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We report magnetoresistance measurements of the effects of 1-GeV uranium ion irradiation on a clean,
untwinned single crystal of YB&u;0,_ 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 geomd®{163-18207)00925-9

[. INTRODUCTION thereby reducing the range of the vortex liquid state and
making these materials more amenable for widespread tech-
The magnetic phase diagrams of the high-temperature smological application$3-3°
perconductors contain a rich assortment of phases whose Several experimental studies have addressed the micro-
properties depend on the number and type of defects presestopic pinning behavior of the columnar defects induced by
in the material. A large portion of the phase diagram is ocheavy ion irradiatiort®30%6-43 However, in many cases,
cupied by the vortex liquid state created by the high thermathese studies were conducted on thin films and twinned crys-
energies, small superconducting coherence lengths, and larggs, samples which contain a large number of pre-existing
anisotropies of these materials. In crystals which are relacorrelated defects. Furthermore, even among twin-free
tively free of defects, a first-order phase transition from asamples, one must also consider the role of oxygen vacancies
vortex liquid state to a vortex solid state has recently beenvhich could lead to large numbers of pre-existing point de-
reported in both BiSLCaCyOg (Refs. 1-4 and fects. In order to isolate the effects of the induced columnar
YBa,Cw,0;_ 5%t In the presence of defects, it has beendefects, it is important to begin with a clean, well character-
shown that the first-order transition is suppresSechnsis- ized crystal. Since the first-order melting transition is very
tent with theoretical predictions of a continuous phase transensitive to the presence of defects, the occurrence of the
sition to a glassy solid whose character depends on the nunmelting transition is a strong indication of crystal quality.
ber and dimensionality of the defecfs°A vortex glass has In this study, we present the results of 1-GeV uranium ion
been predicted to occur in the presence of weak randorradiation on a clean untwinned YBau;O;_ s single crys-
point defect® such as oxygen vacancies and atomic scaléal. This crystal displays a clear first-order vortex solid to
defects, while a Bose glass state has been predictetbr  liquid melting transition. We use a unique geometry to irra-
correlated defects like twin boundaries and the amorphoudiate the sample: one region of the crystal was masked with
columnar tracks induced by heavy ion irradiation. a tantalum foil while the remainder of the crystal was ex-
In addition to the wealth of fundamental scientific infor- posed to the heavy ions. A similar masking technique was
mation vortex studies can yield, there is also strong technorecently used by Haradet al,** where they performed Lor-
logical interest, since the commercial applicability of theseentz microscopy experiments on a,8f; {LaCyO, single
high-temperature superconductors relies heavily on theicrystal irradiated with Au. This allows us to study the effect
ability to carry high currents, which, in turn, is determined of the columnar defects on vortex pinning and compare di-
by the effectiveness of the pinning sites in these materials.rectly with the unirradiated region of theamecrystal. In
The columnar defects created by heavy ion irradiation araddition, the dissipation across a mixed region containing
among the most effective pinning sites in high-temperaturéoth areas can be studied.
superconductors. These defects enhance the critical current We performed electrical transport measurements in mag-
and shift the irreversibility line to higher temperatures, netic fields up to 8 T. We report on the effects of heavy ion
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irradiation on the superconducting properties including the

transition temperature, the current-voltage characteristics, the 1410 pm >
irreversibility line, and the angular dependence of the pin-
ning. We determine the pinning energy per unit length and —_—
compare the values with results on twinned single crystals. J
350 um —t—ip>
Il. EXPERIMENTAL SETUP *

The crystals were grown by a self-flux method using pow- /’
ders of Y,03, BaCQ,;, and CuO with a purity of 99.99% or . 4
better as described elsewhéreThe crystals were subse- C-axis Vv V

20 um

guently annealed for 10 days in flowing oxygen at 430 °C.
This method yields platelet-shaped single crystals with the
crystallographia axis perpendicular to the face of the plate-
let.

