& .20 '
1ol T - 40 | Ao=(2e*/m)ngr, (6)
ol whereng is the density of Cooper pairs, is the lifetime of
c o the evanescent superconducting droplets,eaddm are the
~ electron charge and mass, respectively. In the critical region,
08l ] ng varies as the order-parameter correlation function, that
xR U 0147 is 25
. A ’ Ny(&)~(P(E)(0))~ & 47, ()
04k | where¢ is the correlation lengthd is the dimensionality of
' the fluctuation spectrum, anglis a critical exponent. On the
‘ : S other hand, according to the dynamical scaling thébry,
93.4 93.5 93.6 93.7 93.8 93.9 ~ &% Thus, we expect that the fluctuation conductivity di-
TEMPERATURE (K) verges aff . with the exponent
FIG. 4. The same as Fig. 3, but for fields oriented parallel to the A=v(2—d+z—7), (8)
c axis. In this case, fields belowoH=10 mT could not be ap-
plied. wherev is the critical exponent for the correlation length.
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B. Gaussian fluctuations TABLE I. Values obtained in various applied fields for the co-

herence lengtlg.(0) and the thickness by substituting the experi-

mental amplitudes for the 3D and 2D Gaussian fluctuation conduc-

tivities in Egs. (108 and (10b), respectively. Also listed are the
The mean-field GL theory predicts that1/2, z=2, and  amplitudes for the critical regimes characterized by the exponents

7=0. Thus, as shown by Aslamasov and Larkii ), ®the  Ai'=0.33 and\{f’=0.17.

Gaussian exponents depend on the dimensionality as

1. 2D and 3D regimes

moH[ablL j £:(0) S Aoz Ao.17
d (T) (nm) (nm) (mQ cm) (mQ cm)
A\g=2— . 9
¢ 2 © 0 0.12 1.0 0.76 0.33
As depicted in Fig. 2, a Gaussian fluctuation regime cor0-001 1.0 0.79 035
responding ta =2 describes our results in the reduced tem-0-002 0.11 1.0 0.77 0.35
perature range extending from=0.04 down toe=0.014. 0.004 0.1 11 0.79 0.34
Decreasing the temperature towards, our X;l results  0-008 0.1 1.0 0.79 0.34
cross over to a power-law behavior governed by 3D Gaus2-01 0.12 1.0 0.75 0.34
ian fluctuations. However, the observed 2D-3D crossoveP-02 0.11 11 0.79
cannot be described by E¢p), which is deduced from the 0-04 0.11 11 0.76
LD model, and the fluctuation results in the Gaussian regio?-06 0.12 1.0 0.73
are better interpreted using the framework of the AL theory0-08 0.12 1.0 0.76
According to this theory, the critical amplitudes are given by0.10 0.11 11 0.75
) 0.50 0.11 0.9
€ 1.0 0.10 1.1
Aoo=Tgrs (108
and moH|c £.(0) s Ao33 Ao.17
(T) (nm) (nm) (mQ cm) (mQ2 cm)
e? 0 0.12 1.0 0.76 0.33
A0~ 320€(0) b 5 o1 0.12 1.0 0.75
in the 2D and 3D cases, respectively. In E§0a), s is the 0.02 0.12 1.0 0.77
relevant layer thickness for the 2D fluctuation system,o'04 0.11 L1 0.67
whereas£(0) in Eq.(10b) is the amplitude of the GL coher- 0.06 0.12 10
ence length. For a planar anisotropic system, as described %08 0.11 1.0
the LD model, the critical amplitude is also given by Eq. 9-10 0.11 11

(10b), but£(0) should be interpreted as the coherence length
perpendicular to the layered structugg(0).

