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Effects of 1-GeV uranium ion irradiation on vortex pinning in single crystals
of the high-temperature superconductor YBa2Cu3O72d
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We report magnetoresistance measurements of the effects of 1-GeV uranium ion irradiation on a clean,
untwinned single crystal of YBa2Cu3O72d. In order to isolate the effects of irradiation, we masked one region
of the crystal from the radiation so that it would retain its original characteristics. The columnar defects created
by the irradiation dramatically alter the shape of the irreversibility line. In addition, the pinning anisotropy of
the vortices is reversed by the irradiation. We estimate the pinning energy from the depinning angle and
compare it to the pinning energy measured in twinned single crystals. We show that the onset of pinning from
the columnar defects occurs very close to the zero-field superconducting transition temperature, well into the
vortex liquid state. In addition, measurements across the boundary between the irradiated and unirradiated
regions directly demonstrate that the dissipative behavior of vortex flow due to the Lorentz force is similar to
the dissipation of two resistors in series for this geometry.@S0163-1829~97!00925-9#
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I. INTRODUCTION

The magnetic phase diagrams of the high-temperature
perconductors contain a rich assortment of phases wh
properties depend on the number and type of defects pre
in the material. A large portion of the phase diagram is
cupied by the vortex liquid state created by the high therm
energies, small superconducting coherence lengths, and
anisotropies of these materials. In crystals which are r
tively free of defects, a first-order phase transition from
vortex liquid state to a vortex solid state has recently b
reported in both Bi2Sr2CaCu2O8 ~Refs. 1–4! and
YBa2Cu3O72d.

5–11 In the presence of defects, it has be
shown that the first-order transition is suppressed,12 consis-
tent with theoretical predictions of a continuous phase tr
sition to a glassy solid whose character depends on the n
ber and dimensionality of the defects.13–19A vortex glass has
been predicted to occur in the presence of weak rand
point defects20 such as oxygen vacancies and atomic sc
defects, while a Bose glass state has been predicted21,22 for
correlated defects like twin boundaries and the amorph
columnar tracks induced by heavy ion irradiation.

In addition to the wealth of fundamental scientific info
mation vortex studies can yield, there is also strong tech
logical interest, since the commercial applicability of the
high-temperature superconductors relies heavily on t
ability to carry high currents, which, in turn, is determine
by the effectiveness of the pinning sites in these materia

The columnar defects created by heavy ion irradiation
among the most effective pinning sites in high-temperat
superconductors. These defects enhance the critical cu
and shift the irreversibility line to higher temperature
560163-1829/97/56~2!/913~12!/$10.00
u-
se
ent
-
l
rge
a-
a
n

-
m-

m
le

s

o-
e
ir

.
e
e
ent
,

thereby reducing the range of the vortex liquid state a
making these materials more amenable for widespread t
nological applications.23–35

Several experimental studies have addressed the m
scopic pinning behavior of the columnar defects induced
heavy ion irradiation.16,30,36–43 However, in many cases
these studies were conducted on thin films and twinned c
tals, samples which contain a large number of pre-exist
correlated defects. Furthermore, even among twin-f
samples, one must also consider the role of oxygen vacan
which could lead to large numbers of pre-existing point d
fects. In order to isolate the effects of the induced colum
defects, it is important to begin with a clean, well charact
ized crystal. Since the first-order melting transition is ve
sensitive to the presence of defects, the occurrence of
melting transition is a strong indication of crystal quality.

In this study, we present the results of 1-GeV uranium
irradiation on a clean untwinned YBa2Cu3O72d single crys-
tal. This crystal displays a clear first-order vortex solid
liquid melting transition. We use a unique geometry to irr
diate the sample: one region of the crystal was masked w
a tantalum foil while the remainder of the crystal was e
posed to the heavy ions. A similar masking technique w
recently used by Haradaet al.,44 where they performed Lor-
entz microscopy experiments on a Bi2Sr1.8CaCu2Ox single
crystal irradiated with Au. This allows us to study the effe
of the columnar defects on vortex pinning and compare
rectly with the unirradiated region of thesamecrystal. In
addition, the dissipation across a mixed region contain
both areas can be studied.

We performed electrical transport measurements in m
netic fields up to 8 T. We report on the effects of heavy i
913 © 1997 The American Physical Society
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914 56L. M. PAULIUS et al.
irradiation on the superconducting properties including
transition temperature, the current-voltage characteristics
irreversibility line, and the angular dependence of the p
ning. We determine the pinning energy per unit length a
compare the values with results on twinned single crysta

II. EXPERIMENTAL SETUP

The crystals were grown by a self-flux method using po
ders of Y2O3, BaCO3, and CuO with a purity of 99.99% o
better as described elsewhere.45 The crystals were subse
quently annealed for 10 days in flowing oxygen at 430 °
This method yields platelet-shaped single crystals with
crystallographicc axis perpendicular to the face of the plat
let.

An untwinned and two twinned YBa2Cu3O72d single
crystals were used in our study. The untwinned single cry
used in our investigation was obtained by detwinning
crystal under flowing oxygen at 420 °C while applyin
uniaxial pressure in theab plane of the crystal. This crysta
was a thin platelet with dimensions of 0.35(w)31.41(l )
30.02(t) mm3. The electrical contacts were made to t
crystal in the standard four-probe configuration. We attac
gold wires with silver epoxy which was cured in flowin
oxygen for 6 h at 420 °C.

