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Critical fluctuations and pseudogap observed in the microwave conductivity
of Bi,Sr,CaCu,0g.4 5, Bi,Sr,Ca,Cu;0;4+ 5, and YBa,Cuz0,_ ;5 thin films
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Critical fluctuations have been studied in the microwave conductivity 0§SBCaCyOg. s,
Bi,SrLCaCu3044, 5, and YBaCu;O;_ s thin films aboveT, . It is found that a consistent analysis of the real
and imaginary parts of the fluctuation conductivity can be achieved only if an appropriate wave vector or
energy cutoff in the fluctuation spectrum is taken into account. In all of the three underdoped superconducting
films one observes strong fluctuations extending far afiQueThe coherence length inferred from the imagi-
nary part of the conductivity exhibits the static critical exponentl very close tdl ., and a crossover to the
region with v=2/3 at higher temperatures. In parallel, our analysis reveals the absence of the normal conduc-
tivity near T, i.e., fully opened pseudogap. Following the crossover to the region wwit@/3, the normal
conductivity is gradually recovered, i.e., the closing of the pseudogap is monitored.
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[. INTRODUCTION temperatures, and a small, but experimentally detectable fea-
ture atT. .2 The latter was shown to be useful in setting a
Soon after the discovery of high: superconductors it constraint on the cutoff parameters, which are then used in
was found that fluctuations were more pronounced in thesthe whole temperature region aboVe. Further advantage
compounds than in the classical Iow-temperatureOf the ac fluctuation conductivity is that the imaginary part
superconductors? It is due primarily to short coherence o2(T) has no contribution from the normal electrons so that
lengths and large transition temperatures, but anisotropy ariés analysis is free from subtraction problems often encoun-
the degree of doping may also play a role. While classicaféréd in dc conductivity studies. _ _
low-temperature superconductors exhibited only Gaussian- " this paper we present an analysis of the microwave
type fluctuations, it was estimated that high supercon- fuctuation conductivity in BiS,CaCy0g,, (BSCCO-

ductors could give experimental access to a study of critica?zmé OBiZSrZC%g%%O*ﬁ (BhSCCO-22|23, | gndh

fluctuations’ Yet, early studies of the dc fluctuation :Ba? u3t 7—5d(YB d)t n 'fmeT € ﬁentra relsuttﬁt eh' h

conductivity® were interpreted within the Gaussian behav- < nPerature dependence ot ne conerence lengin whic

ior, except for a narrow regiofiraction of a degreearound shows multiple critical regimes in each of the superconduct-

T ,WhiCh was left out as possibly critical. Later on, the pen ors. Also shown in the present analysis is the reduction of the
c . ’

ion denth i EaLO led criti “contribution of the normal conductivity in the measured real
etration depth measurements in YBaO,_ srevealed criti- 54 . (T) of the complex conductivity. It is a direct evi-

cal behavior as wide as 10 K from T, " belonging to the  gence of the reduction of the one-electron density of states at
universality class three-dimensiond@D) XY. More recent  the Fermi level, known as the pseudogap effact.
measurements of thermal expansi¥ityand two-coil induc-
tive measurement8have confirmed this wide range of criti-
cal fluctuations, while dc fluctuation conductivity measure-
ments still claimed very narrow critical regiohs.®A major In this paper, we use the expressions for the ac fluctuation
problem in the analysis of a dc fluctuation conductivity is toconductivity which have been derived and extensively dis-
account for the short wavelength cutdff**°and energy cussed recentf? The derivation was based on the time-
cutofft”*8at higher temperatures. These effects are so strondependent Ginzburg-Landau theory and the approach intro-
that other inherent properties of the fluctuation conductivityduced by Schmid® long time ago. The new feature was the
can be obscured. cutoff in the integration over thie space which was imposed

A more stringent test of a given theoretical model can ben order to comply with the slow variation principle of the
made through a study of the microwave fluctuation conducGinzburg-Landau theoR?. Equivalent expressions were also
tivity since it yields two experimental curves, one for the realobtained’ from the linear response to an applied ac fild.
parto4(T), and the other for the imaginary pars(T), with ~ Our theory is also restricted to the linear-response approxi-
different shapes but ensuing from the same physics assumeagation.
in the model. Some of the earlier microwave studies reported In order to treat also the critical state, we have adopted the
Gaussian and critical behavibt;??but failed to account for  requirement that close to the superconducting transition all
the cutoff effects. However, a recent analysis has shown thathysical quantities should be expressed through the coher-
the short wavelength cutoff yields a strong effect at higherence lengthé(T). In other words, all interactions between

Il. THEORETICAL BACKGROUND
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the fluctuations expressed usually through higher-order termsnergy cutoff should also be imposed in order to satisfy the
in the energy functional are accounted for in the renormaluncertainty principle for the minimum wave packet of the
ized £(T). Therefore, the temperature dependence of the cocooper pairs/*8In this paper we generalize our expressions
herence length in the critical state takes a form different fronfor the ac fluctuation conductivity to account for the energy
that of the Gaussian or mean-field result. The benefit of thisutoff. For the anisotropic 3D case one should have the con-
approach is that the very form of the expressions using thdition

renormalizedé(T) remains unchanged even in the critical

state?®0 [&0/E(T)]?+2A2,+A2=C, 3
For the 3D anisotropic case the ac fluctuation conductivity
is given by® whereC is the energy cutoff parameter. At the first term
on the left-hand side of Eq3) vanishes and one retrieves the
~ 3D e? [&T)\¥ ! pure wave-vector cutoff condition. With the constraint ensu-
= = ing from the experimental ratio,(T.)/o1(T.),% and E
32h &0\ &0 Ing rom p 20l )l ai(Te), q.