FIG. 1. Schematic drawing of the untwinned crystal used to
study the effects of U ion irradiation. One region of the crystal was

. . . irradiated with 1 GeV U ions and the ion beam was parallel to the
An untwinned and two twinned YBE&WO,-, single axis of the crystal. The current flowed in tla plane of the

Crysta!s Were'used .m olur study. The'untwmned S"?glef CryStagrystal and the voltage could be monitored in either the irradiated,
used in our investigation was obtained by detwinning theunirradiated, or across both regions of the crystal,

crystal under flowing oxygen at 420 °C while applying

uniaxial pressure in thab plane of the crystal. This crystal ,p pjane of the crystal. Current-voltage characteristics were

was a thin platelet with dimensions of 0.88(<1.41()  getermined with a dc current source and a nanovoltmeter.
% 0.02(t) mm®. The electrical contacts were made to the Measurements in an applied magnetic field were per-

crystal in the standard four-probe configuration. We attache¢,med by placing the crystal in the bore of two orthogonal
gold wires with silver epoxy which was cured in flowing superconducting magnets) & T longitudinal magnet and a
oxygen fg 6 h at 420°C. 1.5 T split-coil transverse magnet. The crystal was oriented
For the heavy ion irradiation, part of the crystal was cov-yith the ¢ axis of the crystal parallel to the longitudinal
ered with a tantalum mask and the other region was irradipyagnet and the net field was always directed perpendicular
ated with >*U*" ions at ATLAS (Argonne Tandem Linear  the current. FoH=1.5 T, the net magnetic field could be
Accelerator Systejnwith the ion beam directed parallel to rotated from-90° to —90° relative to thec axis of the

the ¢ axis of the crystal. The crystal was irradiateq at roOMcyystal simply by varying the relative magnitude of the two
temperature with a beam current of 1 enA and an ion energyi,q40nal fields. This technique can yield an angular reso-
of 1 GeV. The Monte Carlo simulation program TRansport sion of 0.005°*8 For fieldsH>1.5 T, the physical orienta-

. 6 . . .
of lons in Mattef® (TRiM) gives the range of these ions in o of the crystal must be changed in order to probe the full
YBa,Cu;O; as 28.4um, which is greater than the 260m angular range.

thickness of the crystal, ensuring that the ions traverse the
entire thickness of the crystal. The total irradiation dose was
1x 10" ions/cnf. At this dose, the number of vortices

equals the number of ion tracks in an applied magnetic field A. Transition temperatures
of 2 T. This field is referred to as the matching fielg, .

Ill. RESULTS

Figure 3 shows the normalized resistivity and its deriva-

Multiple electrical contacts were made on the crystal, two Or‘l[ive as a function of temperature for the unirradiated and the
the ends for passing the current in @iieplane of the crystal, . : X P : : .
irradiated regions of the untwinned crystal in zero applied

and four contacts for measuring the voltage in various re-
gions of the crystal as shown in Fig. 1.

Two twinned single crystals were measured to provide a a,b-axis
comparison of the pinning effects of twin boundaries with
the defects caused by U ion irradiation. These twinned crys-
tals, with dimensions on the order of0.8()x0.4(w)

X 0.05() mm®, were cleaved from a larger piece to obtain a
single family of twin boundaries oriented parallel to the long
axis of the crystal. Current contacts were attached so that the J
current flowed parallel to thab plane and parallel to the
twin boundaries as shown in Fig. 2. This geometry induces a
Lorentz force perpendicular to the twin boundaries when the
field is parallel to thec axis. In this configuration, the vorti-
ces experience the maximum pinning effect from the twin
boundaries[For a more complete study of the pinning prop- V

erties of twin boundaries, see Fleshédral. (Ref. 47).]