For the heavy ion irradiation, part of the crystal was co
ered with a tantalum mask and the other region was irra
ated with 238U401 ions at ATLAS~Argonne Tandem Linea
Accelerator System! with the ion beam directed parallel t
the c axis of the crystal. The crystal was irradiated at roo
temperature with a beam current of 1 enA and an ion ene
of 1 GeV. The Monte Carlo simulation program TRansp
of Ions in Matter46 ~TRIM! gives the range of these ions
YBa2Cu3O7 as 28.4mm, which is greater than the 20mm
thickness of the crystal, ensuring that the ions traverse
entire thickness of the crystal. The total irradiation dose w
131011 ions/cm2. At this dose, the number of vortice
equals the number of ion tracks in an applied magnetic fi
of 2 T. This field is referred to as the matching fieldBf .
Multiple electrical contacts were made on the crystal, two
the ends for passing the current in theabplane of the crystal,
and four contacts for measuring the voltage in various
gions of the crystal as shown in Fig. 1.

Two twinned single crystals were measured to provid
comparison of the pinning effects of twin boundaries w
the defects caused by U ion irradiation. These twinned c
tals, with dimensions on the order of;0.8(l )30.4(w)
30.05(t) mm3, were cleaved from a larger piece to obtain
single family of twin boundaries oriented parallel to the lo
axis of the crystal. Current contacts were attached so tha
current flowed parallel to theab plane and parallel to the
twin boundaries as shown in Fig. 2. This geometry induce
Lorentz force perpendicular to the twin boundaries when
field is parallel to thec axis. In this configuration, the vorti
ces experience the maximum pinning effect from the tw
boundaries.@For a more complete study of the pinning pro
erties of twin boundaries, see Fleshleret al. ~Ref. 47!.#

The resistivity was measured as a function of both te
perature and field using a standard four-probe technique
low frequency ~17 Hz! ac currents. The current densi
ranged from 0.7 to 28 A/cm2 and was directed parallel to th
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ab plane of the crystal. Current-voltage characteristics w
determined with a dc current source and a nanovoltmete

Measurements in an applied magnetic field were p
formed by placing the crystal in the bore of two orthogon
superconducting magnets, an 8 T longitudinal magnet and a
1.5 T split-coil transverse magnet. The crystal was orien
with the c axis of the crystal parallel to the longitudina
magnet and the net field was always directed perpendic
to the current. ForH<1.5 T, the net magnetic field could b
rotated from190° to 290° relative to thec axis of the
crystal simply by varying the relative magnitude of the tw
orthogonal fields. This technique can yield an angular re
lution of 0.005°.48 For fieldsH.1.5 T, the physical orienta
tion of the crystal must be changed in order to probe the
angular range.

III. RESULTS

A. Transition temperatures

Figure 3 shows the normalized resistivity and its deriv
tive as a function of temperature for the unirradiated and
irradiated regions of the untwinned crystal in zero appl

FIG. 1. Schematic drawing of the untwinned crystal used
study the effects of U ion irradiation. One region of the crystal w
irradiated with 1 GeV U ions and the ion beam was parallel to
c axis of the crystal. The current flowed in theab plane of the
crystal and the voltage could be monitored in either the irradia
unirradiated, or across both regions of the crystal.

FIG. 2. Schematic drawing of the twinned crystals. The curr
flowed parallel to the twin boundaries and in theab plane of the
crystals. The applied magnetic field was always oriented perp
dicular to the current.
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56 915EFFECTS OF 1-GeV URANIUM ION IRRADIATION ON . . .
magnetic field. We defineTc0 as the peak in the temperatu
derivative of the resistivitydr(T)/dT for the zero-field tran-
sition. The transition widthDTc0 is taken as the differenc
between the temperatures at which the resistivity drops f
90 to 10% of the extrapolated normal-state values. The u
radiated region of the crystal has a superconducting tra
tion temperatureTc0 of 93.5 K and a sharp transition
DTc0,400 mK. In the irradiated region,Tc0 dropped by;5
K to 88.5 K and the transition width increased by roughly
factor of 5 toDTc0'2.1 K. This drop inTc0 is larger than is
typically reported for other, less massive, ion irrad
tions.26,27,49 The normal-state resistivity was also drama
cally affected by the irradiation, with the resistivity increa
ing about an order of magnitude after irradiation. For co
parison, Bourgaultet al.26 measured the effects of 3.5 Ge
Xe ion irradiation on polycrystalline samples o
YBa2Cu3O72d for fluences ranging from 0 to;931012

ions/cm2. They see an order of magnitude increase in
normal-state resistivity for a fluence of;331012 ions/cm2

and a drop of 5 K in Tc for a fluence of;531012

ions/cm2. These doses are much larger than the 131011

ions/cm2 dose that our sample received.
We performed linear fits to the normal-state resistivi

The extrapolated zero-temperature resistivity shows a cha
from a small negative intercept in the unirradiated region
the sample to a large positive intercept in the irradiated
gion. In addition, the slope of the resistivitydr/dT increases
by approximately a factor of 7 after the irradiation. The
changes indicate the presence of extensive damage thro
out the bulk of the crystal from the irradiation.

