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The effect of columnar defects on the critical dynamics of a superconducting untwinnesCi¥,Ba_
(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 flelthd temperaturd. The extracted fluctuation
conductivities are enhanced by the strong pinnings and do not exhibit the same three-diméBEipiaY
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 theX3Dscaling appeargS0163-182308)03313-X]

In high-T. superconductors, short coherence length andhe scaling behavior of the fluctuation conductivity of the
high transition temperature enhance fluctuation effects. Nedrradiated YBCO crystal with the unirradiated YBCO crystal
the critical temperature, the large fluctuation provides an opin the framework of the 3D<Y model.
portunity to observe critical fluctuations and universality The untwinned single crystal of YBCO was naturally
class that cannot be explained by mean-field theory witlgrown in a yttria-stabilized zirconia crucible by using a flux
Gaussian corrections. The critical fluctuation effects havemethod described in detail elsewhéf&he as-grown crystal
been observed in several measuremé&titdhe universality was oxygenated at 500 °C for 2 weeks in flowing. G\
clas$? that describes the critical fluctuations has been contransition width(10 to 90% of 0.25 K was measured with a
sistent with a three-dimension@D) XY critical model that Quantum Design superconducting quantum interference de-
yields the exponent for the correlation length-0.669 and vice magnetometer. The crystal was cleaved to a typical rect-
the dynamic critical exponent af~1.5 in the presence of angular shape (060.2 mntXx25um) for resistivity mea-
magnetic field. Thus the critical behavior governed by thesurement.
3D-XY critical exponents would be similar to superfluid  Contacts for attaching gold wires were made by evaporat-
“He. However the contribution of vortex fluctuation on the ing gold onto the crystals and heating them at 500 °C for 3 h
3D-XY scaling and its applicability in mixed state have notin flowing O,. All the contact resistances were less thai.1
been systematically studied to dafe. The longitudinal resistivity was measured with a 4-terminal

The major role of columnar defects has been known tanethod at a frequency of 37.8 Hz and a current density of
provide a stronger pinning of vortex than pointlike defects.2 Alcm? was used. Zero resistance temperatusel {;) was
The strong pinning effectively reduces vortex motions that93.4 K. TheT., and resistivityp,,(T,H) were almost the
would affect fluctuation conductivity. Note that the effect of same as those of the detwinned YBCO crystal reported in
disorderlike point defects has been reported to be irrelevariRef. 5.
on static critical behaviot*'? The effect of the strong pin-  The sample was then irradiated at 0 °C by 740 MeV Sn
ning of vortices on the critical dynamics has not been yetons, which were produced at the Argonne Tandem Linear
verified in detail. Accelerator System at the Argonne National Laboratory. The

In this paper, we report on the in-plane longitudinal resis-irradiation dose of %10 ions/cnf was chosen to an
tivity of an untwinned YBaCu;O;_; (YBCO) single crystal ~ equivalent matching field, of 1 T. The irradiation was
with columnar defects. We have discussed the effect of pinaligned parallel to the axis of YBCO and with+5° planar
ning vortices on the fluctuation conductivity near the criticalsplay. A representative cross-sectional TEivansmission
temperature in the presence of magnetic field and compareglectron microscopyimage similar to one in Ref. 14 shows
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FIG. 1. Longitudinal resistivityp,,(T,H) alongb axis for the
irradiated untwinned single crystal of YBau;O;_s in magnetic
field values GsH=<7 T with 1 T interval. The magnetic field was
applied parallel to the axis of the sample. The crystal was irradi-
ated by an Sn ion beam that was aligned parallel tacthgis. The
irradiation dose corresponds to the matching figlgof 1 T. The  for the unirradiated YBCQRef. 5. So two ways of back-
inset shows the resistivities at zero magnetic field where the opeground subtraction were tested in order to see how much the
circle symbols are before the irradiation and the filled triangles aftef|yctyation conductivity depends upon the ways; a linear re-
the irradiation. sistivity fit over 100<sT<150K and a polynomial fita

+bT+cT? over 126<T<280K are chosen. The linear
that columnar tracks with a splay configuration@f +=5°  resistivity fit used for the background resistivity
are formed throughout the crystal thickness of28. was pgg=—4.2 ({2 cm)+35.8 T(uf) cm/K). The polyno-

Figure 1 shows the longitudinal resistivitipg,(T,H) of ~ mial fit was pgg=14(u cm)+8.9x107 T (u) cm/K)
the irradiated YBCO at magnetic field valuessBi<7 T  +9.5x10°* T2 (uQ) cm/K?). By subtractingrgg from oy,
with a 1 Tinterval. The magnetic field was applied parallel the fluctuation conductivityrs, was obtained. The both fluc-
to the ¢ axis of sample. Zero resistance temperaflifggin  tuation conductivities obtained from the above methods
zero magnetic field was lowered to 89.8 K from 93.4 K aftershow a similar behavior to each other that will be described
the irradiation. The resistivities of the irradiated sample neabelow. Note that the background resistivity of the irradiated
T.o are almost the same as the values before the irradiatiosample neafl ., was almost the same as that of the unirra-
Normal-state resistivity of the irradiated one is slightly diated one as shown in Fig. 1.
curved up over 175 K, as shown in the inset of Fig. 1. The extracted fluctuation conductivityf,(T) and the