The resistivity was measured as a function of both tem- F|G. 2. Schematic drawing of the twinned crystals. The current
perature and field using a standard four-probe technique withowed parallel to the twin boundaries and in thb plane of the
low frequency (17 H2) ac currents. The current density crystals. The applied magnetic field was always oriented perpen-
ranged from 0.7 to 28 A/cfrand was directed parallel to the dicular to the current.

c-axis

A J
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FIG. 3. Normalized resistivity and its derivative as a function of ¥ o6l 111 =
temperature for both the unirradiated and irradiated regions of the e [ Hilab
crystal. Open circles and the solid squares represent the data for the = 0.4
unirradiated and irradiated regions of the crystal, respectively. The [
temperature derivatives are shown by the solid lines. The arrows < o2l a1
indicate the values of . for each region of the crystal. ) —e—oT
—o— QT
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magnetic field. We defin&.q as the peak in the temperature 75 80 85 K 90 95 100

derivative of the resistivitglp(T)/dT for the zero-field tran-
sition. The transition widthA Teo IS taken as. the_ difference FIG. 4. Normalized electrical resistivity of the unirradiated re-
between the temperatures at which the resistivity drops fro,n&ion of the crystal as a function of temperature for magnetic fields
90 to 10% of the extrapolated normal-state values..The Unit3pplied(a) parallel to thec axis and(b) parallel to theab plane of
radiated region of the crystal has a superconducting transine crystal. The current flowed in tlab plane and the fields ranged
tion temperatureT,, of 93.5 K and a sharp transition, from 0 to 8 T. In each case, the field was perpendicular to the

AT,<400 mK. In the irradiated regiofT,.o dropped by~5  current. The solid lines are a guide to the eye and the arrows in both
K to 88.5 K and the transition width increased by roughly afigures indicate the kink in the curve fét=8T.
factor of 5 t0ATo~2.1 K. This drop inT, is larger than is
typically reported for other, less massive, ion irradia-plot shows the normalized resistivity/p(T=100 K) as a
tions?®2"*° The normal-state resistivity was also dramati- function of temperature for applied magnetic fieldE<oH
cally affected by the irradiation, with the resistivity increas- <8 T. The transitions become broader and “fan-shaped”
ing about an order of magnitude after irradiation. For com-with increasing magnetic field. This broadening of the tran-
parison, Bourgaulet al?® measured the effects of 3.5 GeV sition abovep>0.5p, is usually attributed to thermodynamic
Xe ion irradiation on polycrystalline samples of flyctuations of the order paramef@3!In high-T, materials,
YBa,Cu,0,_5 for fluences ranging from 0 to-9x 10"  the effects of fluctuations are greatly enhanced because of
ions/cnf. They see an order of magnitude increase in thehe short coherence lengths, the large anisotropies, and the
normal-state resistivity for a fluence ef3x 10" ions/cnf  high values ofT.. The Ginzburg numbeB; is a measure of
and a drop b5 K in T, for a fluence of ~5x10"  the importance of thermal fluctuations and is related to the
ions/cnf. These doses are much larger than thel0™  temperature regiod T over which thermal fluctuations play
ions/cnf dose that our sample received. a role by AT/T.~G;. The Ginzburg number is given by
We performed linear fits to the normal-state resistivity. G, = 1/2(yT./H2£%)? andG;(H) ~ G;*3(H/H,) % 52 where
The extrapolated zero-temperature resistivity shows a changg s the thermodynamic critical fieldy is the anisotropy
from a small negative intercept in the unirradiated region ofyarameter ¢2=m,/m,,>1), wherem, andm,, are the ef-
the sample to a large positive intercept in the irradiated refective mass along the axis andab plane, respectivelyé is
gion. In addition, the slope of the resistivitp/dT increases  {he coherence length, ardl., is the upper critical field. In
by approximately a factor of 7 after the irradiation. Thesecqnyventional low-temperature superconductdgs,is very

changes indicate the presence of extensive damage througfiall. on the order of T07. However. in YBaCu;0,_,

out the bulk of the crystal from the irradiation. G, is much largerG,~10"2.5

Due to the anisotropy of the material, the broadening of

B. Magnetic-field dependence of the resistive transition the transition is more severe when the magnetic field is ap-
plied parallel to thec axis than when it is applied parallel to
theab plane. This can be seen if we look at the temperature

The resistive transition broadens in the presence of anangeT,y over which the reduced resistivity drops from 0.5
applied magnetic field and the zero resistance point shifts tto 0.1. ForHllab Ty, increases by a factor of 11 when the
lower temperatures with increasing field. This is shown forfield is increases from 0 to 8 TT\(0 T)~0.2K and
the unirradiated region in Figs(& and 4b) for the mag- T(8 T)~2.2K], but for Hllc T,y increases a factor of 50
netic field applied parallel to the axis and theab plane, over the same field ranggl(0 T)~0.2K and T(8 T)
respectively, with a current density df=0.7 A/lcn?. The  ~10K].