B. Magnetic-field dependence of the resistive transition

1. Unirradiated region

The resistive transition broadens in the presence of
applied magnetic field and the zero resistance point shift
lower temperatures with increasing field. This is shown
the unirradiated region in Figs. 4~a! and 4~b! for the mag-
netic field applied parallel to thec axis and theab plane,
respectively, with a current density ofJ50.7 A/cm2. The

FIG. 3. Normalized resistivity and its derivative as a function
temperature for both the unirradiated and irradiated regions of
crystal. Open circles and the solid squares represent the data fo
unirradiated and irradiated regions of the crystal, respectively.
temperature derivatives are shown by the solid lines. The arr
indicate the values ofTc0 for each region of the crystal.
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plot shows the normalized resistivityr/r(T5100 K) as a
function of temperature for applied magnetic fields 0T<H
<8 T. The transitions become broader and ‘‘fan-shape
with increasing magnetic field. This broadening of the tra
sition abover.0.5rn is usually attributed to thermodynami
fluctuations of the order parameter.50,51 In high-Tc materials,
the effects of fluctuations are greatly enhanced becaus
the short coherence lengths, the large anisotropies, and
high values ofTc . The Ginzburg numberGi is a measure of
the importance of thermal fluctuations and is related to
temperature regionDT over which thermal fluctuations pla
a role byDT/Tc'Gi . The Ginzburg number is given b
Gi51/2(gTc /Hc

2j3)2 andGi(H)'Gi
1/3(H/Hc2)

2/3,52 where
Hc is the thermodynamic critical field,g is the anisotropy
parameter (g25mc /mab.1), wheremc andmab are the ef-
fective mass along thec axis andab plane, respectively,j is
the coherence length, andHc2 is the upper critical field. In
conventional low-temperature superconductors,Gi is very
small, on the order of 1027. However, in YBa2Cu3O72d,
Gi is much larger,Gi'1022.53

Due to the anisotropy of the material, the broadening
the transition is more severe when the magnetic field is
plied parallel to thec axis than when it is applied parallel t
theab plane. This can be seen if we look at the temperat
rangeTW over which the reduced resistivity drops from 0
to 0.1. ForHiab TW increases by a factor of 11 when th
field is increases from 0 to 8 T@TW~0 T!'0.2 K and
TW~8 T!'2.2K#, but for Hic TW increases a factor of 50
over the same field range@TW~0 T!'0.2 K and TW~8 T!
'10K#.

f
e
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e
s

FIG. 4. Normalized electrical resistivity of the unirradiated r
gion of the crystal as a function of temperature for magnetic fie
applied~a! parallel to thec axis and~b! parallel to theab plane of
the crystal. The current flowed in theab plane and the fields range
from 0 to 8 T. In each case, the field was perpendicular to
current. The solid lines are a guide to the eye and the arrows in
figures indicate the kink in the curve forH58 T.
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916 56L. M. PAULIUS et al.
The resistivity in applied magnetic fields shows a smo
decrease at higher temperatures followed by an abrupt
at lower temperatures where the resistivity drops v
sharply to zero. ~The kink in the resistivity is indicated by
arrows in Fig. 4 for the transition in an 8 T applied field.!
This kink occurs for both directions of the applied fiel
Hiab and Hic. The current-voltage characteristics of th
crystal are very different for temperatures above and be
the kink. Above the kink, the behavior is Ohmic~i.e., the
voltage is a linear function of the current! whereas below the
kink, the behavior is highly non-Ohmic. This kink in th
resistive transition is associated with a first-order melt
transition of the vortex solid to a vortex liquid.5–7,9,10Recent
results by Fendrichet al.8 on simultaneous measurements
both magnetization and resistivity show that the kink in t
resistive transition occurs at the same temperature and
as a jump in the magnetization. The jump in the magnet
tion corresponds to a change in the vortex density on m
ing, a clear indication of a first-order transition. In Fig. 5 w
show both the electrical resistance and its derivative a
function of temperature in a 4 Tmagnetic field applied par
allel to thec axis. Magnetic measurements8 indicate that the
onset of the melting transition occurs at the temperat
wheredr/dT first begins its sharp upturn, as indicated by t
arrow in the figure.

For fields applied parallel to thec axis of the crystal, the
kink in the resistivity becomes noticeably less sharp as
field is increased above 6 T. Safaret al.54 have presented
data on a clean untwinned single crystal of YBa2Cu3O72d
which suggest that forHic, the first-order melting transition
at low fields gives way to a continuous or second-or
phase transition at high fields. They find that this crosso
occurs at a well defined value of the magnetic fieldHcr
(Hcr'10 T in their crystal!. They propose the existence of
critical point in theH-T phase diagram, above which th
first-order phase transition does not occur. The smearing
of the kink in our data forHic at high fields is consisten
with their interpretation, thoughHcr appears to be lower in
our crystal. However, it is interesting to note that f
Hiab, the kink still remains sharp for fields up to 8 T, ind
cating that the critical point may occur at much higher fie
for this orientation.