(3) with a given energy cutoff paramet€;, one can deter-
Qup [ Qe 4ng[1_ iQ(1+q§b+ qg)—l] mine theA’s at T, . Within the concept of the energy cutoff,
X f f 5 ENE 5 72 one should keeg fixed at all temperatures. Equati¢d) can
0 J-Q m(1+0Gap+ Q) [ Q7+ (1+ 05+ )] then be satisfied only if the parametets, and A . become
X d0apd Qe s (1) temperature dependent. It is reasonable to assume that their
ratioK= A ,,/A; remains constant, i.e., as determined at
where the prefactor is the well-known Aslamazov-Larkin Then, Eq.(3) yields bothA’s as functions of the reduced
term?® except that the Gaussian temperature dependenadherence lengtt§(T)/&,. With these replacements in our
1/\Je is replaced by that of the reduced coherence lengtexpressions for the ac fluctuation conductiftyone ac-
&(T)/&y. This dimensionless temperature-dependent functiowounts also for the energy cutoff. One may remark that the
is equal for both, the in-plane arsdaxis coherence lengths, value C=1 implies that the minimung(T) is equal to&,.
i.e., [£an(T) Eoanl =[£e(T) £0c],Z so that we omit the sub- However, forC<1 the minimumé&(T) is bigger than&,.
scripts. The dimensionless parameter This is important in highF. superconductors wherg&, is
found to be unphysically smafiso that the minimung(T)
wty T fho (§(T))Z ,  must be bigger than that value. It is given by [&(T)]
2 16kgT| & | @ =&/\C.

The significance of the energy cutoff compared to the
involves the operating microwave frequenoyand the tem-  wave-vector cutoff in the ac fluctuation conductivity is now
perature dependence of the reduced coherence length. N@§gesented in Fig. 1. The's are calculated as functions of
that we have used here the thermodynamically correct form¢ /£(T)] in order to make the presentation independent of
keT, rather than the approximative T, used beforé® The  the specific-temperature dependence of the coherence length.
latter will be used below only in theoretical simulations The dotted, dashed, and full lines in F|g 1 present the cal-
whereg(T)/ o is used as the only variable. The cutoff in the culatedo’s using no cutoff, wave-vector cutoff, and energy
fluctuation wave vector is introduced inQau(T)  cutoff, respectively. The calculations were carried out by tak-
=KD an(T) = V2A apéan(T)/ €ap for the ab plane and ing [o,(T,)/o(To)]=1.2, which is a typical experimental
Qu(T) =kT¥E(T)=Ac&(T)/ &oc along thec axis, rather value.
than a single cutoff on the modul&5The analytical result of In an anisotropic superconductor, one has to deal with two
the integration in Eq.1) and its application in the data cutoff parameters,A,, and A., or, alternatively, K
analysis has been reported in defdih careful analysis has =A,,/A. and the energy cutoff parametér In Fig. 1(a)—
shown that, due to this cutoff, the real and imaginary parts ofl(c) we present the calculateds for three largely different
the ac fluctuation conductivity are not equallat The ratio  choices of the cutoff parameters. We have argued e&tlier
o,(Te)/ o1(T¢), which can be determined straightforwardly that only the case with ,,> A . is physically acceptable in
from the experimental data, puts a constraint on the choice anisotropic superconductors wheg,,>&,.. Here we
the parameterd ,, and A .2 present in Fig. (a) the results for energy cutoff and compare

Time-dependent Ginzburg-Landau approach is based otnem to those for wave-vector cutoff. The curves calculated
relaxational dynamics so that the dynamic critical exponentvith no cutoff are always added for the sake of reference.
should bez=2.3! Indeed, it has been shown by expansion ofOne can observe that both cutoff procedures change the
the S functions in the limit of T, that only forz=2 one slopes ofo;, and o, at higher temperatures. The additional
obtains a finite nonzero ac fluctuation conductivity, in agreeeffect of the energy cutoff is observable only at very high
ment with experimental observatiofisThis value of the dy- temperatures where the fluctuation conductivity rapidly van-
namic critical exponent was also found in Monte Carlo simu-ishes. The choicé\ ,,<A . for the wave-vector cutoff, and
lations for a vortex loop model of the superconductingthe accompanying choick<1 and C=1 for the energy
transition®? cutoff, are shown in Fig. (b). The shape of these curves are

With the slow variation principle alone, the parametersquite different from those of the previous case, thus showing
A, and A may be kept as constants from, up to any the sensitivity of the numerical calculations to the choices of
higher temperature. However, it has been shown recently thalhe cutoff parameters. Fortunately, the freedom of taking a

Qw,T)=
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3 — K>>1,C=1
y 4] ——- A A
----- no cutoff

3D, aniso

10" 10° 102 10" 1‘(;>"
& /&(T)
“-; 10,5 FIG. 2. Calculated ac fluctuation conductivities in the 2D case.
- o] For the sake of comparison, the 2D cutoff parameter=0.7) is
G 10’; given the same value a$,;, of the 3D case in Fig. (&). The style
°2 ] \ T of the presentation follows that of Fig. 1.
§ j| ——K=1.C=0042 amine also the cutoff effects in two-dimensiolg2D) cases.
o 10°% '"j-;':; 042 Gy The ac fluctuation conductivity is then given®y
® « i - no cutoff " . \-\ 3 . 2
o~ 10 — ~op. € [EM)\7(Q4G°[1-iQ(1+07) Y]
i(c) isotropic 1 ) T2 P 55-da,
R L LS 16is| 4o | Jo (1+02)[Q%+(1+0)?)
10° 10° 10° 10 (4)
T . . .
gﬂ 18(T) where s is the effective layer thickness. The wave-vector

H H H max__
FIG. 1. Calculated ac fluctuation conductivities in the aniso-CUtOff is made only in theab plane withkg,™= V2A 1 £oap

tropic 3D case. For the ratiar(T.)/o1(T,)) = 1.2 three choices of While along thec axis only the lowesk.=0 term is taken.
the cutoff parameters are selectéa: A ,,=0.7, A,=0.06,C=1;  Equation(3) can again be applied for the energy cutoff. The