Substituting the experimental critical amplitude in Eq. § and to the lattice constamt An additional check comes

(10b), we estimate the coherence length=0.115 nm. This o the estimation of the temperature-dependent GL coher-

value is in rather good agreement with determinations fromp,ce jength at the lower reduced-temperature limit for the 2D
other authoré:>?"We list in Table | the values calculated for Gaussian region. Consistently, we obtgin=0.9 nm

. at various applied fields. There, it appears that this param-
eter is rather insensitive to the field orientation and magni-
tude within the ranges of observation. On the other hand,

fitting our x, ! results to Eq.(5) in the same temperature 2. Second critical field
range, we obtain the parameter 0.43. Combining this re- ) N )
sult with the determined,, we deduce thas=0.35 nm. Although the Gaussian critical amplitudes are unaffected

This value fors is of the order of the distance between theby the magnetic field, the extrapolated mean-field critical
pair of dimpled Cu-Q layers?® characteristic of the YBCO temperatures are field dependent. In Figs) @nd &b) we

unit cell. However, one can expect that this layered systenghow the critical temperatures for the 3D Gaussian and for
effecti\/e|y decoup|es WheSC(T) becomes smaller than the the critical regimes as functions of the applled field in the
separation between the double-layer structures, which is casesH|lc and H|ab, respectively. These temperatures are
=0.83 nm?8Then, the fluctuation spectrum would acquire aobtained by extrapolating each fluctuation regimex{p*

2D character in a reduced temperature much smaller tharO with the help of Eq(4).

that expected from the LD model, in accordance to our ex- The slopesd T3P~ ¢/dH for the mean-field critical tem-
perimental observations. A verification of this hypothesis isperatures of the 3D Gaussian regime are different for the two
obtained by replacing the experimental amplitudey , for  field directions. We obtain 1.16 K/T and 0.07 K/T fbtc

the 2D Gaussian regime in E(LOg and computing the ef- andH|jab, respectively. From these slopes and the expres-
fective thicknesss. As listed in Table I, we find the field- sions for the anisotropic second critical field in a layered
independent valus=1.0+0.1 nm, which is indeed close to superconductd?®
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100 —&— . ; . . towardsT,., we first observe a fluctuation-conductivity re-
gime described by a power law with exponexi{’=0.33.

80- (a) - This is very close to the predicted value of 0.32, obtained
from Eq. (8) with the full dynamic 3DXY model!® for
which®? »=0.67, =0.03, and”**z=3/2. This scaling be-

= 60r i havior, which we call 3DXY-E because of the mod&-
E dynamicst’ was first observed in YBCO polycrystalline
T a0f ‘©, 3D-XY-E . samples, then in single crystals of YBCQRefs. 16 and 18
= 0.84) and BpSr,CaCuG; (Ref. 39. For the specific sample being
20| & | studied here, the width of the 3RY region is very small. It
is almost unnoticeable in the zero-field plots of Figs. 3 and 4,
¢ © ©017) | and is slightly better defined in the plot shown in Fig. 5.
0 . . — In our sample, when the temperature is further decreased
100 . S . towardsT;, a new scaling regime is observed within the
: critical region. This inner region corresponds to a power law
sl ¢30C o . with exponentx ().
: As shown in theH-T diagrams of Figs. 8 and 9, all of
: 33)—’;})5 these critical-fluctuation regimes are destroyed upon the ap-
= 8or o 18 plication of low magnetic fields. The 3RY-E scaling is the
E : most robust against a magnetic field, and its upper tempera-
T ol 5 Rl A ture limit is about 0.5 K abovd,, as formerly observefl.
= ' This value is in agreement with estimations of the Ginzburg
] number for YBCO®
20 i L0 W > q2 The observation of the regime beyond X¥-E scaling
o O was first reported in Ref. 20. Its interpretation is still unclear.
0 LS. &0 o In Ref. 20 we suggested that thé?) regime might be pre-
93.0 93.2 93.4 93.6 cursor to a weak first-order pairing transition. A first-order

TEMPERATURE (K) transition occurs when the absolute minimum of the

FIG. 6. Field dependence of the critical temperatures obtained®inzburg-Landau free-energf switches discontinuously
from extrapolations tg, =0 of the power-law fluctuation regimes from the high-temperature positiopy| =0, to the one with
fitted to Eq.(4). Black dots correspond to the mean-field critical nonzero||. One can expect that above but in close vicinity
temperatures for the 3D Gaussian regime. Open circles denot® T, the system is allowed to fluctuate between the two
T.(H) for the critical 3DXY-E regime, and the black squares give free-energy minima because of the low height of the barrier
T.(H) for the regime described by the exponaff’=0.17. Panel that separates them. This could affect the system dynamics,

