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Pinning effect on fluctuation conductivity in a superconducting untwinned YBa2Cu3O72d single
crystal with columnar defects
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The effect of columnar defects on the critical dynamics of a superconducting untwinned YBa2Cu3O72d

~YBCO! single crystal has been investigated. The columnar defects are produced by Sn ion irradiation of which
dose corresponds to a matching field of 1 T. The in-plane longitudinal resistivity of the irradiated YBCO
crystal has been measured as a function of magnetic fieldH and temperatureT. The extracted fluctuation
conductivities are enhanced by the strong pinnings and do not exhibit the same three-dimensional~3D! XY
scaling behavior as for the unirradiated YBCO single crystal; particularly at the magnetic field values near the
matching field of 1 T, the fluctuation conductivities show a clear deviation from the critical dynamics. At
higher magnetic fields, however, the signature of the 3D-XY scaling appears.@S0163-1829~98!03313-X#
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In high-Tc superconductors, short coherence length a
high transition temperature enhance fluctuation effects. N
the critical temperature, the large fluctuation provides an
portunity to observe critical fluctuations and universal
class that cannot be explained by mean-field theory w
Gaussian corrections. The critical fluctuation effects ha
been observed in several measurements.1–9 The universality
class10 that describes the critical fluctuations has been c
sistent with a three-dimensional~3D! XY critical model that
yields the exponent for the correlation lengthn'0.669 and
the dynamic critical exponent ofz'1.5 in the presence o
magnetic field. Thus the critical behavior governed by
3D-XY critical exponents would be similar to superflu
4He. However the contribution of vortex fluctuation on th
3D-XY scaling and its applicability in mixed state have n
been systematically studied to date.10

The major role of columnar defects has been known
provide a stronger pinning of vortex than pointlike defec
The strong pinning effectively reduces vortex motions t
would affect fluctuation conductivity. Note that the effect
disorderlike point defects has been reported to be irrelev
on static critical behavior.11,12 The effect of the strong pin
ning of vortices on the critical dynamics has not been
verified in detail.

In this paper, we report on the in-plane longitudinal res
tivity of an untwinned YBa2Cu3O72d ~YBCO! single crystal
with columnar defects. We have discussed the effect of p
ning vortices on the fluctuation conductivity near the critic
temperature in the presence of magnetic field and comp
570163-1829/98/57~13!/7499~4!/$15.00
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the scaling behavior of the fluctuation conductivity of th
irradiated YBCO crystal with the unirradiated YBCO cryst
in the framework of the 3D-XY model.

The untwinned single crystal of YBCO was natural
grown in a yttria-stabilized zirconia crucible by using a flu
method described in detail elsewhere.13 The as-grown crysta
was oxygenated at 500 °C for 2 weeks in flowing O2. A
transition width~10 to 90%! of 0.25 K was measured with a
Quantum Design superconducting quantum interference
vice magnetometer. The crystal was cleaved to a typical r
angular shape (0.530.2 mm2325mm) for resistivity mea-
surement.

Contacts for attaching gold wires were made by evapo
ing gold onto the crystals and heating them at 500 °C for
in flowing O2. All the contact resistances were less than 1V.
The longitudinal resistivity was measured with a 4-termin
method at a frequency of 37.8 Hz and a current density
2 A/cm2 was used. Zero resistance temperature ([Tc0) was
93.4 K. TheTc0 and resistivityrbb(T,H) were almost the
same as those of the detwinned YBCO crystal reported
Ref. 5.

The sample was then irradiated at 0 °C by 740 MeV
ions, which were produced at the Argonne Tandem Lin
Accelerator System at the Argonne National Laboratory. T
irradiation dose of 531010 ions/cm2 was chosen to an
equivalent matching fieldBf of 1 T. The irradiation was
aligned parallel to thec axis of YBCO and with65° planar
splay. A representative cross-sectional TEM~transmission
electron microscopy! image similar to one in Ref. 14 show
7499 © 1998 The American Physical Society
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that columnar tracks with a splay configuration ofQ565°
are formed throughout the crystal thickness of 25mm.