(b) Agp=0.1, A;=1, C=1; and(c) A,,=A.=0.12, C=0.042, calculated curves foo2® and o3° are shown in Fig. 2. We
andA =1 for the isotropic case and the dotted lines show the resulthiave used the 2D cutoff parameter=0.7, i.e., equal to the
in the case when no cutoff is taken into account. The dashed lineshoice of A ,;, in the 3D case of Fig. (®). In contrast to the
are obtained with the wave-vector cutoff whereas the full lines in-3D case, we observe that the cutoff does not bring about a
volve the energy cutoff that matches the wave-vector cutoff at temchange in the slopes @f%D and o-gD at higher temperatures.
peratures close & . The upper and lower curves representand The slopes of ther’s at higher temperatures are believed
03, respectively. to be essential in an effort to determine the dimensionality of
the fluctuations in an experimental analysis. Indeed, the
diversity of choices for the cutoff parameters is restricted byslopes of the curves calculated with no cutoff in the 3D and
physical arguments which make a larde unacceptable in 2D cases are differerisee the dotted lines in Figs. 1 and 2
systems having very small,., as is the case in high; However, the cutoff increases the slopes in the 3D case and
superconductorg Detailed analysis of the experimental data makes them equal to those of the 2D curves at higher tem-
presented below, provide further support of this rule. Finally,peratures. Hence, the cutoff makes the distinction between
we present also in Fig.(&) the case\ ,,= A which appears the two cases more difficult.
to be very similar, but not identical, to that of the isotropic The above feature has not been noted in our previous
case. It will also be shown as inadequate for the experimentalnalysis of the ac fluctuation conductivityln view of the
data analysis shown later in this paper. numerous studies of the dc fluctuation conductivity, it is
It is of interest for the data analysis in this paper to ex-worth noting that the same feature is pertinent to those cases

144516-3
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10 eters. Obviously, the fluctuation conductivity in the dc case
3 2D diverges whenT, is approached, whiler; of the ac case
3 c ’ 1
102 no cutoff reaches a finite value. However, at higher temperatures, the
] information gained from a dc measurement is equivalent to
‘E 101 that of the real partr; in the ac casé® The imaginary part
TC} n? o, is an additional information provided by an ac measure-
v, 103 ment.
= Note that here we have considered only the fluctuation
g1°'§ T, . conductivity, but, for the sake of simplicity, no subscript has
) 10.,_3 B "=,1 been used. The total conductivity aboVg includes also a
j contribution from the normal electrons. The latter has to be
10 : : . added to bothg 4. and the real partr; of the ac fluctuation
10° 2 10" 10° conductivity, but not to the imaginary past, which is due

10
&/ &(T)

FIG. 3. Calculated dc fluctuation conductivities in the gDIl
line) and 2D(dashed ling cases with cutoff parameters as in Fig.
1(a) and Fig. 2, respectively. The calculations with no cutoff yield We have measured a number of YBCO and BSCCO thin
dotted lines with slopes-1/2, and—1 for the 3D and 2D cases, films grown on various substrates. The main features in our

solely to the superconducting electrons.

IIl. EXPERIMENTAL

respectively.

results did not change with the change of the substrate or
thickness of the film. Here we report specifically on the mea-

also. Figure 3 demonstrates that the cutoff affects stronglpurements in an YBCO thin filnthickness 200 nmngrown
o3 beyond some temperature, so that it becomes indistin?? MgO substrate, BSCCO-221250 nm) on LaAlG;, and

guishable from that of5>. Hence, the dimensionality of the
fluctuations cannot be inferred from the behavior of the d
fluctuation conductivity at higher temperatures, provided tha

the cutoff effects are properly accounted for. ) o .
We may also remark that if only the wave-vector cutoff ~9.5 GHz. The sample was oriented with its longest side

were considered, the curves in Fig. 3 would acquire slope
—6 in the limit of very high temperatures. If the coherence
length acquired the Gaussian fof#(T)/&,]= 1/\/€ at those
temperatures, the dc fluctuation conductivity would have th
behavior oy 1/€® in both, 2D and 3D case$:*?’ How-
ever, significant deviations from this behavior have been o
served experimentally, and ascribed to the energy cltdff.
Finally, it may be of interest to compare the behavior of
the dc fluctuation conductivity and the real part of the fluc-
tuation conductivity in the ac case. Figure 4 shows the cor-
responding 3D curves calculated with the same set of para

BSCCO-2223(100 nm on NdGaQ. The sample was cut

Ctypically to 4 mm in length and 1 mm in width and mounted

pn a sapphire sample holder which extends to the center of
an elliptical copper cavity resonating igTE;;; mode at

along the microwave electric field,, . In this configuration
the microwave current flows only in ttaeb plane of the film.
The sapphire sample holder was thermally connected to a

gleater and sensor assembly but isolated from the body of the

microwave cavity. With a temperature controller the tem-

pPerature of the sample could be variednfr@ K up toroom

temperature. However, the cavity was kept in pumped he-
lium flow at 1.7 K in order to eliminate spurious signals from
cavity heating.