(a) presents results fdd|/c, and panelb) refers toH| ab. modifying the effective value af. According to this picture,
the weak-first-order transition could be approached from
bo bo above roughly within the static 3XY scheme, but with a
HY(T)= ——— and HE”(T)= 5——, (11)  gradual evolution in its dynamics. For instance, the value
2m&ap(T 27 Eante A #=0.17 may be reproduced i=1.28 in Eq.(4). In prin-

ciple, the description proposed above does not preclude the
observation, in very clean samples, of crossover regimes
_With exponents smaller than(?), since the limit of discon-

where(c) and (@b) mean parallel to the axis andab plane,

respectively, and, is the quantum of flux, we may estimate
th h length llel icular to th . . .
pIZnCeOs iggﬁfniﬁg%h; ?ﬁ;igé?g&g?::;ﬁ udzz)eondse Ocnutlt'@uous first-order behavior would correspond to an effective

i - -1/2 ~ valuex=0.
zrr;e:rgtl:(rg)iszlg jf(\)e 4Gr|;n§hi§1r(§jg)(0)§=(%)i3t6 (\;vse ﬁi: An alternative description that does not involve changes
a .0+0. c . : :

The value foré,,(0) is in reasonable agreement with esti- in the dyna_mlcs was _also proposed in _Ref. 20 W'th%G'rtS basis
mations from susceptibilify and second critical fiefd3! on the scaling analysis presented by Fisher and Berker
measurements. The value found f&(0) agrees with our a first-order transition driven by the temperature. This theory
estimations fro.m the fluctuation conductivity results. ThisperICtS that the coherence-length critical exponent is given
finding is interesting since it represents a criterion of self->Y tv|=1/dr; Whh"l?h’ ffoltrd:3| wgurlqthcorsr([axssor?]d dtol a_;l)_ﬂr%xr
consistency for our analysis of the Gaussian contribution t ately one-halt of Its value for the odel. Then,

: PR eeping the 3DXY-E values forz and % in Eq. (8), one
the fluctuation conductivity in our YBCO crystal. would calculatex=0.16, which is in agreement with the
experimental value fox (2.

An additional indication of the ultimate first-order charac-
As shown in Figs. 3, 4, and @nd in theH-T diagrams of ter of the pairing transition in YBCO is the increatsee
Figs. 8 and § the critical-fluctuation region for our sample Figs. 3—6 in the extrapolated critical temperature for the

presents arinternal structure Decreasing the temperature A{2) regime when compared to that obtained for the 3D

C. 3D XY and beyond 3DXY scalings
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XY-E scaling. In a second-order phase transitidn, is 30 ' " ' —
reached wheff flattens out around the equilibrium point. If

Symbol K. H T¢(H)
the transition is weakly first ordeF, would appear as effec-

tively flat at a higher temperature, when the minimum at y; ;I z;::
nonzero| | starts to appear, yielding a higher extrapolated o 10T 88K
value of T, with respect to one that would be obtained if the 20 6 14T 868K |
transition remained strictly second order. This effect ac- g
counts for the somewhat paradoxical results of Fig. 3, where &
critical fluctuations seem to shift, upwards with respect to S @i
its mean-field value. o %ﬁ}(

< 10 2% 4

If the pairing transition in YBCO is indeed of first order,
the mechanism that drives this is still unclear. Halperin,
Lubensky, and M&’ many years ago proposed that coupling
of the order parameter to fluctuations of the electromagnetic
field may drive the superconducting transition into a weakly

first-order one. However, their theory predicts that first-order o1 oo ‘ Y'Y

effects would occur in a reduced-temperature range too nar- (T - T,(H)) / (T H)

row to be observed in an extreme type-Il superconductor as _ )

YBCO. In Table | we list the amplitudes of the 30Y-E and FIG. 7. Lowest-Landau-level scaling for fluctuation magneto-

conductivity in YBCO in fieldsugH=1, 5, 10, and 14 T applied
%ong thec axis. The fitting parameter§.(H) are quoted on the
igure.

the A () critical scalings, and in Figs.(6 and Gb) we show
the field dependence of the extrapolated critical temperatur
for these regimes.

