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Fluctuational dissipation in YBa2Cu3O72d in tilted magnetic fields
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We recently showed through angular measurements that in a wide range of temperature acrossTc the
resistivity of twinned films of YBa2Cu3O72d can be consistently described in terms of fluctuational conduc-
tivity. Comparison with data taken on untwinned samples reveals that the upper part of the transition is
identical for films and single crystals, and that the same theory works well in both cases. In addition, pure flux
flow may describe the data in an appreciable region ofH andT in the crystal only. We conclude that in a wide
portion of theH-T plane the dissipation is due solely to intrinsic properties~order-parameter fluctuations with
a possible flux-flow contribution in the crystal!, while only at lower temperatures does the pinning become
relevant, as supported by the breakdown of the angular scaling.@S0163-1829~97!06330-3#
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High-temperature superconductors~HTC’s! are known to
present a broad transition in the presence of magnetic fi
even in pure samples. It is generally believed that this fea
is mainly due to the effects of the order parameter fluct
tions. Fluctuations are particularly enhanced in HTC’s, d
both to the high critical temperature and to the short coh
ence lengths, in the (a,b) planes as well as along thec axis.
Fluctuations are also thought to extend their influence o
the resistive properties below the critical temperature, giv
rise to a nonzero dissipation also belowTc . While the region
for T sufficiently higher thanTc can be understood in term
of Aslamazov-Larkin~AL ! fluctuation theory1 ~even though
better results are obtained for theH50 case!, the region
across and belowTc is still a matter of discussion.

In the presence of magnetic fields, the experimental
proach to the fluctuation-induced dissipation in the tempe
ture region acrossTc has been mainly devoted to the iden
fication of some scaling properties,2 letting Tc and/orHc2 be
scaling parameters. This approach has been recently q
tioned: Indeed, it has been shown that more than one s
ing theory can be made to fit the data at once,3 thus raising
doubts on the reliability of the conclusions that can be dra
by such analysis. It should be stressed, however, that
scaling study of the magnetization has been demonstrate
be a powerful tool, essentially because explicit expressi
for the scaling functions could be written down.4

In the region well belowTc one should recover the pre
dictions of the mean field theory5 ~that is, in the absence o
disorder, the flux-flow regime!, but if ~and how! this limit is
reached is still an open question. Moreover, the comp
structure of flux lines and its evolution as a function ofT and
H, together with the presence of disorder, enormously af
the motion of the flux lines: Flux lattice melting,6 fluxon
decoupling,7 viscous motion,8 vortex-glass phases,9 all are
prominent features in the dissipative properties of HTC
Those aspects, together with the absence of a pronou
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feature separating flux motion from fluctuations, complica
the description of the dissipative regimes.

The current understanding of the fluctuation contributi
to the dissipation is then limited by several factors. We ha
previously shown10 that one can get noticeable enlighte
ment on the role of the fluctuation-induced resistivity fro
the analysis of the dependence of the resistive transition
the orientation of the applied magnetic field. In fact, acco
ing to theoretical predictions,11 in the vicinity of Tc the field
and angular dependences of the fluctuational conductivity
not independent, but follow the ruleDs(H,q)
5Ds@H/Hc2(q)#. Similar scaling is predicted for all the
scalar thermodynamic quantities,12 in the absence of disorde
or in the presence of isotropic disorder. Oriented defe
such as twins, columnar defects, or intrinsic pinning by
(a,b) planes, are expected to modify the angular depende
of the flux-motion-related resistivity, and they might su
press the angular scaling. The role of defects can be fur
elucidated by a detailed comparison of the resistivity b
tween untwinned crystals, where pinning is either absen
isotropic, and twinned films. This comparison is one of t
main points of this paper and leads to results consistent w
the angular investigations.