The measured quantity is the complex frequency shift

m\w/w=Af/f+iA(1/2Q) in which the resonant frequendy

and theQ factor of the cavity change with the sample tem-
perature. The empty cavity had ©Zlose to 20 ppm, which

10’ was subtracted from the data measured with the sample. The
— level of 1/2) with the sample in the normal state could be
TE 10° ; several hundred parts per millidppm) and we were inter-
- ested in detecting small changes due to the superconducting
u,C} 10’ fluctuations abovd .. For this purpose it was beneficial to
= . use the recently introduced modulation technigieshich
o 1075 enables the resolution @f(1/2Q) to 0.02 ppm. The resonant
§ ] frequency of the cavity was measured by a microwave fre-
g 107 5 quency counter.
b For the film in the microwave electric field the cavity
107 perturbation analysis yields
10-8 T T -1

FIG. 4. Comparison of the dc fluctuation conductivity and the

T

TR
&/ E(T)

Ao T (k/kg)®N
— 1-N+ - —
N [ coth(ikd/2) +tanh(ik¢)]ikd/2

®)

real parto; of the ac case calculated with the same set of paramwherel" is the filling factor of the sample in the cavity and

eters in the 3D expressions.

N is the depolarization factor of the film. The intrinsic prop-

144516-4



CRITICAL FLUCTUATIONS AND PSEUDOG/A . .. PHYSICAL REVIEW B 69, 144516 (2004

reaches its maximum when the coherence length
~ 500 diverges?®?°and this occurs at the critical temperature of the
E superconducting transition. The imaginary past,) rises
24004 A(1/2Q) from its zero value found abovE., to a saturation at low
* 300 temperatures.
> The total experimentally determined conductivity above
a:zoo- T. may include the contributions due to the normal conduc-
o tivity and the superconducting fluctuation conductivity. In all
% 100+ previously reported dc conductivity measurements, it was as-
0. sumed that the experimentally observed conductivity was the
. sum =g+ . The normal conductivity neaf, was
60 ——— obtained from the extrapolated linear resistivity far above
50_""""-»...,._ T.. Hence, the fluctuation conductivity was obtained upon
— o, subtraction o®"'- ¢, and then analyzed. This approach,
‘E 40 however, neglects the effect of the pseudogap which has
Fe. been observed by other techniques in high-
2 304 superconductord The opening of the pseudogap reduces
T~ 20 the density of one electron states at the Fermi level so that
Nl the normal conductivity is also reduced belaw,. The
10 o, 30 85 96 BEIG0108 pseudogap is observed in optimally doped samples figar
o] T(K) and in underdoped samples even well abdye If t_hg
g v v v T T T T pseudogap is fully opened ne&g, the normal conductivity
20 40 60 %.o( £g° 120 140 160 should completely vanish, and the whole experimentally ob-

served conductivity should be due to the fluctuation conduc-
FIG. 5. Measured complex frequency shift in BSCCO-2212 thintivity, i.e., c®=o.

film (a), and the deduced complex conductiviby. The inset in(b) We have analyzed our measured microwave conductivity,
shows the real part of the fluctuation conductivity in BSCCO-2212with and without subtracting the extrapolateq from the
taken as either the total experimental vaite= 5" (@), orasthe  real parto$™™. The inset to Fig. 5 shows on an enlarged scale
value obtained upon subtractian = o7"— o, (A), wherea, is  around T, the two sets of data, i.eq®® and ¢~ g,
the_n_ormal conductivity obtaingd by extrapola_tion pf the linear ré-whereo,, was obtained from the extrapolation of a linggr
sistivity far aboveT.=87.88 K (insed. Also the imaginary parr, fitted to the real part of the resistivity at temperatures above
yvhlch is background free and needs no subtraction is shown in thecq  Note that the imaginary past, is due solely to the
Inset. superconducting fluctuations, i.erp is background free so

o - ) that no subtraction should be in place. It is obvious that the
erty of the sample is its complex conductivity=01—105.  experimental ratiar, /o at T, is different in the two sets of
It is contained in the complex wave vectok  data. This ratio is important in the determination of the cutoff
=koV1—ia/(eqw), where ko=w+1geo is the vacuum Parameters as discussed in Sec. II. In this paper, we study the
wave vector. The thickness of the film @&and ¢ is the  conductivities abové, as functions of the reduced tempera-
asymmetry parameter due to the substfat€he unknown ture e=In(T/T). In our analysis, we have variéig to obtain
parameters in Eq(5) can be evaluated from the ratio of the the best possible fit of the calculated curves to the experi-
S|0pes of the experimenta| Curvéille) andAf/f in the mental data. It turned out that the best choice VV-QS
normal state far abov@,, provided that the normal-state =87.88 K, i.e., the value where one observes the maximum
conductivity is known at the temperature where the experiof o1(T) in Fig. 5.
mental slopes were evaluated. Equatibncan then be used ~ We shall first consider the conventional approach in
to convert the experimental data fAr(1/2Q) and Af/f at ~ Which o, is subtracted. In that case we fing/o;=1.46 at

any temperature to obtain the corresponding experimentdic. and use this value to set a constraint on the choices of
values ofo; ando,. the cutoff parameterS. The inset in Fig. ) shows the re-

lationship between the parametéts- A ,,/A. at T, and the
energy cutoff parameteC defined in Eq.(3). Taken an al-
lowed choice of the cutoff parameters, one can proceed with
Figure 5 shows the experimental data of BSCCO-2212he analysis of the’s. It is common to assume some critical
thin film and the complex conductivity deduced from thesebehavior of the reduced coherence lengfT)/&q]= 1/€”,
data by means of E@5). One can observe clearly the peak in and find the static critical exponentfrom the best fit of the
the real part ¢,) at the superconducting transition. The ori- calculatedo’s to the experimental curves. We have carried
gin of this peak was found to be due to the superconductingut such an analysis and found that no satisfactory fit could
fluctuations since its height was bigger at lower measurinde obtained by a single value ofover the whole tempera-
frequencies, while, apart from the peak,(T) was indepen- ture region. Therefore, we propose an analysis in which the
dent of the frequency®® The ac fluctuation conductivity reduced coherence length is not bound to a specific-