=1 T, while other$?find it possible only for fields above 6
D. Lowest-Landau-level scaling T, which is closer to our estimation.

For theH||c configuration, the Aslamazov-Larkin fluctua- _
tion regimes are observed only up jogH=1 T in our E. H-T diagrams

sample. This fact raises the possibility for describing the su- The whole set of our measurements is used to sketdh
perconducting transition in YBCO in terms of the LLL ap- diagrams where the domains of validity for each type of
proximation for applied fields above this limit applied along scaling may be visualized. Figure 8 shows a log-log repre-
the c axis. Indeed, the critical and LLL scalings cannot co-sentation of the diagram obtained whetfab (H|j). We
exist in the same region of the-T plane, and the issue of chooseT,(H) as the parameter to which the reduced tem-
critical versus LLL interpretation for magnetic-field effects peratures refer, since each fluctuation regime represented in

on the fluctuation regimes of the HTSC has been the subje¢he diagram has its own extrapolated critical temperature.
of intense controversy %3

Within the LLL approximation, physical properties scale r ‘
with the variable t;,, =[T—T.(H)J/(TH)?3, in a 3D i Al ...
system:228The relevant equation for analyzing the excess of 10.00 ‘ \\ \\\ 5
conductivity ig? WW\\\W \
-|—2 1/3 E
AU:(F) f(ti), 12 =
£
T 0.10 : 4
where f is an unknown scaling function. Thus, plotting 2° |H|W s
Aa(HY¥T?3) versust,,, , one should obtain a single curve,
independent of. In Fig. 7 we show such a plot for owo
results in fields of 1, 5, 10, and 14 T applied along ¢haxis. 0.01 ¢ 3
There one observes that, except for thg Gagd=1 T, the. . //%
data collapse reasonably well onto a single curve. This indi- %};
cates that the 3D LLL approximation describes correctly the 0.00 0008 = .01 oo
fluctuation conductivity in our sample in fields higher than ' T '
(T=T,(H) /T, (H)

unoH=5 T applied perpendicular to the Cu-O planes. These

results are in agreement with fluctuation analysis of transport g g, H-T diagram showing the regions of dominance of
: 38 it 10,38 i 14 " s

properties?® magnetizatiot?*® and specific hed®* in  Gaussian and critical scalings in the normal phase of YBCO. The

YBCO. The only discrepancy between the scalings reportegegions are labeled by the observed exponents. The reduced tem-
in different works concerns the value of the minimum field peratures are referred @,(H), which is the maximum olp/dT,

required to stabilize the 3D LLL state. Some authdt$  and the field is applied parallel to the Cu-O planes. The location of
claim that good LLL scaling is already possible fapH the critical regimes is marked by a continuous contour.
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JIITTITTITTTTITITTT
3D -LLL

H”HH Gaussian regime extrapolates to a mean-field critical tem-
NI

perature which is smaller than the corresponditfg for the

3D Gaussian region. This behavior shows that YBCO is a
superconductor characterized by a double planar
periodicity>® The distance between the Cu-O layers within
the double-sheet structures controls the 3D fluctuation spec-
trum, whereas the decoupling to an effectively 2D regime
occurs wherg(T) decreases to a value slightly smaller than
the lattice constant, which is the periodicity length associ-
ated with the double Cu-O planes. The same kind of double
planar periodicity underlies the behavior of fluctuation con-
ductivity in Bi-2212 (Ref. 39.

The critical amplitude for the 3D Gaussian fluctuation
magnetoconductivity and the corresponding field-dependent
critical temperature allow us to estimate the isotropic GL
coherence length. We obtai&.(0)=0.1 nm andé,,(0)
=2 nm. From the lower-temperature limit for the 3D
Gaussian scaling, and from the respective mean-field critical
temperature extrapolated from tlsge;l data, we estimate the

The boundaries delimiting the regions of dominance of theGianurg nhumber G+0.005 at low applied fields for both

various scaling behaviors are determined with considerabll@e'd orientations. . :
experimental uncertainty, and should not be regarded as We remark that we were able to describe consistently our

sharply defined. For instance, we notice the large crossov&ondUCt'V'ty'ﬂl"Ctuat'on results in the mean-field regime

region separating the 2D from the 3D Gaussian regimes. N without considering additional contributions as the Maki-

