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Abstract - We have investigated the effect of heavy-ion 
irradiation on the transport properties of YBazCujOr thin 
films. ' Parallel columnar defects to the c axis and crossed 
columnar defects were introduced into films by heavy-ion 
irradiation with dose equivalent to 1 or 2 T vortex density. 
The electrical transport properties including resistivity, 
critical current density, and the Hall resistivity were measured 
as a function of temperature, applied magnetic field, and 
fluence. The irreversibility line defined as an onset of 
dissipation progressively shifted to higher temperature with 
increasing dosage and showed its dependence on inclination 
angle. Critical current also showed a clear enhancement 
compared to the unirradiated samples. The Hall scaling 
behavior and the Hall conductivity were modified'after heavy- 
ion irradiation. 

I. INTRODUCTION 

The strong voitex pinning by the columnar defects has 
been of considerable scientific and technological interests. 
Since the first work by Civale et al. [l], many results regard- 
ing a significant enhancement of the critical current density 
and a shift of the irreversibility line towards high tempera- 
ture have been reported in YBCO [1]-[2], BSCCO [3], and 
TBCCO [4] materials because of more effective pinning by 
columnar defects than point defects. 

Recently Hwa et al. [5] proposed that controlling splay of 
columnar defects is a new strategy to enhance transport 
properties in a magnetic field compared to parallel columns. 
Splay will force vortex entanglement leading to even 
stronger vortex pinning. Following the proposal such an 
effect has been observed in YBCO single crystals [6], 
BSCCO tapes [7], TBCCO and BSCCO single crystals [SI. 
Krusin-Elbaum et al. [9] observed that the largest persistent 
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current is obtained for a planar disbiiution with a splay 
angle f 5' rather than a Gaussian dishiiution in YBCO 
single crystals. A simpler geometry has been studied by 
Schuster et al. [lo] in DBCO single crystals with crossed 
columnar defects. Observation of flux penetration by mag- 
neto optics revealed that the critical current density J, in 
crossed configuration is much larger than in parallel 
COnfiguratiOn. 

Pinning strength dependence of the mixed-state Hall 
effect has been an interesting issue. Recent work by Kang et 
al. [ 113 on heavy-ion irradiated single crystals revealed that 
the strong pinning induced by columnar defects modifies the 
Hall scaling between the longitudinal and the Hall resistivity 
and the Hall conductivity. 

In this work we studied various transport properties of 
YBa2Cu30x thin films with parallel columnar defects and 
crossed columnar defects introduced by heavy-ion irradia- 
tion. The irreversiiility line shifted towards higher tempera- 
ture with increasing dosage, but did not show monotonic 
dependence on inclination angle. Critical current in crossed 
columnar'defects also showed a clear enhancement 
compared to the unin-adiated samples. The Hall scaling 
behavior and the Hall conductivity were affiected by heavy- 
ion irradiation. 

n.EXPERIMENTAL 

Thin films of 200 nm-thick YBCO were grown on 
LaAl03 substrates either by laser ablation or RF sputtering. 
Low resistivity contacts were made by silver evaporation 
with a shadow mask The samples were irradiated by 740- 
MeV Sn ions or 1.3-GeV U ions at ATLAS with irradiation 
doses of 5 x 10" and 1 x 10" ions/cm2, which corresponds 
to the matching fields Bo = 1 and 2 T, respectively. For the 
crossed defects, samples were mounted on an inclined 
surface of angles B = f loo, f 40'. Two perpendicular 
bridges were patterned on the same chip by conventional 
lithography and chemical etching so that one current path is 
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Fig. 1. Irreversibility lines of heavy-ion irradiated YBCO thin films. PQ of 

but did not show monotonic dependence on inclination angle. 
irradiated samples shifts towamis higher tempetature with i n m i n g  dosage, 

normal to the inclination plane of the crossed columnar 
defects and the other is parallel to the inclination plane. 