1. Unirradiated region
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FIG. 5. Electrical resistance and its derivative as a function of =4
temperature for the unirradiated region of the crystal in a magnetic =
field of 4 T applied parallel to the axis of the crystal. The arrow =)
shows the vortex melting temperatufg, . &
The resistivity in applied magnetic fields shows a smooth

decrease at higher temperatures followed by an abrupt kink
at lower temperatures where the resistivity drops very
sharply to zero. (The kink in the resistivity is indicated by
arrows in Fig. 4 for the transition inna8 T applied field. FIG. 6. Normalized electrical resistivity of the irradiated region
This kink occurs for both directions of the applied field, of the crystal as a function of temperature for magnetic fields ap-
Hllab and Hllc. The current-voltage characteristics of the plied (a) parallel to thec axis and(b) parallel to theab plane of the
crystal are very different for temperatures above and belowrystal. The current flowed in thab plane and the fields ranged
the kink. Above the kink, the behavior is Ohmice., the from 0 to 8 T. In each case the field was perpendicular to the
voltage is a linear function of the currgnthereas below the current. The solid lines are a guide to the eye.
kink, the behavior is highly non-Ohmic. This kink in the
resistive transition is associated with a first-order melting
transition of the vortex solid to a vortex liqutd!**°Recent The resistive transition in magnetic fields is dramatically
results by Fendriclet al® on simultaneous measurements of altered after irradiation with U ions. This can be seen in Fig.
both magnetization and resistivity show that the kink in the6é which shows the temperature dependence of the resistivity
resistive transition occurs at the same temperature and fieid the irradiated region of the crystal fddiic (a) and
as a jump in the magnetization. The jump in the magnetizaH|lab (b) for fields ranging from Od 8 T with a current
tion corresponds to a change in the vortex density on meltdensity ofJ=0.7 A/cn?. As discussed previously, the zero-
ing, a clear indication of a first-order transition. In Fig. 5 we field transition temperature is shifted down to 88.5 K, a drop
show both the electrical resistance and its derivative as af 5 K compared to the unirradiated region of the crystal.
function of temperaturenia 4 Tmagnetic field applied par- The resistive transitions in the irradiated region of the
allel to thec axis. Magnetic measuremehisdicate that the crystal do not display the kink associated with the vortex
onset of the melting transition occurs at the temperaturenelting transition. The resistivity drops smoothly to zero,
wheredp/dT first begins its sharp upturn, as indicated by theboth for the field parallel to the axis and to theab plane.
arrow in the figure. Another striking difference is that after irradiation, the an-
For fields applied parallel to the axis of the crystal, the isotropy in the resistivity is reversed. In the unirradiated re-
kink in the resistivity becomes noticeably less sharp as thgion, the resistive transitions were much broader Hhic
field is increased above 6 T. Safat al>* have presented than forHllab due to the inherent anisotropy of the relatively
data on a clean untwinned single crystal of ¥8e;0;,_s  clean crystal. In contrast, in the irradiated region the resistive
which suggest that forllic, the first-order melting transition transitions are much broader whettiab than forHlc (and
at low fields gives way to a continuous or second-ordet ion trackg. ForHllab, the “fan-shaped” broadening of the
phase transition at high fields. They find that this crossovetransitions in increasing field are even more pronounced than
occurs at a well defined value of the magnetic field,  in the unirradiated region of the crystal. However, Fbitc,
(H¢,~10 T in their crystal. They propose the existence of a the transitions are no longer “fan-shaped” and the slopes of
critical point in theH-T phase diagram, above which the the transition are nearly parallel.
first-order phase transition does not occur. The smearing out In the unirradiated region of the sample fdlic, the tran-
of the kink in our data foHllc at high fields is consistent sition width T, increased from T,(0T)=~0.2K to
with their interpretation, thoughl, appears to be lower in T,(8 T)=~10 K but in the irradiated regioii,, increases by
our crystal. However, it is interesting to note that forless than a factor of 3 fronil,(0 T)~1K to T,(8T)
Hllab, the kink still remains sharp for fields up to 8 T, indi- ~2.5K. ForH=38Tlc, the transition is roughly a factor of
cating that the critical point may occur at much higher fields4 broader in the unirradiated region of the crystal than in the
for this orientation. irradiated section. In addition, the temperature at which the