The sample under study is ac-axis-oriented
YBa2Cu3O72d ~YBCO! film grown by laser ablation.13 The
u-2u rocking curve had a full width at half maximum
~FWHM! of 0.4°. The film is about 1000 Å thick. It was
patterned in a 2-mm-long, 100-mm-wide strip by ion milling.
The resistive transition width in zero field~90%–10% crite-
rion! is DTc50.8 K. The resistance midpoint temperature
90.5 K. Details about the resistivity measurements are
ported in Ref. 10. Measurements were taken at vari
anglesq between the magnetic field and the (a,b) planes, as
a function of the temperature at a fixed applied fie
rH(T;q), and as a function of the field~field sweeps! at
fixed temperature,rT(H;q).
2356 © 1997 The American Physical Society
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56 2357BRIEF REPORTS
We first focus our attention on the angular scaling pro
erties of the field-dependent resistivity in YBCO. We ha
previously demonstrated10 the angular scaling property of th
resistivity „that is, the field and angle dependence can
expressed through a rescaled fieldH/ f (q), r(H,q)
5r@H/ f (q)#… in a limited temperature and magnetic fie
range. The insets of Fig. 1 summarize this feature. The up
inset shows how an entire set of field sweeps,rT(H;q),
taken at fixed temperature~89.0 K! and various angles, col
lapses onto a single curve when plotted against a prop
rescaled fieldH/ f (q), wheref (q) is defined as the numbe
that, at every angle, makes the data better collapse onto
orthogonal-field curve@thus definingf (0°)51#. Using the
experimentally obtainedf (q), the scaling can be checke
also on the transitions,rH(T;q), since for two orientations
q1 andq2 one obtains the scaling if the fields are chosen
H1 / f (q1)5H2 / f (q2). This is exemplified in the lower in-
set of Fig. 1, where we report the resistive transitions ta
at q50° andH512 T and atq590° andH51.6 T, corre-
sponding tof (0°)57.5. In Ref. 10 the scaling function ha
been successfully identified with the anisotropic thre
dimensional~3D! law. The anisotropy ratio is directly mea
sured as«exp5f(0°)57.5. From the insets it is readily see
that the scaling applies only above a field-dependent t
peratureTf(H) or, equivalently, a temperature-depende
field H f(T) ~arrows!: In the high-H, high-T region of the
resistive transitions, the data can be made to scale, whi
low temperatures and low fields the angular scaling bre
down.

These findings are here extended at a different temp
ture ~Fig. 1, main panel!. The resulting f (q) coincides
within the experimental error with that obtained previously14

We note that in this case, due to the higher temperatureT
590.3 K), the scaling is fullfilled also at low fields.

FIG. 1. Main panel: magnetic field sweeps data for the re
tivity in the YBCO film, at T590.3 K, plotted asr vs the experi-
mentally rescaled fieldH/ f (q). The figure demonstrates the fu
collapse of the data taken at several anglesq
50°,1°,5°,15°,60°,90°). Upper inset: same measurements, ta
at T589.0 K, from Ref. 10: The scaling is obtained only abo
H f51.6 T ~arrow!. Lower inset: collapsing from aboveTc down
to a characteristic temperatureTf589.0 K of the resistive transi-
tions in a 12 T parallel and 1.6 T orthogonal field. Dashed line is
fit with the fluctuational conductivity theory~Ref. 15!.
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From these sets of data, we thus demonstrate that an
gular scaling takes place at high fields and temperatures. W
also identified the angular scaling function with the aniso
tropic 3D expression forHc2(q)/Hc2(90°). In particular, the
anisotropy ratio«5 f (0°) is directly measured. As noted be-
fore, this scaling is expected if pinning phenomena are n
relevant, so that it is possible to identifyT.Tf as the region
where order parameter fluctuations, insensitive to pinnin
are dominant.

To support this hypothesis and to extend the obtained r
sults to higher fields, where the angular scaling cannot
verified due to the experimental limitations in the value o
the field in the parallel orientation, we compared the ob
tained data with the predictions of the interacting
fluctuations theory developed by Ikedaet al.15 This theory
takes into account the characteristic features of high-Tc su-
perconductors in a high magnetic field: small coherenc
length ~which implies large fluctuations, and a relevant role
of the non-Gaussian terms!, high temperature, and the lay-
ered structure. It is worth noting that the theory is based on
Landau level~LL ! expansion, which is not appropriate at
very low magnetic fields. Deviations are thus expected in th
low-field region. Once the normal-state resistivity has bee
set, the theory contains a small number of paramete
l0ab , j0ab , j0c , andTc0 . In addition, it is usually allowed
to introduce a slowly field-dependent prefactorC(H), of or-
der unity.15 So-obtained fits usually follow the data only
down to a typical temperature, which we have shown to co
incide with Tf ~Fig. 1, lower inset, and Ref. 10!.