FIG. 5. Electrical resistance and its derivative as a function
temperature for the unirradiated region of the crystal in a magn
field of 4 T applied parallel to thec axis of the crystal. The arrow
shows the vortex melting temperatureTm .
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2. Irradiated region

The resistive transition in magnetic fields is dramatica
altered after irradiation with U ions. This can be seen in F
6 which shows the temperature dependence of the resist
in the irradiated region of the crystal forHic ~a! and
Hiab ~b! for fields ranging from 0 to 8 T with a current
density ofJ50.7 A/cm2. As discussed previously, the zero
field transition temperature is shifted down to 88.5 K, a dr
of 5 K compared to the unirradiated region of the crystal

The resistive transitions in the irradiated region of t
crystal do not display the kink associated with the vort
melting transition. The resistivity drops smoothly to zer
both for the field parallel to thec axis and to theab plane.
Another striking difference is that after irradiation, the a
isotropy in the resistivity is reversed. In the unirradiated
gion, the resistive transitions were much broader forHic
than forHiab due to the inherent anisotropy of the relative
clean crystal. In contrast, in the irradiated region the resis
transitions are much broader whenHiab than forHic ~and
i ion tracks!. ForHiab, the ‘‘fan-shaped’’ broadening of the
transitions in increasing field are even more pronounced t
in the unirradiated region of the crystal. However, forHic,
the transitions are no longer ‘‘fan-shaped’’ and the slopes
the transition are nearly parallel.

In the unirradiated region of the sample forHic, the tran-
sition width Tw increased from Tw~0 T!'0.2 K to
TW~8 T!'10 K but in the irradiated regionTw increases by
less than a factor of 3 fromTw~0 T!'1 K to Tw~8 T!
'2.5K. ForH58 Tic, the transition is roughly a factor o
4 broader in the unirradiated region of the crystal than in
irradiated section. In addition, the temperature at which

f
ic

FIG. 6. Normalized electrical resistivity of the irradiated regio
of the crystal as a function of temperature for magnetic fields
plied ~a! parallel to thec axis and~b! parallel to theab plane of the
crystal. The current flowed in theab plane and the fields range
from 0 to 8 T. In each case the field was perpendicular to
current. The solid lines are a guide to the eye.
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56 917EFFECTS OF 1-GeV URANIUM ION IRRADIATION ON . . .
resistivity drops to zero is shifted up fromT;76 K in the
unirradiated region toT;80 K in the irradiated region.

For Hiab, the transition width in the unirradiated regio
increased fromTw~0 T!'0.2 K toTw~8 T!'2.2 K and in the
irradiated region it increases fromTw~0 K!'1 K to
Tw~8 T!'6 K. Unlike the case forHic, the transition for
H58 Tiab is sharper in the unirradiated region than in t
irradiated region~by nearly a factor of 4!. This is a complete
reversal in the anisotropy in the resistivity.

We were only able to perform measurements of
current-voltage characteristics down toT/Tc;0.97 because
of the limited sensitivity of our nanovoltmeter, and for cu
rent densities up to;14 A/cm2, limited by the heating from
the contacts. Over this region, the current-voltage charac
istics displayed Ohmic behavior in the irradiated portion
the crystal forHic.

The Bose glass theory predicts a temperature depend
of the resistivity which should scale as

r}~T2TBG!s, ~1!

wheres is field independent andTBG is the Bose glass tran
sition temperature. While we do not find such a scaling
havior in the U ion irradiated sample, the resistivity for t
twinned crystal could be described by Eq.~1! for Hic. We
found thats was field independent and equal to;5.260.4
for fields up to 7 T. Our results lie in the range of previous
reported values, wheres ranges from s'4 ~for
Tl2Ba2CaCu2O8 thin films irradiated with Ag ions!15 to s
;6 for both thin films and irradiated twinned crystals
YBa2Cu3O72d.

13,55

C. Phase diagrams

1. Unirradiated region

The magnetic phase diagram for the unirradiated por
of the crystal is shown in Fig. 7~a! for both Hic and
Hiab. The melting line was determined fromdr/dT as
shown in Fig. 5. The melting line is shifted to much high
temperatures when the orientation of the magnetic field
changed fromHic axis toHiab plane. For both orientation
of the field, the irreversibility lines can be fit to an equati
of the form

H5H0S 12
T

Tc0
D a

, ~2!

whereTc0 is the zero-field transition temperature, andH0
and a are fitting parameters. These fits are shown as s
lines in Fig. 7~a!.

As discussed by Blatteret al.,52 the power-law fit given in
Eq. ~2! is a compact form for expressing the behavior of t
melting line, wherea is an ‘‘effective’’ exponent~for the
implicit equation, see Houghton, Pelcouits, and Sudbo56!.
The form given in Eq.~2! is a convenient description of th
melting line from which we can extract information abo
the anisotropy of the crystal. Our fits yielded values ofH0c
57765 T, ac51.2360.03 forHic andH0ab5611622 T,
aab51.2460.04 for Hiab. For Hic, previously reported
results7,54,57–59lie in the range of 1.2<a<2. ForHiab our
fit value aab is consistent with previous reports by Kwo
et al.7 The ratio ofH0ab /H0c yields the anisotropy ratiog.
e

r-
f

ce

-

n
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Our results yield a value ofg57.660.6, which is in excel-
lent agreement with the previous resistivity measurement
Kwok et al.7 and is within the range of the values~5<g
<10! obtained by other techniques.60–65