2. Irradiated region
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resistivity drops to zero is shifted up from~76 K in the 10 ‘ l \
unirradiated region td ~80 K in the irradiated region. a)

For Hllab, the transition width in the unirradiated region 8 i
increased fronT (0 T)~0.2 Kto T,,(8 T)=~2.2 K and in the
irradiated region it increases fronil,,(0K)~1K to 6 i
T,(8 T)~6 K. Unlike the case foHlIlc, the transition for =
H=28 Tllab is sharper in the unirradiated region than in the T 4 1
irradiated regior(by nearly a factor of # This is a complete
reversal in the anisotropy in the resistivity. 2 .

We were only able to perform measurements of the
current-voltage characteristics down TéT.~0.97 because 0
of the limited sensitivity of our nanovoltmeter, and for cur-
rent densities up te- 14 Alcn?, limited by the heating from 8 .
the contacts. Over this region, the current-voltage character-
istics displayed Ohmic behavior in the irradiated portion of ~ 6 1
the crystal forHllc. I

The Bose glass theory predicts a temperature dependence 4 1
of the resistivity which should scale as

2 4
pe(T—Tgo)®, (1)

wheres is field independent andlgg is the Bose glass tran- %_80 085 090 0.5 "1_00 1.05

sition temperature. While we do not find such a scaling be-
havior in the U ion irradiated sample, the resistivity for the
twinned crystal could be described by Ed) for Hiic. We FIG. 7. (a) Irreversibility line as determined from the vortex
found thats was field independent and equal t66.2+0.4  melting temperature for the unirradiated region of the crystal for
for fields up to 7 T. Our results lie in the range of previously Hllic (open trianglesand Hllab (open circles The solid lines are
reported values, wheres ranges from s~4 (for fits to Eq.(2). (b) Irreversibility line for the irradiated region of the
TI,Ba,CaCyOg thin films irradiated with Ag iong® to s crystal forHlic (solid triangle$ andHllab (solid squares Values

~6 for both thin films and irradiated twinned crystals of were determined from resistivity measurements using a criterion of
YBa,Cu,0;_ 5 13%° 1 uf) cm to defineT*. The solid line is a fit to Eq(2) and the
dashed line is a guide to the eye.

T/Te

C. Phase diagrams
Our results yield a value of=7.6x 0.6, which is in excel-

lent agreement with the previous resistivity measurements of
The magnetic phase diagram for the unirradiated portiodKwok et al’ and is within the range of the valuds<y

of the crystal is shown in Fig. (@ for both Hic and <10) obtained by other techniqué¥:®®