IV. BSCCO-2212

144516-5
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v=1(3D)
—~— /
E wf
~ =104 v =2/3 .
< -}
= - + o+ >
Ao ~— BARS
~ h |
- 2D
101_: ; gaussian
(2 ?
10 e 10” & L
~ = P 0 K=223, C=1
. Y A K=1, C=0.012
-.-E 10" 3 -~ K =0.077,C = 0.55
:. -
= vt
N ] ——K=223, C=1 l
b!-1o-z_: ....... K=1, C=0.012 107
--—K=0.077,C=0.55
3][ --—- 2D s=2an0m, C=0005 | K
1072 , ®) "
10” € 10" 10" €
FIG. 6. The real partr; = 07— o, and the imaginary paw-, FIG. 7. The coherence lengths calculated from using the

of the fluctuation conductivity above. in BSCCO-2212. The inset  yarious expressions and cutoff parameters as indicated in Fig. 6.
shows the possible choices of the cutoff parametersofpfoy  The Jower panel shows on an enlarged scale the slopéiai3ine)
=1.46 atT.=87.88 K. The results of the calculations using the gnq the behavior of the various cases at higher temperatures.
anisotropic 3D and 2D expressions are presented by the various

curves in _the main panel. The concomitant coherence lengths args other experiment@?lo However, the calculated, fits the
given in Fig. 7. experimental data only nedr, as seen in Fig. 6. At higher
temperatures the calculated overestimates the experimen-
temperature dependence, but can be freely determined frotal fluctuation conductivity represented by the data set
the experimental data. To this end, we equate the imaginary: ¢*'— . This overestimation has no physical explana-
part of Eq.(1) to the experimental value af, and solve tion so that one should reject this solution.
numerically for the reduced coherence lengffi)/&,. Note The choiceK=1 entails the conditiorC<1 so that the
that the parameteg,; in the prefactor of Eq(l) can be energy cutoff is more severe. The calculatedis therefore
determined straightforwardly from the value of, at T.  more reduced at higher temperatures, and the overall fit to
where §(T)/&, diverges. Namely, the value af, at T; is  the experimental points appears to be improvefd Fig. 6).
practically insensitive to the choice of the cutoff parametersHowever, some overestimation is still present, in particular at
which can, for that purpose, be set to any vafuelere we high temperatures, so that this solution should also be re-
obtainedé,.=0.05 nm. Once the values of the reduced co-jected. Even stronger argument for the rejection comes from
herence lengtli(T)/ &, are calculated for all the experimen- the inspection of the concomitant coherence length in Fig. 7.
tal points, one can use them in the real part of Eg.to At higher temperatures, its slope is reduced well below the
calculates, and compare with the experimental data. Figurevalue 2/3 found in other experiments. This is particularly
6 shows the results for several choices of the cutoff paramwell seen in Fig. #) where high-temperature region is pre-
eters. The concomitant coherence lengths are presented $ented on an enlarged scale. The reduced slope appears as the
Fig. 7. NearT. one obtains the same values for the coher-mathematical result of the strong energy cufofk 1.
ence length regardless of the choice of the cutoff parameters. For K<1 the calculatedr; overestimates largely the ex-
This is due to the fact that, is practically insensitive to the perimental values at higher temperatures. Hence, this choice
wave-vector cutoff in that temperature region. It appears thadf the cutoff parameters can be rejected, too.
very close toT. the coherence length follows the critical We may also look at the results of the 2D calculation
exponentv=1. The differences between the various choicesbased on the expression given in E4). One can adjust the
appear at higher temperatures. parameters so that the calculated fits the experimental
Let us first look at the anisotropic 3D case wWiil=1 and  data very well at higher temperatures as seen in Fig. 6.
K>1. It yields the coherence length in Fig. 7 having theTherefore, one might be tempted to consider the scenario in
critical exponent= 2/3 pertaining to the 3IXY universality ~ which the system obeys the anisotropic 3D behavior with
class. This behavior would be in agreement with the result&>1 andC=1 at temperatures close #q. followed by a
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FIG. ? The fluctuation conductivity in BSCCO-2212 taken as  FIG. 9. The coherence lengths calculated fragin the various
o1=07™ando, as measured. The inset shows the possible choicegases indicated in Fig. 8. The lower panel shows the high-

of the cutoff parameters far, /o, =1.22 atT,=87.88K. The cal-  temperature behavior on an enlarged scale.
culations were made for the 3D and 2D cases as indicated in the
legend and described in the text. The concomitant coherenc

lengths are presented in Fig. 9. fesults for the various choices of the cutoff parameters are