In the present analysis of the data, we holdC(H) fixed.
We thus obtain only slightly worse fits, but the correct low
temperature limit is recovered~see below!. The results of the
fit demonstrated that the data can be suitably described
the theory. In Fig. 2 we present some of the experiment
resistive transitions, taken at various fields and angles. Fro
the fits, we obtainedl0ab51010 Å, j0c51.43 Å, in agree-
ment with reported values,16 andTc0590.0 K, according to
the resistive transition in zero field. The experimental resu
for the anisotropy ratio,«expt57.5, fixes the value forj0ab

-

en

e

FIG. 2. Resistive transitions of the YBCO film, taken at differ-
ent field strengths and orientations~solid circles, experimental
data!. Solid lines are the fits using the excess conductivity as give
by the interacting fluctuations theory~Ref. 15!, and dotted lines are
the Bardeen-Stephen free flux flow.rn5(8.011.3T) mV cm.
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2358 56BRIEF REPORTS
5«exptj0c . The normal-state resistivity has been chosen
rn5A1BT, and results in a value slightly above the expe
mental one. This behavior is always observed when calcu
ing the fluctuation conductivity17 and has not received up t
now an explanation. With the same set of parameters w
all the resistivity curvestogether, at all the magnetic fields
and angles~see also Fig. 2 in Ref. 10!. In Fig. 2, the reduced
field h5H/Hc2(q) ranges from 4.531023 to 4.631022.

Since the fluctuation theory we applied was developed
defect-free superconductors, similar results should be re
ered in pure samples. To check this suggestion, we fi
published data of resistive transitions of an untwinn
YBCO crystal18 with the interacting fluctuations theory. Th

FIG. 3. Resistive transitions of the untwinned YBCO crys
~data digitized from Ref. 18! at different field strengths (q590°).
Solid lines are the fits using the excess conductivity as given by
interacting fluctuations theory~Ref. 15!, and dotted lines are the
Bardeen-Stephen free flux flow. In this case, a region exists w
the BS flux-flow expression fits the data.rn5(7.0
11.1T) mV cm. Arrows markTf(H).

FIG. 4. Resistive transitions of the untwinned crystal~open
circles, left scale, data from Ref. 18! and of our film~solid circles,
right scale!, as a function of the reduced temperature~Tc0 is ob-
tained from the fluctuative fits!. Different vertical scales reflec
slightly different normal state resistivity. The disordered~film! and
the pure~untwinned crystal! samples behave identically in the hig
part of the transition, indicating that in this region the dissipation
due to intrinsic properties only. Data taken in theq590° orienta-
tion.
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r
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results are presented in Fig. 3: The field spans the 2–
range, and it is directed only perpendicular to the (a,b)
planes. Thus« is not measured and it must be left as ad
tional parameter. It is seen that the results are very conv
ing, as usual only above a field-dependent tempera
Tf(H). Again, the obtained parameters are very reas
able: l0ab51000 Å, j0c51.43 Å, Tc0591.8 K, and «
57.5.

From the fact that the same theory describes equally w
the resistive transitions either in the twinned and untwinn
samples, we have a strong indication that intrinsic proper
are dominant on the dissipative processes in the upper pa
the transitions. Putting forth this indication, we argue th
when the microscopic parameters~j,«,l! attain the same
value, the same behavior of the resistivity should be
tained. Considering that the fit parameters are almost
same for our twinned thin film and for the Argonne’s u
twinned crystal, we plot in Fig. 4 the resistive transitions
the two samples at same magnetic fields vs the reduced
peraturet5T/Tc0 . The coincidence of the data in the upp
part of the transition is outstanding, giving confidence on
irrelevance of defects on the dissipation close toTc . This
interpretative framework is supported by other experime
showing that nearTc the resistivity in YBCO is not affected