Hllab. The melting line was determined fromp/dT as

shown in Fig. 5. The melting line is shifted to much higher 2. Irradiated region

temperatures when the orientation of the magnetic field is

changed fronHlc axis toHllab plane. For both orientations

of the field, the irreversibility lines can be fit to an equation

of the form

1. Unirradiated region

In samples with correlated defects, the irreversibility line
is marked by the Bose glass transition temperaliyg, ob-
tained from Eq(1). In the irradiated region of the crystal, we
cannot extract g because we did not see the predicted scal-
T\2 ing of the resistivity within the sensitivity of our experimen-
H= HO( 1- T_) , (2)  tal setup. However, we can qualitatively map out an irrevers-
c0 ibility line by choosing a resistivity criterion 0p* =1 uQ)
where T is the zero-field transition temperature, aHg  cm to defineT*. Since this is in the Ohmic region for the
and « are fitting parameters. These fits are shown as solidrradiated portion of the crystal, this criterion is independent
lines in Fig. 71a). of the current and gives an upper bound for the irreversibility
As discussed by Blattest al,>? the power-law fit given in  line. Palstraet al. have argued such a resistivity criterion is
Eq. (2) is a compact form for expressing the behavior of themore meaningful for determining the onsetXfin high-T.
melting line, wherea is an “effective” exponent(for the  samples than a voltage criteri6hThe absolute position of
implicit equation, see Houghton, Pelcouits, and Si8bo the irreversibility line lies slightly lower in temperature in
The form given in Eq(2) is a convenient description of the the phase diagram than the nonzero resistivity criterion we
melting line from which we can extract information about use here. The results are shown in Figb)7for Hilc and
the anisotropy of the crystal. Our fits yielded valuesHaf; Hllab. At very low fields H<0.2 T), the irreversibility line
=77+*5T, «.=1.230.03 forHllc andHy,,=611=22 T, for Hllc lies below the line foH|lab. However, as the field
a,p=1.24+0.04 for Hllab. For Hllc, previously reported increases, the anisotropy of the irreversibility line reverses,
result€***"~*9ie in the range of 1.2 a<2. ForHllab our  with the irreversibility line forHlic shifted above the line for
fit value a,}, is consistent with previous reports by Kwok Hllab. The irreversibility line forHllab can be fit to Eq(2),
et al’ The ratio ofHg,,/Hq. Yields the anisotropy ratig. ~ with values ofa,,=2.1+0.1 andH,,=480+82 T. The ir-
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reversibility line forHIlc cannot be described by E@). The 1.00 ' . .

qualitative shape of the irreversibility line foHIllc is e
changed from a positive curvature before irradiation to a 0.98 .
negative curvature after irradiation. Similar behavior has also

been observed in AuRef. 16 and Pb-(Ref. 29 irradiated 0.96 7
YBa,Cu;O,; single crystals as well as Pb-irradiated 094 L |
Bi,Sr,CaCuyOg and Tl-based superconductSfdt has been '
suggestetf that the irreversibility line is determined by the 0.92 - .
temperature dependence of the strongest pinning centers in

co

TT

the sample. Thus the qualitative change in curvature may 0.90 1 e uniadiated e g proron - 7

arise from the differences in the temperature dependence of 1.00 — : - . o

the pinning of the pre- and post-irradiation defects in the T P) w4 T, Twinned —e—1T, Uirradiated

crystal. 0.98 L —s8—4 T, Uirradiated
0.96 | A |

D. Angular dependence of the irreversibility line ’:8 0.94
Although theory predicts a similar scaling of the resistiv- -

ity as p(T) approaches zero for both the vortex gldfs 0.92 8

point defecty and the Bose glasfor correlated defecjs 0.90 | _,f\" |

there is a pronounced difference in the angular dependence )

of the irreversibility temperature between the vortex glass 0.88 P L

and the Bose glass states. Due to the isotropic nature of point -100 -50 0 50 100

defects, the vortex glass theory predicts a smooth variation ©(degrees)

of the irreversibility line with angle, while the Bose glass

theory predicts a sharp upr’iI’d cusp in the |rrerrS|b|I!ty I|r_le FIG. 8. T*/T¢ as a function of the angle between the applied
as the angle betweer} th? field and t.he correlation dlr‘E’Ct'oﬁeld and thec axis of the crystal(a) Data for the unirradiated
approaches zero. This difference arises because the COM@gion of the crystal in an applied field of 0.5 T and for a proton-

lated volume near the vortex glass transition diverges isotrGyragiated crystal in applied fields of 1 and 4 (B) Data are shown

pically, but in the Bose glass the correlations diverge withior the region of the crystal irradiated with 1 GeV U ions in applied

two different correlation length’s. fields of 1 anl 4 T and for a twinned crystal in a 4 T field* was
This difference in the angular dependence of the irreversdefined as the temperature where 1 Q) cm.