shown in Fig. 8, while the concomitant coherence lengths are
crossover to a 2D behavior at higher temperatures. This scéresented in Fig. 9.
nario could yield an overall good fit to the experimental data, The highest temperature wheee is still detectable be-
except at very high temperaturies. Fig. 6b)]. However, the  yond the noise level i&=0.5 (145 K). At that temperature,
coherence length obtained in the 2D calculation is physically> has decreased by four orders of magnitude from its value
unacceptable because of the saturation at high temperaturas T [Fig. 8b)], and further on our signal is lost in the
as seen in Fig. 7. Having explored all the possibilities, weexperimental noise. Our method of analysis relies on the ex-
have to conclude that none of the above scenarios yields perimental values obr, to calculate the reduced coherence
satisfactory result with the data setlzgflfxpt_ o,. This length. Hence, the latter is also available only up to this same
proves that the conventional analysis of the fluctuation contemperaturéFig. 9. The same applies t@; which is calcu-
ductivity fails in our underdoped BSCCO-2212 supercon-lated from the coherence length. Beyond this temperature,
ductor. the measured conductivity contains only the nonzero real
Since the pseudogap feature in underdoped cuprate sup@art o3, which is shown in Fig. 8 up te=0.66 (170 K).
conductors has been well established by other experimental One observes in Fig. 8 that the anisotropic 3D expressions
techniqueg? we find it justified to decline from the conven- with K=2.5 andC=0.065 yield oy which matches very
tional analysis of the fluctuation conductivity. The openingwell the experimental data up t©~0.1. At higher tempera-
of the pseudogap entails the reduction of the normal condudures the calculated values deviate from the experimental
tivity. This reduction is the largest at, and gradually van- points, but in this case the deviation falls below the data and
ishes at higher temperatures. Note that Varlanedwal®’  can be physically explained. Namely, the calculatgds the
treated theoretically this effect as the negative contribution tdluctuation contribution. At temperatures closeTipthere is
the fluctuation conductivity. In this paper we follow the more no normal conductivity contribution if the pseudogap is fully
common terminology of the reduction of the normal conduc-opened so that the calculated fluctuation conductivity
tivity. We may start the analysis of the data with no subtracequals the measured;™. Beyond some temperature, the
tion of o, so that the whole experimental®™ nearT, is  pseudogap starts to close and the normal conductivity con-
attributed to the fluctuation conductivity;. From the inset tribution appears gradually growing from zero to its full
to Fig. 5 we find firsto,/0;=1.22 atT., and evaluate the valueo, at high temperatures. This growing normal conduc-
curve for the cutoff parameters in the inset of Figa)8ltis  tivity contribution is seen in Fig. 8 as the difference between
quite different from that of the preceding case in the inset othe experimental points and the calculated fluctuation con-
Fig. 6(a). The data analysis can be done as before and thductivity o; shown by the full line. A more detailed discus-
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sion of the pseudogap will be given in a subsequent section. =
The other choices of the cutoff parameters used in the 3D 10'4
calculations are also presented in Fig. 8. The fits of the cal-
culatedo; to the experimental data are less good. Also, the -~
coherence length does not follow the expected slope 2/3 in E
Fig. 9. a
e
&

The 2D analysis is particularly interesting. One can
choose the parameters so that the calculatets practically
indistinguishable from that of the best anisotropic 3D choice
in Fig. 8. Also, the coherence length obtained in the 2D
calculation approaches the slope 2/3 at higher temperatures.
The indistinguishability of the 3D and 2D behavior at higher 102 10"
temperatures has already been discussed in Sec. Il. Here we
may examine whether a 3D to 2D crossover is a possible -
scenario. A crude criterion for the crossover is tifate) e
becomes comparable ®2. The 2D curves in Fig. 8 were Kol
calculated withs=3 nm so that the above criterion is met °

o

——K=3.8, C=0.08
........ K=1, C€=0.024
..... K=0.11, C=0.55

10%4 [ 2D s=12nm, C=01_|

when £.(e*)~1.5 nm. Since&y=0.05 nm is determined
from Eq. (1) and the experimental value of, at T., one
finds &.(€*)/ &g~ 30. From Fig. 9 one finds that this condi-
tion corresponds te@* ~0.06. This value is in accord with -~ K=39, C=008
the observation of a good fit of the calculated® to the —— s=1.2nm, C=01
experimental data in Fig. 8. From that point of view, the w0' &
3D-2D crossover appears as a likely scenario. However, the
coherence length in the 2D case does not reach the slope 2/3 FIG. 10. The fluctuation conductivity in BSCCO-2223 taken as
at that temperature, but only at a much higher ore ( o1=0ando, as measured. The calculations were made for the
~0.18). Therefore, one does not find decisive arguments igD and 2D cases as indicated in the legend and described in the text
favor of the 3D-2D crossover in BSCCO-2212. The recentlyfor various choices of the cutoff parameters foj/o;=1.29 at
discussed finite-size effect in cuprate superconductors ma&?z84'01K) The concomitant coherence lengths are presented in
limit the growth of the coherence lengtfiHowever, the ex- ig. 11.
pected limit of 100—-200 nm is beyond the values found in
Fig. 9. is certainly too small to represent the shortest length for the
Having established the consistent analysis of the data, w¢ariation of the order parameter. In fact, the above analysis
may comment on the resulting coherence length. Figure 9ased on the energy cutoff yields fg(T)]=£u/V/C. In the
reveals the existence of two critical regimes with the statigoresent case witftC=0.065 as in Fig. @), one obtains
critical exponents = 2/3 well aboveT,, and a crossover to Min(§)=0.2 nm. This is large enough to be physically ac-
v=1 whenT, is approached. The former critical regime cor- ceptable for the shortest variation of the coherence length
responds to the 3IXY universality class, and has been re- along thec axis.
ported beforé1°However, the well defined crossover to the
critical regime withy=1 is novel and surprising. We may
also remark that our analysis yields not only the slopes, but
also the absolute values of the reduced coherence length. We have measured also the complex frequency shift and
Thus, we observe that these absolute values are very higthe conductivity in BSCCO-2223 thin film, partially reported
much higher than those predicted by the mean field oearlier?® The main features are similar to those observed in
Gaussian expressiof¢(T)/&,]=1/\Je. Note also that the BSCCO-2212 thin film. Here we focus only on the analysis
crossover between the two critical regimes is not just ef the coherence length which has not been reported. We
change of the slopes but involves a step in the absolute vahave carried out the complete analysis for each of the various
ues of the reduced coherence length. We find that the criticalases as described in the preceding section. The analysis
behavior persists as far aboWe as the reduced coherence based on the data set with subtracteg could not yield
length is still large. physically consistent results. This is parallel to the conclu-
Also important is to comment on the smallness of thesion reached above in the case of BSCCO-2212.
parameteré,.=0.05 nm found above. Such small values If the unsubtracted data set with, = o5 is taken, one
were also obtained in the analysis of the dc fluctuationgets the best fit using the anisotropic 3D expression With
conductivity? It is to be noted that this parameter is not the =3.9 andC=0.08 as shown in Fig. 10. The other choices for
zero-temperature coherence length, but the coefficient in théne cutoff parameters yield; curves which depart from the
linear term of the Ginzburg-Landau functional. The zero-experimental points much earlier. Also important is to ob-
temperature coherence length should have a larger, physserve that the concomitant coherence length in Fig. 11 devi-
cally acceptable dimension. Also, the obtained valueéfpr  ate from the slope 2/3.