l
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s

FIG. 5. H-T phase diagrams as obtained from the data and
interpretation here given, in the crystal~upper panel! and in the film
~lower panel!. AboveTf(H) ~as determined from the failure of th
fluctuative fits, solid circles, and from the breaking of the angu
scaling, solid triangles!, only intrinsic properties contribute to th
dissipation. BelowTi(H), open circles, the resistivity becomes u
measurably small, and the flux lines tend to freeze. In the reg
between Ti and Tf the dissipation is ascribed to~disorder-
influenced! motion of flux lines. In the shaded region we cann
distinguish between free-flux-flow and order-parameter fluctuatio
Hc2(T) ~solid lines! is that determined from the fits. Dotted line
are guides for the eye.
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56 2359BRIEF REPORTS
either by different concentration of impurities19 or by the
enhancement of pointlike defects due to electr
irradiation.20 Moreover, it seems very unlikely that a distr
bution of Tc’s, often invoked for the broadening of the tra
sition in HTC’s, could exist in the film, as opposed to t
‘‘pure’’ Tc in the crystal.

Other sources of dissipation are expected to be prese
type-II superconductors, connected to the vortex moti
From the comparison of our data on the twinned film w
those on untwinned crystals, it is clear that the low part
the transition is heavily affected by the structural features
the sample, which can dictate the type of vortex transform
tion ~vortex glass-liquid or melting transition, decouplin
thermal activation, etc.!. It is not the aim of this paper to
study this dissipation region. Instead, we show in the follo
ing how the data can support a connection between the
tuational and the free flux-flow~in absence of disorder! re-
gimes.

The fluctuation theories that extend the treatment be
Tc should have5 as a low-temperature limiting form th
simple Bardeen-Stephen~BS!, flux-flow expression r
5rnH/Hc2 . It is then interesting to look if this limit is
reached in HTC’s, also because it is known that this sim
expression hardly describes the data on HTC’s~Ref. 21!
~where special techniques are needed in order to observ
free flow of vortices22!. We note that the BS expression co
tains onlyrn and Hc2 as parameters, which have been
ready obtained in the fluctuation analysis, and so it
straightforward to check if and when it applies to the da
Dotted lines in Figs. 2 and 3 are given by the BS express
The flux-flow curves lead to several considerations. Bef
commenting on the results, we remark that the BS expres
coincides with the fluctuation theory at low temperatur
giving confidence in the numerical procedure followed
evaluate the theoretical fluctuational conductivity.

Let us consider first the data on twinned films. It is app
ent that the BS behavior is almost never followed in t
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sample: The high density of defects substantially affe
the vortex motion, and pinning features become promin
on the intrinsic ones. This is strikingly different from what
observed in untwinned crystals: After a very steep rise,
resistivity follows the BS behavior within a well-detectab
temperature range and then approachesTc according to the
pure fluctuation contribution.

We summarize the previous considerations in Fig.
where we set up anH-T diagram. We define two characte
istic temperatures: Ti , the temperature where the detect
voltage is twice our sensitivity, gives an indication of th
beginning of the vortex motion and can be a measure of
glass or melting transition, andTf , the temperature below
which the fluctuation–free-flow description fails@it is deter-
mined either by the temperature where an entire angular
of resistive transitions merges~see Fig. 1! or where the fit by
interacting fluctuations theory departs from the data; wh
both definitions applies, it is a result that the two choic
coincide#. This leads to three different regions from the d
sipative point of view: BelowTi the resistivity is vanish-
ingly small, and the vortex lattice~or glass! is frozen; be-
tweenTi and Tf , vortices do move, but due to the pinnin
their motion results in being highly viscous~it has been de-
scribed in terms of ‘‘glassy’’ motion of the vortex system8 or
as a ‘‘plastic’’ motion of portions of the lattice23!. Above
Tf , one enters the free-flow–fluctuation regime. From Fig
it is seen that the twinned film presents a wide region
pinning dominated flux motion, while in the untwinned cry
tal this region is rather narrow: Instead, in the crystal o
observes BS flux flow, which is hampered by defects~most
likely, twins! in the film. The upper critical field does no
mark a sharp transition in the dissipative properties, neit
in defective nor in pure samples.

We thank the CNR-IESS laboratory for help in samp
patterning, V. Boffa for valuable discussions, and U. Ba
for help in the project and realization of the sample holde
tt.
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