Figure 1 shows the longitudinal resistivitiesrbb(T,H) of
the irradiated YBCO at magnetic field values 0<H<7 T
with a 1 T interval. The magnetic field was applied paral
to the c axis of sample. Zero resistance temperatureTc0 in
zero magnetic field was lowered to 89.8 K from 93.4 K af
the irradiation. The resistivities of the irradiated sample n
Tc0 are almost the same as the values before the irradia
Normal-state resistivity of the irradiated one is sligh
curved up over 175 K, as shown in the inset of Fig. 1.

Figure 2 shows the resistive transitions of a YBCO crys
before and after the irradiation as a function of reduced te
peratureT/Tc for magnetic fields of 1 and 2 T whereTc is
defined as a temperature wheredrbb /dT is a maximum. The
onset temperature ofrbb in each magnetic field is enhance
due to vortex pinning and the kink structures shown in
unirradiated sample near melting transition temperatures
appear after irradiation, consistent with Ref. 15. All of t
resistivity data used for studying fluctuation conductiv
were taken above the resistive transition temperature at
magnetic field value and should be Ohmic behavior.16

Fluctuation conductivitysbb* (T,H) was obtained by back
ground subtraction from the resistivityrbb(T,H). The longi-
tudinal conductivity sbb can be expressed assbb* 1sBG

wheresbb* andsBG are, respectively, the fluctuation and th
background conductivity. ThesBG is simply one over the
background resistivity. Since the resistivity of the irradiat
sample was not linear with temperature above 175 K,
shown in the inset of Fig. 1, the background subtraction
fluctuation conductivity cannot be done with the same w

FIG. 1. Longitudinal resistivityrbb(T,H) along b axis for the
irradiated untwinned single crystal of YBa2Cu3O72d in magnetic
field values 0<H<7 T with 1 T interval. The magnetic field wa
applied parallel to thec axis of the sample. The crystal was irrad
ated by an Sn ion beam that was aligned parallel to thec axis. The
irradiation dose corresponds to the matching fieldBf of 1 T. The
inset shows the resistivities at zero magnetic field where the o
circle symbols are before the irradiation and the filled triangles a
the irradiation.
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for the unirradiated YBCO~Ref. 5!. So two ways of back-
ground subtraction were tested in order to see how much
fluctuation conductivity depends upon the ways; a linear
sistivity fit over 100<T<150 K and a polynomial fita
1bT1cT2 over 120<T<280 K are chosen. The linea
resistivity fit used for the background resistivit
was rBG524.2 ~mV cm!135.8 T~mV cm/K!. The polyno-
mial fit was rBG514 ~mV cm!18.931022 T ~mV cm/K!
19.531024 T2 ~mV cm/K2!. By subtractingsBG from sbb ,
the fluctuation conductivitysbb* was obtained. The both fluc
tuation conductivities obtained from the above metho
show a similar behavior to each other that will be describ
below. Note that the background resistivity of the irradiat
sample nearTc0 was almost the same as that of the unir
diated one as shown in Fig. 1.

The extracted fluctuation conductivitysbb* (T) and the
temperature were normalized in order to see the chang
the fluctuation conductivities after the irradiation ofBf

51 T. sbb* (T)/sbb* (Tc) for H51 T and 2 T vsT/Tc are
displayed in Fig. 3. The filled symbols denote the fluctuat
conductivity obtained from the linear fit of the backgroun
resistivity, and the lines are obtained from the polynomial
The data show that belowTc the fluctuation conductivitysbb*
after the irradiation are enhanced due to strong pinning
that this enhancement is not critically dependent on how
background subtraction is made. For higher magnetic fie
3<H<7 T was also seen the enhancement of the fluctua
conductivity. This enhancement of the fluctuation conduct
ity could be conjectured from two facts; nearTc0 the back-
ground conductivity is not much changed even after irrad
tion, whereas the total conductivitysbb(T,H) in the mixed
state is enhanced due to the pinning.