A typical transition temperature T, of the unirradiated 
samples was around 89.9 K determined by the mid point of 
the transition and it decreased after irradiation by - 0.4 K. 

m. RESULTS AND DISCUSSION 

The irreversibility line P(T) was determined as the onset 
of dissipation. We used lo4 R cm criterion. Earlier work F 
[12] showed that P(T) obtained by this resistive criterion is 
almost identical with those determined by AC susceptibility 
or magnetization measurement The hersiibility lines of 
the various samples are shown in Fig. 1 as a function of re- 
duced temperature t = TIT,. The reduced temperature is 
chosen to compeyate the differences in T, among various 
samples. As expected, P(T) of irradiated samples shifts 
towards higher temperature and samples with 2 T dose show 
larger irreversible region than 1 Tdose film for fields 
greater than 2 T. 

PoHo 

Fig. 2. Critical current densities as a function of field at various temperabs. 
samples with co~umnar defects show  higher^, than uninadiated G l e .  F O ~  T 
> 70 K and large enough magnetic fields, Jc in samples with parallel defects is 
found to be higher than in samples of 8= f 400. 

An interesting feature is that P(2J of crossed columnar 
defects 8 = f 10' is higher at the same t, but for samples of 
8 = f 40°, P(2J becomes lower than for parallel defects. 
The largest irreversible region for 6 = flOo sample is 
somewhat consistent with the finding Krusin-Elbaum et ul. 
[9] who observed the largest persistent current for a planar 
dimiution with a splay angle o f f  5'. However, Hardy et 
ul. [SI found that P(T) slightly deaeases for a splay angle 
of 10'. Similar behavior was observed in the critical current 
measurement Figure 2 shows J, as a function of applid 
magnetic field in several temperatures for unirradiated 
samples and 1 Tdose samples with parallel (open symbols) 
and crossed columnar defects (solid symbols) with 8 = f 
40'. A 10 pV/cm criterion was used to determine J,. Both 
samples with columnar defects show higher J, than unirra- 
diated sample. At 77 K and in 2 T field, J, is enhanced 
from 3.0 x lo5 to 4.2 x lo5 Man2 after irradiation. For T > 
70 K and large enough magnetic fields, J, in samples kith 
parallel defects is found to be higher than in samples of 6 = 
f40'. For TS50 K o r w r ;  1 T, there is no difference in 
J, between parallel defects or crossed defects. Although 
such behavior at higher temperatures is consistent with the 

.irreversiiility behavior, our result, however, is far different 
from [lo]. In DBCO single crystals [lo], J, obtained by 
measuring the full penetration field in cross-irradiated 
sample with 6 = f 45O is almost ten times higher over the 
same temperature range of Fig. 2 than in parallel irradiated 
sample. We could not observe such a difference in our 
samples in the same temperature and magnetic field range. 
The work in [lo] is performed under ,u,,H < 0.55 T. At this 
point we do not have any reasonable m e r  for this huge 
discrepancy in J,, but perhaps more abundant intrinsic de- 
fects in thin films may be respomible for that. 

Another interesting issue regarding the crossed defect 

Fig 3. Resistive transitions of 1 Tdose 61m with the crossed defects 8= f 40° 
in magnetic fields. Solid lines indicates the data for current parallel to the 
inclination plane of the cmssed defects and dotted lines are for current perpea- 
dicular. The inset shows Jc at 2 T for both configurations There is no notice- 
able difference whether current flows parallel or normal to the inclination 
plane. 



structure is the criticalcurrent anisotropy. When the 
current flows parallel to the inclination plane of crossed de- 
fects, J, is found to be about factor of 2 larger in DBCO and 
BSCCO single crystals than for current flowing normal [13]. 
It was suggested that the activation energy is different for 
vortex motion perpendicular and parallel to the inclination 
plane. We searched for such anisotropy in our YBCO films. 
Two bridges normal to each other were patterned on the 
same sample and the resistive transitions and the critical 
currents for those two orientations were measured. Figure 3 
shows the resistive transitions in magnetic fields of 1 Tdose 
film with the crossed defects 8 = f 40°. Solid lines indi- 
cates the data for current parallel to the inclination plane of 
the crossed defects and dotted lines are for current perpen- 
dicular. As can be seen in Fig. 3, there is no noticeable 
difference in resistive transitions between two orientations 
except a slight difference presumably due to sample inho- 
mogeneity. Critical current density at 2 T also did not 
exhibit any difference between two orientations as shown in 
the inset of Fig. 3. The same behavior was &served in the 
sample with inclination angle 0 = f 10'. Again different 
morphology in thin films compared to single crystals could 
be an important factor. 