2. Irradiated region

In samples with correlated defects, the irreversibility li
is marked by the Bose glass transition temperatureTBG, ob-
tained from Eq.~1!. In the irradiated region of the crystal, w
cannot extractTBG because we did not see the predicted sc
ing of the resistivity within the sensitivity of our experimen
tal setup. However, we can qualitatively map out an irreve
ibility line by choosing a resistivity criterion ofr*51 mV
cm to defineT* . Since this is in the Ohmic region for th
irradiated portion of the crystal, this criterion is independe
of the current and gives an upper bound for the irreversibi
line. Palstraet al. have argued such a resistivity criterion
more meaningful for determining the onset ofJc in high-Tc
samples than a voltage criterion.66 The absolute position o
the irreversibility line lies slightly lower in temperature i
the phase diagram than the nonzero resistivity criterion
use here. The results are shown in Fig. 7~b! for Hic and
Hiab. At very low fields (H,0.2 T), the irreversibility line
for Hic lies below the line forHiab. However, as the field
increases, the anisotropy of the irreversibility line revers
with the irreversibility line forHic shifted above the line for
Hiab. The irreversibility line forHiab can be fit to Eq.~2!,
with values ofaab52.160.1 andH0ab5480682 T. The ir-

FIG. 7. ~a! Irreversibility line as determined from the vorte
melting temperature for the unirradiated region of the crystal
Hic ~open triangles! andHiab ~open circles!. The solid lines are
fits to Eq.~2!. ~b! Irreversibility line for the irradiated region of the
crystal forHic ~solid triangles! andHiab ~solid squares!. Values
were determined from resistivity measurements using a criterio
1 mV cm to defineT* . The solid line is a fit to Eq.~2! and the
dashed line is a guide to the eye.
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918 56L. M. PAULIUS et al.
reversibility line forHic cannot be described by Eq.~2!. The
qualitative shape of the irreversibility line forHic is
changed from a positive curvature before irradiation to
negative curvature after irradiation. Similar behavior has a
been observed in Au-~Ref. 16! and Pb-~Ref. 28! irradiated
YBa2Cu3O7 single crystals as well as Pb-irradiate
Bi2Sr2CaCu2O8 and Tl-based superconductors.67 It has been
suggested28 that the irreversibility line is determined by th
temperature dependence of the strongest pinning cente
the sample. Thus the qualitative change in curvature m
arise from the differences in the temperature dependenc
the pinning of the pre- and post-irradiation defects in
crystal.

D. Angular dependence of the irreversibility line

Although theory predicts a similar scaling of the resist
ity as r(T) approaches zero for both the vortex glass~for
point defects! and the Bose glass~for correlated defects!,
there is a pronounced difference in the angular depende
of the irreversibility temperature between the vortex gla
and the Bose glass states. Due to the isotropic nature of p
defects, the vortex glass theory predicts a smooth varia
of the irreversibility line with angle, while the Bose glas
theory predicts a sharp upward cusp in the irreversibility l
as the angle between the field and the correlation direc
approaches zero. This difference arises because the c
lated volume near the vortex glass transition diverges iso
pically, but in the Bose glass the correlations diverge w
two different correlation lengths.21

This difference in the angular dependence of the irreve
ibility line can be seen clearly in Fig. 8 where we plot th
reduced irreversibility temperatureT* /Tc0 as a function of
the angleQ between the applied field and thec axis of the
crystal. In Fig. 8~a! we plot T* /Tc0 for the unirradiated re-
gion of the crystal in an applied field of 0.5 T. The irrever
ibility line does not show any indication of a cusp nearQ
50°. For comparison, we also showT* /Tc0 in applied
fields of 1 and 4 T for a typical untwinned single crystal wit
a large number of point defects created by irradiation wit
MeV protons to a fluence of 331016 p/cm2.68 In this sample,
the irreversibility line decreases smoothly nearQ50°,
which is consistent with the vortex glass theory.

In Fig. 8~b! we plotT* /Tc0 , as a function of angle for the
U-irradiated region of the crystal in applied fields of 1 and
T with data on a twinned single crystal shown for compa
son. Here, both samples have defects which are correl
along thec axis ~i.e., alongQ50°! and both display the
sharp ‘‘cusp’’ nearQ50° which is associated with the Bos
glass state.21 We define the width of the cusp as half th
angular distance between the minima inT* . Neither the
width of the cusp nor the qualitative shape of the cusp
pended very strongly on our choice of resistivity criterio
There was no discernible change in the width whenr* was
varied from 0.5 to 10mV cm. The width of the cusp in the U
ion irradiated sample decreases from;70° to;30° as the
applied field is increased from 1 to 4 T. These results
comparable to the value of a cusp width of;30° in a field of
3 T reported on a crystal irradiated with 1-GeV Xe ions
67.5° from thec axis creating splayed columnar defec
with a total matching field ofBf52 T. The width of the
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cusp is much broader for the U ion crystal than for the crys
with twin boundary defects~;30° as opposed to;9° in
H54 T!, illustrating the strong pinning by the columnar d
fects created by the U ion irradiation.