Before the irradiation, the fluctuation conductivit
showed the 3D-XY scaling behavior as reported fo
the unirradiated YBCO single crystal in Ref. 5;s* ;
H2(21z2d)/2 F(t/H1/2n) where a dynamic critical exponen

en
r

FIG. 2. rbb(T,H)/rbb(Tc ,H) vs T/Tc in magnetic field values
of 1 and 2 T withHic axis. Tc is defined as a temperature whe
drbb /dT is a maximum. The open symbols are before the irrad
tion and the filled ones after the irradiation. At each magnetic fie
the onset temperature ofrbb is enhanced after the irradiation.
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z51.5, dimensiond53, F is a scaling function, andn
50.669. In order to study the pinning effects on the critic
dynamics, the 3D-XY scaling is applied to the fluctuatio
conductivity of the irradiated crystal with all parametersz,
d, andn chosen to be the same values as for the unirradia
sample except zero resistance temperatureTc0 . Figure 4
shows that in the presence of a magnetic field 1<H<7 T,
the fluctuation conductivitysbb* (T,H) of the irradiated
sample do not collapse onto a function oft/H1/2n particularly
near a magnetic field of 1 T, wheret[12T/Tc0 andTc0 is a
zero resistance temperature of 89.8 K. The fluctuation c
ductivities for the upper panel of Fig. 4 were extracted w
the linear resistivity fit for the background subtraction. T
lower panel of Fig. 4 was obtained from the polynomial
Both graphs show a similar result, indicating that the scal
is not sensitive to the method of background subtraction.
a magnetic field increases, however, the data begin to
lapse to a single curve over a wide range of temperat
indicating a signature of the 3D-XY scaling.

The critical exponentsz and n, and the critical tempera
ture Tc0 have been changed to make a better collapse
fluctuation conductivities onto a single curve over a wi
range of temperature and magnetic field. All attempts fai
to produce a scaling. Note that the lowest Landau model
not exhibit a scaling either. The scaling in Fig. 4 was the b
one among the attempts, particularly at higher magn
field.

In summary, the columnar defects of the YBa2Cu3O72d
single crystal enhance the fluctuation conductivity in mix

FIG. 3. sbb* (T)/sbb* (Tc) vs T/Tc for magnetic fields of 1 and 2
T. Fluctuation conductivitiessbb* (T,H) are enhanced after the irra
diation ofBf51 T. The filled symbols and the curves without sym
bols are after the irradiation and obtained, respectively, by the lin
resistivity fit and by the polynomial fit. The open symbols are b
fore the irradiation.
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state. The enhanced fluctuation conductivitiessbb* show a
deviation from the 3D-XY scaling near the matching field o
1 T, indicating that when the number of vortices is close
that of columnar defects, the pinning effect on the critic
dynamics is significant. The strong pinning influences n
only on the fluctuation conductivity but also on its critic
dynamics in the field regime. At the magnetic fields mu
higher than the matching field, however, the fluctuation c
ductivities show a signature of the 3D-XY scaling behavior.
In the high fields the pinning effect on the critical dynami
is relatively small so that the critical dynamics approach
the universality class of superfluid4He.
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FIG. 4. sbb* H0.25 vs t/H0.747 for the irradiated YBCO withBf

51 T. t[12T/Tc0 andTc0 is a zero resistance temperature of 89
K. The units ofsbb* andH are, respectively,mV21 cm21 and Tesla.
Thesbb* for the upper panel is extracted by the linear-with-T resis-
tivity fitting. The polynomial fit is used for the lower panel. Thes
different methods for background subtraction show a similar res
At the magnetic-field values near matching field of 1 T, a deviat
from 3D-XY scaling appears. At higher magnetic fields, a signat
of the 3D-XY scaling is shown.
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