Next we show the Hall effect in 1 Tdose YBCO films 
with parallel defects. We observed a similar pinning 
strength dependence in films as in single crystals [ll]. The 
scaling behavior & = A h p  between the Hall resistivity & 
and the longitudinal resistivity f i  in unirradiated and irra- 
diated samples are shown in Fig. 4. The scaling behavior is 
observable in low resistivity region where vortex pinning is 
effective. The scaling exponent /? in unirradiated film was 
found to be 1.75 f 0.05 in the fields of 2 and 4 T, 
respectively, and becomes 1.9 f 0.1 in 6 T. The result of 
the unirradiated sample is fairly consistent with the earlier 
work by Luo et al. [14], who for the fist time observed the 
scaling relation pxy = A h p  with /3 - 1.7 for fields higher 

Fig. 4. Scaling behavior, pxr = dhD, between the Hall resistivity p4 and the 
1ongitudiDal resistivity pa in unin;rdiated and irradiated samples. Smaller 
scaling exponents of the irradiated films than the unirradiated films in 2 and 4 
T implies that the vortices in those fields are strongly pinned in samples with 
columnar defeds, thus affecting the scaliag behavior according to [15]. 
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Fig 5. Hall conductivity a;, of unirradiated and 1 Tdose film as a hc t ion  of 
reduced temperature in magnetic fields. The Hall conductivity of 1 Tdose film 
deviates horn the unirradiated one at low tempera%uq showing the pinning 
strength dependence of the Hall effect. 

than 1.4 T. In the irradiated b, smaller p was found as 
1.55 f 0.05 and 1.7 f 0.05 in 2 and 4'T, respectively, but 
increases to 1.9 f 0.1 in 6 T, the value of the unirradiated 
one. A smaller p in samples with columnar defects has 
been observed in YBCO single crystals [ll]. The scaling 
exponent in the irradiated crystals was 1.5 f 0.1 in 2 and 4 
T. 

The Hall conductivity % of uuirradiated and 1 Tdose 
film as a function of reduced tempera- in various applied 
field is shown in Fig. 5. As seen in the figure, the Hall con- 
ductivity of the irradiated film clearly deviates from that of 
unirradiated jilm at the same temperature region where the 
scaling behavior is observable. The same behavior has been 
observed in YBCO single crystals [ll]. Both results from 
€ilms and crystals confirms that the Hall effect is modified 
by strong vortex pinning by columnar defects. As discussed 
in [ll], the model by Wang et al. [15] explicitly takes 
a m m t  of the effect of pinning by including pinning- 
induced bacldlow of vortices and thermal fluctuations. 
Their result can be summarized as following. In case of 
weak pinning, p- 2 and the Hall conductivity is not affected 
by pinning. But in case of strong p e g ,  p- 1.5 and the 
Hall conductivity becomes more negative. As mentioned 
above, om irradiated films showed p - 1.55 in 2 T, which 
we think is a very good agreement with the value that the 
model predicts or single crystal results. In higher fields, /? - 2 implies that system is approaching the weak pinning 
case. It is understandable by considering that only a kction 
of vortices are pinned by columnar defects in 6 T and the 
rest is easier to move compared to the pinned ones. 

VI. SUMMARY 

We have studied the effect of heavy-ion irradiation on the 
transport properties of YBa2Cu30x thin films. Samples with 
three different defect contigurations and two different radia- 



tion dosage were investigated. The irreversibility line shifted 
towards higher temperature with increasing dosage, but did 
not show monotonic dependence on inclination angle. Cnti- 
cal current in crossed columnar defects also showed a clear 
enhancement compared to the unimdiated samples. 
However, J, enhancement observed in DBCO and BSCCO 
single crystals with the crossed defects was not seen in thin 
films. Also we could not find arry noticeable difference in 
the transport properties between two different directions of 
current flow with respect to the inclination plane of the 
crossed defects. The Hall scaling behavior and the Hall con- 
ductivity were af€ected by heavy-ion irradiation, consistent 
with the earlier work in YBCO single crystals. 
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