E. Angular dependence of the resistivity

1. Unirradiated region

The behavior of the normalized resistivity is shown as
function of the angle of the applied magnetic field with r
spect to thec axis of the crystal forH51 T in Fig. 9. The
magnetic field was tilted from 90°~i to theab plane! to 0° ~i
c axis! for T592.4 and 90.7 K. In twinned crystals, there
a sharp dip in the resistivity asH becomes aligned with the
twin boundaries atu50°.7,69,70In our crystal, the resistivity
is a smooth function of the angle, which is typical for
clean, untwinned crystal. Note that the resistivity is larg
when the field is aligned parallel with thec axis and is a
maximum when the field is parallel with theab plane. This
angular dependence of the resistivity arises from the ani
ropy of the material. In YBa2Cu3O72d, the mass anisotropy
ratio (mc /mab5g2) lies in the range of 25–100~Ref. 52! @as
discussed above we findg25(7.6)2 in our crystal#.

2. Irradiated region

The angular dependence of the resistivity in the irradia
region of the crystal shows a dramatically different behav
as shown in Fig. 10~b!. The data were obtained by applyin

FIG. 8. T* /Tc0 as a function of the angle between the appli
field and thec axis of the crystal.~a! Data for the unirradiated
region of the crystal in an applied field of 0.5 T and for a proto
irradiated crystal in applied fields of 1 and 4 T.~b! Data are shown
for the region of the crystal irradiated with 1 GeV U ions in appli
fields of 1 and 4 T and for a twinned crystal in a 4 T field.T* was
defined as the temperature wherer51mV cm.
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FIG. 9. Normalized resistivity as a function of the angle b
tween the applied 1 T magnetic field and thec axis of the crystal for
two different temperatures. The applied field was always perp
dicular to the current.

FIG. 10. ~a! Normalized resistivity as a function of temperatu
for a 1 T field applied at various angles with respect to thec axis.
The onset of pinning is indicated by the arrow. The field was
ways perpendicular to the current.~b! Normalized resistivity as a
function of the angle between the applied field and thec axis of the
crystal for temperatures between 85 and 91 K in 0.5 K interv
The depinning angle at different temperatures is shown in~b! by the
solid triangles. The solid and dashed lines are a guide to the e
a 1 T magnetic field at selected angles with respect to
c axis and then measuring the resistivity as a function
temperature at each angle as illustrated in Fig. 10~a!. In Fig.
10~a! we showr(T)/r(100 K) in a 1 Tfield applied atQ
5219.4°, 0°, 0.8°, 1.5°, 2.3°, 3.2°, 4.7°, 6.2°, 10.1°, 16.0
36.6°, 56.3°, 76.5°, and 86.4° with respect to the crysta
graphicc axis of the crystal. Figure 10~b! was compiled by
extracting the value of the normalized resistivityrn(Q)
@wherern5r(T)/r(100 K)# at fixed temperatures from 8
to 91 K in 0.5 K increments. Sincern(Q) is symmetric
about 0° we setr(2Q)5rn(Q) in Fig. 10~b!.

In contrast to the unirradiated region of the crystal, t
resistivity in the irradiated region of the crystal shows a p
nounced dip nearQ50° for T<90.5 K. This dip arises
from the enhanced pinning of the vortices as they beco
aligned with the columnar defects which are parallel to
c axis. One remarkable feature of thern(Q) curves is that
the dip in the resistivity occurs even for temperatures in
fluctuation regime, i.e., for temperatures above the midpo
of the superconducting transition. The onset of this dip
curs atT/Tc0'1 and very close torn'0.75. We can com-
pare these results to those found for single crystals irradia
with Xe and Au ion irradiation withBf52 T,71 where the
onset of pinning occurred atrn50.17 ~Xe ions! and rn
50.28~Au ions!, respectively. This is one indication that th
columnar defects created by U ion irradiation are highly
fective pinners up to very high temperatures. These res
also indicate that the strength of the pinning increases w
the size of the ion used for the irradiation.

Another extraordinary feature of U ion irradiation is th
strength of the columnar defect pinning at large angles. T
is seen in the shape of thern(Q) curves wherern(Q) first
increases with decreasingQ ~similar to the unirradiated re
gion of the crystal!, and then begins decreasing as sections
the vortices become pinned by the columnar defects. We
define the depinning angleQdepinas half the angular distanc
between the maxima inrn(Q). The value of the depinning
angle is shown in Fig. 10~b! by the solid triangles, the dashe
line is a guide to the eye.

The depinning angle is shown as a function of tempe
ture forH51 and 4 T inFig. 11. These fields correspond
Bf/2 and 2Bf , whereBf52 T is the matching field for this
crystal. In both applied fields, the depinning angle increa
roughly linearly with decreasing temperature nearTc0 and
then saturates to a maximum value at lower temperature
a 1 T applied field, this saturation value is;75° and in 4 T
the value is;24°.

Doyleet al. reported the effects of 2.7-GeV U ion irradia
tion on YBa2Cu3O72d thin films withBf50.4 T.37 They de-
terminedJc(Q) from magnetic measurements and found th
the irradiated film showed an enhancedJc up to angles of
;50° in a 1 T applied field at a reduced temperatu
T/Tc050.86. This value is considerably below the value w
found from the resistive measurements, most likely beca
of the lower matching field and possibly because of comp
ing effects of the preexisting correlated defects in the film

We can also compare our saturation values to those
ported by Fleshleret al.47 for twin boundary pinning. They
reported values of;25° in 1 T and;20° in 4 T and a linear
decrease ofQdepin(H) with a slope of21.6°/T. In contrast,
we find a change of 50° in going from 1 to 4 T, representi
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FIG. 11. Depinning angle as a function of re
duced temperature for the irradiated region of t
crystal measured in applied magnetic fields of
and 4 T. Solid lines are a guide to the eye. Ins
shows the vortex pinning configuration in th
presence of a columnar defect.
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a slope which is roughly an order of magnitude larg
~216.7°/T!.