V. BSCCO-2223
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FIG. 11. The coherence lengths calculated fremin the vari- FIG. 12. Experimental complex frequency sh#} and conduc-
ous cases indicated in Fig. 10. The lower panel shows the hightivity (b) in YBCO thin film. The inset in(b) shows the real and
temperature behavior on an enlarged scale. imaginary part of the conductivity nedf, and the extrapolated

normal conductivityo, as dotted line.

As for the 2D calculation, one observes that the coherencsubtractedr,, from ¢ yields poor fits and unphysical re-
length acquires exactly the slope 2/3eat0.1, and the cal- sults. Therefore we proceed with the analysis of the data set
cuIatedaiD is found on the data points in Fig. 10. The pa- where no subtraction was made as shown in Fig. 13. The
rameters=1.2 nm was used in the 2D calculations in this concomitant coherence lengths are presented in Fig. 14. One
case. The 3D-2D crossover is expected &fe*)=s/2  observes that, drops much faster in YBCO. Already at
=0.6 nm. From o,(T.) one finds £,,=0.016 nm in =0.2 it has decreased by four orders of magnitude from its
BSCCO0-2223 so thaf.(e*)/&0.=38, and finally from Fig. value atT., and then turns into noise around zero value.
11 one can evaluate* =0.05. Fig. 10 shows also that the Therefore, the coherence length can only be calculated up to
calculatedo2® fits very well to the experimental points at this temperature. The same holds for the calculation0hs
that temperature. Hence, the 3D-2D crossover is a likely sceshown below. The best choice of the 3D cutoff parameters is
nario in BSCCO-2223. K=4.7 andC=0.08. It yields the slope 2/3 for the coher-

An enlarged view of the coherence length at higher temence length at higher temperatures. The calculafddevi-
peratures in Fig. 1b) reveals that there is a step in the ates early from the experimental points in Fig. 13. This
temperature dependence of the coherence length. The origimeans that the pseudogap starts to close very soon and the
of this feature is not yet known. We may only speculate thahormal conductivity grows rapidly, reaching its full value
it is due to the multiple layer structure of BSCCO-2223.  already ate=0.2. Regarding the dimensionality, we find that

Also important is to note in the behavior of in Fig. 10 a 2D calculation yields also the slope 2/3 for the coherence
that the normal conductivity starts to recover its full value atlength at temperatures aboee-0.04. Sinces=6.5 nm was
higher temperatures than in BSCCO-2212. It means that thesed in this 2D calculation, one may expect the 3D-2D cross-
pseudogap is fully opened up to a relatively higher temperaever whené.(e*)=s/2=3.8 nm. Fromo, at T, in YBCO
ture. This will be discussed in detail in a subsequent sectiorwe foundé,.=0.07 nm so that the crossover should occur at

the reduced coherence lengf(e*)/&,.=47. Using the
VL. YBCO data in Fig. 14a) one findse* ~0.015. The calculated3”
crosses the experimental points in Fig.(@3around this

The experimental complex frequency shift and microwavesame temperature. Hence, the 3D-2D crossover in YBCO is
conductivity in YBCO thin film is shown in Fig. 12. The not excluded already at temperatures so closg.to
transition appears to be sharper than in BSCCO thin films. The coherence lengtiFig. 14) shows again the two criti-
This already points that the fluctuations in YBCO arecal regimes as in the BSCCO samples, but their temperature
weaker. The conventional analysis based on the data set withnge is squeezed closer To. The 3D XY critical regime
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FIG. 13. The fluctuation conductivity in YBCO taken as FIG. 14. The coherence lengths calculated fregnin the vari-

=o7®ando, as measured. The inset shows the possible choices afus cases indicated in Fig. 13. The lower panel shows the high-

the cutoff parameters far,/o,=1.36 atT.=84.43 K. The calcu-  temperature behavior on an enlarged scale.
lations were made for th8D and 2D cases as indicated in the
legend and described in the text. The concomitant coherenc@hen no subtraction of the normal conductivity was made
lengths are presented in Fig. 14. near T.. This feature is profoundly different from that
known in conventional low-temperature superconductors.
Obviously, the fact that superconducting fluctuations are or-
with »=2/3 is found within 0.05.e<0.12. This flndlng isin ders of magnitude stronger in |ayered hrgpsuperconduct_
agreement with the combined analysis of the dc conductivityprs, makes their physical behavior quite different. It has been
specific heat, and susceptibility measurements in YBCQybserved using other experimental methods that one-electron
single crystals? density of states at the Fermi surface start to diminish al-
The point of interest is also to look at the absolute valueseady well aboveél,. This phenomenon has been named the
of the reduced coherence |ength These are much lower ipseudogaﬁ‘_1 Our ana|ysis of the microwave fluctuation con-
YBCO than in BSCCO samples at the same temperaturguctivity has shown that the depletion of the normal elec-
aboveTC. The observation made above, that the abSO'UthonS is dramatic near. . There, the system obeys the criti-
values of the reduced coherence length are essential for th@ regime withy=1 and a crossover to the 3RY critical
critical behavior, appears to be confirmed. In other words, degime withv=2/3. As the latter regime evolves further by
given critical regime persists as long as the reduced cohefeducing the coherence length, there appears gradually some
ence length has high enough values. Due to the divergence gbrmal conductivity which adds to the fluctuation conductiv-
the coherence length in the limit df;, one always has to ity to make the experimentally observed one. In Fig. 15 we
reach this condition. Thus, in classical low-temperature supresent the growth of this normal conductivity to its full
perconductors, the critical regime should also occur, but only,g|ye o, in our samples. The presentation is made with the
within a tiny temperature interval aroud which is experi-  calculated fluctuation conductivity, in both 3D and 2D
mentally unaccessible. In high: superconductors, however, cases. Only positive values for the reduced normal conduc-
this temperature interval is very much extended. As thejvity are physically acceptable. Hence, YBCO is seen to
analysis in the present paper shows, there is a systematishave certainly as a 3D system at temperatures very close to
extension of the critical regime towards higher temperatures_. Only at e>0.015 the 2D behavior becomes a possible