ibility line can be seen clearly in Fig. 8 where we plot the

reduced irreversibility temperatui®*/T¢o as a function of  cusp is much broader for the U ion crystal than for the crystal
the angle® between the applied field and tieeaxis of the  wjth twin boundary defect§~30° as opposed to-9° in

crystal. In Fig. 8a) we plot T*/T, for the unirradiated re- H=4T), illustrating the strong pinning by the columnar de-
gion of the crystal in an applied field of 0.5 T. The irrevers- fects created by the U ion irradiation.

ibility line does not show any indication of a cusp near
=0°. For comparison, we also shoW*/T, in applied
fields of 1 aml 4 T for a typical untwinned single crystal with
a large number of point defects created by irradiation with 9 1. Unirradiated region
MeV protons to a fluence of:810 p/cn?.®® In this sample,
the irreversibility line decreases smoothly ne@r=0°,
which is consistent with the vortex glass theory.

In Fig. 8b) we plotT*/T.y, as a function of angle for the
U-irradiated region of the crystal in applied fields of 1 and 4
T with data on a twinned single crystal shown for compari-
son. Here, both samples have defects which are correlat
along thec axis (i.e., along®=0°) and both display the

E. Angular dependence of the resistivity

The behavior of the normalized resistivity is shown as a
function of the angle of the applied magnetic field with re-
spect to thec axis of the crystal foH=1T in Fig. 9. The
magnetic field was tilted from 907 to theab plane to 0° (|l
¢ axig) for T=92.4 and 90.7 K. In twinned crystals, there is
adsharp dip in the resistivity &4 becomes aligned with the
$Win boundaries ab=0°.7%%In our crystal, the resistivity
sharp “cusp” neai® =0° which is associated with the Bose Is a smooth function of the angle, which .is'typic;al for a
glass staté! We define the width of the cusp as half the clean, untvymne_d crystal. Note that .the re5|st_|V|ty IS .Iargest

when the field is aligned parallel with the axis and is a

angular distance between the minima . Neither the . SN ; .
width of the cusp nor the qualitative shape of the cusp gelnaximum when the field is parallel with tfeb plane. This

pended very strongly on our choice of resistivity criterion.angular depender)ce of the resistivity arises from _the anisot-
There was no discernible change in the width wp&nwas ropy of the material. In YB#Cu;0,, the mass anisotropy

: NI
varied from 0.5 to 1QuQ) cm. The width of the cusp in the U ratio (M /map,= ) lies in the range of 25-10Ref. 53 [as
ion irradiated sample decreases frenY0° to ~30° as the discussed above we fingf=(7.6)° in our crystal.

applied field is increased from 1 to 4 T. These results are
comparable to the value of a cusp width-e80° in a field of

3 T reported on a crystal irradiated with 1-GeV Xe ions at The angular dependence of the resistivity in the irradiated
+7.5° from thec axis creating splayed columnar defectsregion of the crystal shows a dramatically different behavior
with a total matching field oB,=2T. The width of the as shown in Fig. 1®). The data were obtained by applying

2. Irradiated region
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a 1 T magnetic field at selected angles with respect to the
¢ axis and then measuring the resistivity as a function of
temperature at each angle as illustrated in FigailOn Fig.
10(a) we showp(T)/p(100K) in a 1 Tfield applied at®
=-19.4°, 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 crystallo-
graphicc axis of the crystal. Figure 1B) was compiled by
extracting the value of the normalized resistivipy ()
[where p,,=p(T)/p(100 K)] at fixed temperatures from 85
to 91 K in 0.5 K increments. Sincg,(®) is symmetric
g about 0° we sep(—0)=p,(0) in Fig. 1Qb).
0 In contrast to the unirradiated region of the crystal, the
-100 S0 ( Y rees) 50 100 resistivity in the irradiated region of the crystal shows a pro-
& nounced dip nea® =0° for T<90.5 K. This dip arises
FIG. 9. Normalized resistivity as a function of the angle be- from the enhanced pinning of the vortices as they become
tween the applié 1 T magnetic field and theaxis of the crystal for ~ aligned with the columnar defects which are parallel to the