The values of the depinning angles have been reported
Tl2Ba2CaCu2O8 films irradiated with Xe ions24 and Ag
ions.15 In the Ag-irradiated films, the onset of pinning occu
at T/Tc0;0.85 and the maximum value ofQdepin reported
was;35° in an applied field of 1 T. For the Xe-irradiate
film, the value ofQdepin was also;35° for H51 T andT
580 K.24 The smaller values for the onset temperature a
Qdepin may be related to the smaller radius of the colum
defect and the greater anisotropy of Tl2Ba2CaCu2O8.

We can relate the observed angular depinning of the v
tex system with the microscopic pinning characteristics.
this end let us first consider the angular behavior of the lo
temperature pinning.72 We estimate the strength of the pin
ning energy per unit lengthUp from the depinning angle
When the field is applied at an angleQ with respect to the
columnar defect, a vortex line trapped in the columnar de
consists of three regions: a trapped piece of lengthl tr
52z1 cosQ and two ‘‘healing’’ regions~see inset to Fig.
11!. Such a structure of pinned vortices was reported
Sonin for the case of twin boundary pinning.73 Below we
derive the expression for the energy of a pinned vortex i
simple way. The calculations are performed for the case
an isotropic superconductor. Generalization of the results
the anisotropic case is done using the scal
transformation.74,75The energy of the trapped region is give
by

E15E F«12 S dudzD
2

1
K

2
u2Gdz2UPl tr , ~3!

where«1'@F0
2/(4pl)2# ln(a0 /j) is a linear tension energy

a0;AF0 /B is the distance between vortices, (K/2)u2 rep-
resents the ‘‘cage potential’’ arising from the interaction w
the other vortices, whereK5F0B/(4pl2), andUp is the
pinning potential per unit length of the defect. The elas
approximation for the tilt energy is valid for tilting angle
u!1 for an isotropic superconductor which, according to
scaling rules,74,75 corresponds to tanu!g for the anisotropic
case. ThusE1 can be expressed as
r

or

d
r
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ct
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e

E152SUPz11
«1
2
z1u

21
Kz1

3

6
u2D . ~4!

In the healing region, the vortex displacementu(z) obeys the
equation

2«1
d2u

dz2
1Ku50, ~5!

and therefore decreases exponentially asz1Q exp(2k0z)
wherek05AK/«1. The energy of the two healing regions
given by

E252E dz K~z1u!2exp~22k0z!5AK«1~z1u!2, ~6!

so the total energy gain of the pinned vortexEpv5E11E2 is
given by

Epv522UPz11
«1
3/2u2

AK
~k0z111!321

3
~7!

and minimizing with respect toz1 gives

k0z15A2UP

«1u
221. ~8!

Therefore at low temperatures, where thermal energies
be neglected, the depinning angle coincides with the acc
modation angle, where the accommodation angle is the a
at which the trapped length goes to zero:52

uacc5A2UP

e1
. ~9a!

If the angle u is not small, we can replaceuacc with
tanuacc. The general anisotropic result following from E
~9a! and from scaling arguments can be written as
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tanuacc5A2UP

«̃1
, ~9b!

where«̃1'@F0
2/(4plc)

2# ln(a0 /j) is the linear tension of the
vortex line in ananisotropicsuperconductor. Using the ex
pression forz1 from Eq.~8!, and the scaling transformation74

we can write the energy of the pinned vortex in an ani
tropic superconductor as

Epv5
2«̃ 1

3/2

3AK
~ tanuacc2tan !2S tanuacctanu

1
1

2D . ~10!

Thermal fluctuations become important whenkBT becomes
of order Epv . At anglesu<uacc, where the characteristi
trapped length is of the order ofa0 /g, Epv;Upa0 /g. At
kBT,Upa0 /g, the depinning angleudepin is very close to the
accommodation angle~9b!. At higher temperatures whe
kBT.Upa0 /g, the depinning angle is determined by the
mal fluctuations and can be estimated by settingEpv equal to
kBT. Thus we can findUp from the depinning angle:

UP'«0F2kBT tanudepin
«0a0

G2/3. ~11!

In these equations,kB is the Boltzman constant,F052.1
31027G cm2 is the flux quantum,B is the applied magnetic
field, and «0'F0

2/(4plab)
2. In our calculations we as

sumed the temperature-dependent penetration depth
lab51400 Å/A2(12T/Tc0) andlc5glab .

Table I shows the results of these calculations where
estimateUp at T/Tc50.97 for both the U-irradiated crysta
and a twinned crystal in applied fields of 1 and 4 T. For t
U-irradiated region in an applied field ofH51 T, we should
calculateUp using Eq.~9b! instead of Eq.~11! sincekBT
,Upa0 /g5120 K. This yieldsUp'13108, which is less
than the value derived from Eq.~11!. The reason that we ge
the same order of magnitude whether we use Eq.~9b! or Eq.
~11! may be that atT/Tc50.87 we are in the region wher
Qdepin is approachingQacc. This is consistent with the tem
perature dependence ofQdepin for H51 T seen in Fig. 11.
The value ofQdepin begins to saturate at temperatures bel
;87 K, indicating a crossover from the depinning angle
the accommodation angle.