Figure 2 shows the resistive transitions of a YBCO crystaltemperature were normalized in order to see the change in
before and after the irradiation as a function of reduced temthe fluctuation conductivities after the irradiation &,
peratureT/T, for magnetic fields of 1 ah2 T whereT.is  =1T. op,(T)/of,(Te) for H=1T and 2 T vsT/T, are
defined as a temperature whel&,,/d T is a maximum. The displayed in Fig. 3. The filled symbols denote the fluctuation
onset temperature gfy,;, in each magnetic field is enhanced conductivity obtained from the linear fit of the background
due to vortex pinning and the kink structures shown in theresistivity, and the lines are obtained from the polynomial fit.
unirradiated sample near melting transition temperatures disfhe data show that beloW, the fluctuation conductivityry,
appear after irradiation, consistent with Ref. 15. All of the after the irradiation are enhanced due to strong pinning and
resistivity data used for studying fluctuation conductivity that this enhancement is not critically dependent on how the
were taken above the resistive transition temperature at eagfackground subtraction is made. For higher magnetic fields

FIG. 2. ppu(T,H)/ ppp(T¢,H) vs T/T. in magnetic field values
of 1 and 2 T withHllc axis. T, is defined as a temperature where
dppp/dT is @ maximum. The open symbols are before the irradia-
tion and the filled ones after the irradiation. At each magnetic field,
the onset temperature pf, is enhanced after the irradiation.

magnetic field value and should be Ohmic b_ehaQﬁor. 3<H<7 T was also seen the enhancement of the fluctuation
Fluctuation conductivityrg,(T,H) was obtained by back- conductivity. This enhancement of the fluctuation conductiv-
ground subtraction from the resistivipy,,(T,H). The longi- ity could be conjectured from two facts; negy, the back-

tudinal conductivity o, can be expressed asy,+ogs  ground conductivity is not much changed even after irradia-
wherea}, and ogg are, respectively, the fluctuation and the tion, whereas the total conductivity,,(T,H) in the mixed
background conductivity. Thezg is simply one over the state is enhanced due to the pinning.

background resistivity. Since the resistivity of the irradiated Before the irradiation, the fluctuation conductivity
sample was not linear with temperature above 175 K, ashowed the 3DXY scaling behavior as reported for
shown in the inset of Fig. 1, the background subtraction fothe unirradiated YBCO single crystal in Ref. &* ~
fluctuation conductivity cannot be done with the same wayH 2292 F(t/HY?") where a dynamic critical exponent
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FIG. 3. opy(T)/ ofp(Te) vs T/T, for magnetic fields of 1 and 2 0.0 .
T. Fluctuation conductivities},(T,H) are enhanced after the irra- -0.01 0.00 0.01 0.02
diation of B ,=1 T. The filled symbols and the curves without sym- 0.747
bols are after the irradiation and obtained, respectively, by the linea t/H
resistivity fit and by the polynomial fit. The open symbols are be-

=1T.t=1-T/T, andT is a zero resistance temperature of 89.8
K. The units ofo}, andH are, respectivelyuQ~! cm™* and Tesla.
The a3, for the upper panel is extracted by the linear-withesis-
tivity fitting. The polynomial fit is used for the lower panel. These

2—2016%9 dllmend5|0nd=3,dF flls a Sc_:allngfffunctlon,hand/_ . Idifferent methods for background subtraction show a similar result.
e - In order to study the pinning effects on the critica At the magnetic-field values near matching field of 1 T, a deviation

dynr;lmic_s3 the 3D(Y scgling is applie(_i to the fluctuation 1 3pxy scaling appears. At higher magnetic fields, a signature
conductivity of the irradiated crystal with all parameters  of the 3DXY scaling is shown.

d, andv chosen to be the same values as for the unirradiated
sample except zero resistance temperafligg. Figure 4
shows that in the presence of a magnetic fieldH<7 T,
. e T
tsr;emg;écgéart:g{] coﬁ;;gizcg\r:lggk}ﬁr-:—c't?o)mg; l/tzflep;rrtriiﬂllztr?;i state. .The enhanced quctuaFion conductivitiﬁg sho_w a
near a magnetic field of 1 T, whetes1— T/To, and T, is a dewa}tlon frc_)m the 3DXY scaling near the ma_tchmg field of
zero resistance temperature of 89.8 K. The fluctuation cont T indicating that when the number of vortices is close to
ductivities for the upper panel of Fig. 4 were extracted withthat of columnar defects, the pinning effect on the critical
the linear resistivity fit for the background subtraction. Thedynamics is significant. The strong pinning influences not
lower panel of Fig. 4 was obtained from the polynomial fit. only on the fluctuation conductivity but also on its critical
Both graphs show a similar result, indicating that the scalinglynamics in the field regime. At the magnetic fields much
is not sensitive to the method of background subtraction. Adigher than the matching field, however, the fluctuation con-
a magnetic field increases, however, the data begin to coluctivities show a signature of the 30Y scaling behavior.
lapse to a single curve over a wide range of temperaturdn the high fields the pinning effect on the critical dynamics
indicating a signature of the 3RY scaling. is relatively small so that the critical dynamics approaches
The critical exponentg and v, and the critical tempera- the universality class of superfluitHe.
ture T,y have been changed to make a better collapse of
fluctuation conductivities onto a single curve over a wide This work in Korea was supported in part by the Ministry
range of temperature and magnetic field. All attempts failedf Science and Technology, Ministry of Education through
to produce a scaling. Note that the lowest Landau model di®SRI-97-2437 and Yeungnam Universit.H.K.), and by
not exhibit a scaling either. The scaling in Fig. 4 was the besKOSEF through 95-0702-03-01-3 and Non Direct Research
one among the attempts, particularly at higher magneti¢und, Korea Research Foundation under 1997-001-D00015
field. (W.C.L.), and the work in the USA was supported by the
In summary, the columnar defects of the ¥Ba;O;,_s D.O.E. under Contract No. W-31-109-ENG-38 and NSF-
single crystal enhance the fluctuation conductivity in mixedSTC under Contract No. DMR 91-20000.
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