in YBCO, BSCO-2212, and BSCCO-2223 samples. scenario since the calculated normal conductivity becomes
positive. In BSCCO-2212 the 3D behavior is established up
VIl. PSEUDOGAP to e~0.06. At higher temperatures the values of the normal

conductivity calculated in the 2D case become also positive,
It has been shown in the preceding sections that in all ouand not much different from the 3D case. The interesting
samples the consistent analysis of the data could be madidtuation occurs with BSCCO-2223. There, the correspond-
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10 - - achieved by other experimental techniqd&sThe analysis
..«*"‘” R 7 given in the present paper shows that both, superconducting
" o8- Aﬁﬁ'q fluctuations and the pseudogap, can be studied by the same
Pl s experimental technique. A single set of data can be used to
b~ 0.6 establish a direct relationship of the superconducting fluctua-
) tions to the pseudogap in a given sample. We find that the
% 0.4- (@) two phenomena are indeed intimately related. Namely, the
N —8 20 vaco growing normal conductivity discussed above is the differ-
~ 02 T orm ence of the experimental values and the calculated fluctua-
—a~ 20 Bscco-2223 tion conductivity ;. The latter could be calculated due to
0.0 = the direct measurement of the imaginary payt One should
00 o1 02 03¢ 04 05 08 note that the detection af, is a sign of the presence of the
10 1 - superconducting fluctuations. Due to the high sensitivity of
] 3 our experimental setup, we could measure the decay,of
b= 0.8 over four orders of magnitude from, up to some sample
~ dependent higher temperature. When this evolution is com-
'E— 0.61 pared to that shown in Fig. 15, one finds that the intensity of
'\ 0.4l the superconducting fluctuations is related to the opening of
% the pseudogap. In our YBCO sample, the superconducting
o 021 fluctuations diminish relatively soon aboVe, and the nor-
~ oo; AAAAA mal conductivity recovers up to the full-,, i.e., the

pseudoagap closes. In more underdoped BSCCO-2223

--, sample, the critical fluctuations extend to much higher tem-
0.01 £ o peratures and the pseudogap is seen to follow this behavior

. concomitantly. We find this observation to be a strong argu-
FIG. 15. The temperature dependence of the normal conductiv- .
ity aboveT, in our YBCO and BSCCO thin films. The values are ment that the loss of the one electron states at the Fermi

given as fractions of the normal conductivity extrapolated from thelevel' which constitutes the main feature of the pseudogap, is

behavior at high enough temperatures where the resistivity is Iineague to the strong participation of the electrons in the super-

conducting fluctuations.

ing values calculated in the 3D case vanish at temperatures
from T, up to e~0.05, which is the sign of the fully opened VIIl. CONCLUSIONS

pseudogap. In that temperature region, the 2D calculation \\e nave measured complex microwave conductivity
yields physically unacceptable negative values. In the intery, Bi,Sr,CaCuyOg, 5, Bi,Sr,Ca,CusO10: 5, and

val 0.05<e<0.1 the 3D calculation yields negative values YBa,Cu;0,_ 5 thin films aboveT,. We have found that the
wh_ile. the 2D cal_culation now retains the zero values Characéxperimental curves for the real and imaginary part of the ac
teristic of the still fully opened pseudogap. Hence, we conqjyctuation conductivity can be consistently interpreted only
clude that 3D-2D crossover has taken place’at0.05. At if the theoretical expressions take into account a proper wave
€>0.1, the 3D calculation yields again positive values foryector or energy cutoff in the fluctuation spectrum. Strong
the normal conductivity. At higher temperatures they become,ctuations extending far above, were observed in all of
even indistinguishable from those of the 2D_ case. I_—|owever, fhe three underdoped superconducting films. Our analysis
reversed crossover from 2D to 3D behavior at higher temyje|ds the temperature dependence of the coherence length.
peratures is physically unacceptable because the cohererggjite surprisingly, we observe multiple critical regions. Near
length does not increase but continues to shrink to eVef _the static critical exponent appears tobe 1. Following
smaller values. Therefore we may conclude that the systeny crossover, one finds=2/3 at higher temperatures. This
remains 2D at all temperatures abose=0.05. In view of  eyolution is paralleled by closing of the pseudogap as seen
this observation, we may suggest that the formal indistinyjrectly in our analysis through the contribution of the nor-

guishability of the 2D and 3D cases at higher temperatureg,a| conductivity in the total experimentally observed one.
should be interpreted in favor of the 2D behavior.

It was shown by Corsost al*° that underdoped BSCCO-
2212 had extended region of superconducting fluctuations
aboveT.. The evidence for superconducting fluctuations in
underdoped higf-, superconductors was found also from  D.-N. P. and M. M. acknowledge support by the Deutsche
the measurement of the Nernst effétt?These results could  Forschungsgemeinsch&®FG) Project No. Me362/14-2. A.
support the interpretation of the pseudogap as preformeBuicic acknowledges support from the Croatian Ministry of
Cooper pairs abov&,.** However, direct relationship of the Science. D.-N. P. acknowledge also V.dRéescu for the help
superconducting fluctuations to the pseudogap could not bia the development of some of the required software for data
made. The relevant study of the pseudogap features could famalysis.
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