For the 1 T applied field, the pinning energy per u
length~from Eq. 9b! is approximately a factor of 2 higher i
the U-irradiated crystal than in the twinned crystal. For th
T applied field,UP is only ;25% greater for the U ion

TABLE I. Pinning energy per unit length calculated from th
depinning angle using Eqs.~9b! and~11! for the U irradiated region
of the crystal and for the twinned crystal.

Sample
Applied field

H(T)

Up (K/cm)

From Eq.~11! From Eq.~9b!

U ion irradiated 1 23108 13108

U ion irradiated 4 53107

Twinned 1 53107

Twinned 4 43107
-

as

e

e

t

4

irradiated crystal. The values ofUP drop with increasing
field for both samples, but the rate of decrease inUP is about
two times larger for the U ion irradiated crystal. The larg
field dependence of the U ion irradiated sample may be
lated to the applied field crossing over from one half t
matching field to twice the matching field in going from 1
4 T. Our results are of the same order of magnitude repo
by Dorosinskii et al. for twinned crystals. They report a
value of UP'107 K/cm for t;0.92 from low field,
magneto-optical experiments.76

F. Resistive properties across both irradiated
and unirradiated regions

Our unique irradiation geometry, which results in adjace
damaged and undamaged regions, allows the measure
of the vortex behavior in a composite region containing pa
of both regions. Figure 12 shows the normalized resistiv
as a function of temperature whenHic measured~a! across
the unirradiated region,~b! across a composite region, an
~c! across the irradiated region. These results show that
two regions of the crystal act like resistors in series. F
example, for theH50 T data, the superconducting transitio

FIG. 12. Normalized resistivity as a function of temperature
fields from 0 to 8 T for Hic for three different regions of the
crystal: ~a! unirradiated region,~b! across the interface of the irra
diated and unirradiated regions, and~c! the irradiated region. In all
three cases,J50.7 A/cm2.
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of each region is clearly reflected by the two sharp drop
resistivity in ~b! measured across the composite.

This ‘‘series’’ behavior is seen clearly in Fig. 13, whe
we plot the normalized resistivity for each region on t
same plot. In order to highlight the salient features of
curves, we rescaled the magnitude of the normalized re
tivity of each region so the curves would lie on top of ea
other. ~The scaling factors were 0.2 for the unirradiated
gion, 0.6 for the unirradiated region and 1 for the interfa
region.! The resistivity measured across both regions cle
displays a double transition, associated with the irradia
and unirradiated regions in the sample.

IV. CONCLUSIONS

The effect of columnar defects induced by uranium he
ion irradiation has been investigated in a twin-free crysta
YBa2Cu3O72d. The quality of this crystal is indicated by th
observation of a sharp ‘‘kink’’ in the temperature depe
dence of the resistivity associated with the first-order vor
liquid to solid phase transition. We used a mask during
irradiation of the twin-free crystal to fabricate a compos
sample where one part was nearly defect free and the o
part was populated with columnar defects induced by 1-G
uranium ion irradiation. This unique geometry enabled us
study the effect of vortex pinning due to columnar defec
while at the same time preserving the preirradiation cha
teristics in part of the crystal. Furthermore, it enabled us
study the vortex dissipation properties across a combina

FIG. 13. Rescaled resistivity as a function of temperature
measured across the irradiated region~solid circles!, the unirradi-
ated region~solid triangles!, and across both regions~open squares!.
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of the columnar pinned region and relatively defect free, u
pinned region, and directly demonstrate the dual nature
the dissipation.

Irradiation of the twin-free crystal completely suppress
the first-order vortex melting transition and shifts the irr
versibility line nearTc0 to higher fields. More remarkably
we see a reversal in the anisotropy of the irreversibility lin
for Hic andHiab, implying that the U irradiation-induced
columnar defects are strong enough to reverse the inhe
pinning anisotropy of the crystal. Furthermore, the onset
pinning in the uranium ion irradiated region appears at v
high temperatures~T'Tc0 , the zero-field transition tem
perature!, well into the superconducting fluctuation regim
of the vortex liquid state. This is unlike the situation seen
irradiation with lighter ions like Au and Xe, where the ons
of pinning occurs at much lower temperatures. The incre
in the temperature of the onset of pinning suggests that
size of the columnar defects has a dramatic influence on
pinning. This dependence may be related to a matching
fect between the radius of the vortex core~which is defined
by the temperature-dependent coherence length! and the di-
ameter of the columnar defect.

While we do not find the expected scaling of the resist
ity for a Bose glass in the irradiated region of the crystal,
do find the predicted cusp in the irreversibility line as a fun
tion of angle. The width of this cusp is larger than the valu
found in twinned crystals and is comparable to valu
reported77 for crystals with splayed 1-GeV Xe ion irradia
tion, again emphasizing the strong pinning ability of t
uranium-induced columnar defects.

Using a model which incorporates the vortex elastici
vortex-vortex interaction, and the pinning energy, and tak
into account the larger thermal energies, we obtain the p
ning energy per unit lengthUp from the value of the depin-
ning angles and find thatUp is larger and shows a stronge
field dependence in the U ion irradiated sample than
twinned crystals.
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