. 40 .
ticeable also is the internal structure of the critical regime, hompson(MT) term-"In fact,_ there exists some consensus
which is encircled by a continuous line in Fig. 8. about the absence of appreciable MT effects on the fluctua-

H i 4,7,41
The diagram obtained for the configuratiiffab (H.L j) tion conductivity of the HTSC: The reason that makes

is quantitatively similar to that of Fig. 8. This indicates that f[he MT contribution negligible is still unclear. For instance,

there is no appreciable anisotropy concerning the relativd could retsult flromtstrongg palr-brealgngt_ef{ec_ts ?rr] from the
orientation of the field and current for the in-plane fluctua-Unconventional nature of superconductivity in these com-

tion conductivity in the normal phase of YBCO. Figure 9 pounds. . . :
shows the diagram obtained whelfic. In this case, the lim- The Gaussian regimes are moderately robust against the

iting fields for the critical regimes are scaled down by some?Pplication of magnetic fields. For the orientatkifjab, the

anisotropy factor. We notice that the limiting field for the 3D Gau33|_an scall_ng is observed _up;i@Hzl .T’ ar_1d the
A2 regime is below 10 mT, which is the minimum field 2_Dl4G?_USVS\}ﬁn sl_(lzallnghupslt:;) (t;he highest S.tUd'er? If('flgH
value that we could apply for the configuratidt|c. The H_O' 1 Tenth, ¢ eh D gusswl_n regime ho sl_gp to
LLL scaling describes the data in a large temperature rang@O e , Whereas the aussian regime Is vaiid up to

, _ . noH=1 T. For fields equal and aboye,H=5 T applied
?h?;hci?]%\éig:gr?ebwpm) for fields aboveuoH=5 Tin along thec-axis, our results could be scaled according to the

It is interesting to observe in Figs. 8 and 9 that, as dis_predlcthns of the 3D lowest-Landau-level theory.
cussed in Sec. IVB 1, the 3XY-E scaling is stable only .. Genuine critical behaV|0r_ is clearl_y |dent|f|ed_|n our low-
: ' field measurements. The critical region has an internal struc-

when rather small fields are applied. This observation is ir}ure and two power-law regimes are observed in sequence
contrast with some field-dependent specific-heat re&tits, : P 9 | Seque
whenT approached . from above. The corresponding criti-

where the 3DXY scaling is reported to hold up to 6 T and cal exponents ar&fj’zO.BSt 0.04 and)\gf)zo.l?t 001

above. i X i :
The value of the exponent] is consistent with the predic-
tions for the 3DXY universality class with the mod&-
dynamical exponerz=3/21"33This observation points to a
Our in-plane fluctuation-magnetoconductivity results insimple description of the superconducting transition in
YBCO reveal the occurrence of Gaussian regimes in a larg¥BCO, where the symmetry of the GL order parameter is
temperature range whose lower limit is about 0.5 K abovegiven by the @2) rotation group:® The observed 3DXY-E
the value ofT, extrapolated from the genuine critical regime. scaling is essentially a zero-field one, since fagH
Farther from the critical temperature, the fluctuation spec=0.1 T (H|ab) or w,H=0.04 T (H|c) criticality is
trum is effectively two dimensional, but a crossover to a 3Drounded off. A clear interpretation of the regime beyond 3D
behavior is observed when the temperature comes clos¢Y-E scaling is still lacking. An interesting possibility de-
enough toT.. Although the Lawrence-Doniach theory de- serving further investigation is the hypothesis that the
scribes correctly the 3D limit of the Gaussian regime, it fails)\f:f)-regime is precursor to an ultimate weakly-first-order
to reproduce the observed 3D-2D crossover. Indeed, the 2pairing transition in YBCO.

= IR

1.00

B H (T)
o
3

0.01 ¢
CR

0.00 5 ;
84 88 92

TEMPERATURE (K)

FIG. 9. The same as Fig. 8, but for thd|c configuration. In
this case a region dominated by LLL fluctuations is identified.

V. FINAL REMARKS AND CONCLUSIONS
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