two different temperatures. The applied field was always perpenC axis. One remarkable feature of thg(®) curves is that
dicular to the current. the dip in the resistivity occurs even for temperatures in the

fluctuation regime, i.e., for temperatures above the midpoint
of the superconducting transition. The onset of this dip oc-
curs atT/T.o~1 and very close t@p,~0.75. We can com-
pare these results to those found for single crystals irradiated
with Xe and Au ion irradiation withB,=2 T,”* where the
onset of pinning occurred gt,=0.17 (Xe iong and p,
=0.28(Au iong), respectively. This is one indication that the
columnar defects created by U ion irradiation are highly ef-
fective pinners up to very high temperatures. These results
also indicate that the strength of the pinning increases with
the size of the ion used for the irradiation.

Another extraordinary feature of U ion irradiation is the
strength of the columnar defect pinning at large angles. This
is seen in the shape of thg(®) curves where,(®) first
—— increases with decreasinfg (similar to the unirradiated re-

83 84 85 86 87 88 89 90 91 92 gion of the crystal and then begins decreasing as sections of
T(K) the vortices become pinned by the columnar defects. We can
define the depinning angl@ 4, as half the angular distance
between the maxima ip,(®). The value of the depinning
angle is shown in Fig. 10) by the solid triangles, the dashed
line is a guide to the eye.

The depinning angle is shown as a function of tempera-
ture forH=1 and 4 T inFig. 11. These fields correspond to
B,/2 and B, whereB,=2 T is the matching field for this
crystal. In both applied fields, the depinning angle increases
roughly linearly with decreasing temperature n@gg and
then saturates to a maximum value at lower temperatures. In
a 1 T applied field, this saturation value+s75° andin 4 T
the value is~24°.

Doyle et al. reported the effects of 2.7-GeV U ion irradia-
tion on YBgCu;O;_ s thin films withB,=0.4 T3 They de-
terminedJ;(®) from magnetic measurements and found that
the irradiated film showed an enhancg&dup to angles of
~50° in a 1 T applied field at a reduced temperature
T/T,,=0.86. This value is considerably below the value we

FIG. 10. (a) Normalized resistivity as a function of temperature found from the res_lstlv_e measureme_nts, most likely because
for a 1 Tfield applied at various angles with respect to thaxis. ~ Of the lower matching field and possibly because of compet-
The onset of pinning is indicated by the arrow. The field was al-INg effects of the preexisting correlated defects in the film.
ways perpendicular to the currerih) Normalized resistivity as a We can also compare our saturation values to those re-

function of the angle between the applied field anddteis of the ~ ported by Fleshleet al.4_7 for twin boundary pinning. They
crystal for temperatures between 85 and 91 K in 0.5 K intervalsreported values of-25° in 1 T and~20° in 4 T and a linear

The depinning angle at different temperatures is show)iby the ~ decrease 00 ye,i{H) with a slope of—1.6°/T. In contrast,
solid triangles. The solid and dashed lines are a guide to the eyewe find a change of 50° in going from 1 to 4 T, representing

0.6
05
0.4

03 |

p(T)/p(100 K)

02 |

0.1

©(degrees)
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FIG. 11. Depinning angle as a function of re-
duced temperature for the irradiated region of the
crystal measured in applied magnetic fields of 1
and 4 T. Solid lines are a guide to the eye. Inset
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B N _ shows the vortex pinning configuration in the
) presence of a columnar defect.
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a slope which is roughly an order of magnitude larger 1 Kzi
(—16.7°/T). o Ei=2| Upzy+ = 2,6+ — 6%]. 4
The values of the depinning angles have been reported for 2 6

Tl,Ba,CaCuOg films irradiated with Xe ion& and Ag

ions®® In the Ag-irradiated films, the onset of pinning occurs

at T/T,~0.85 and the maximum value @ g, reported

was ~35° in an applied field of 1 T. For the Xe-irradiated

film, the value of@® g, Was also~35° for H=1T andT

=80 K.?* The smaller values for the onset temperature and

0 gepin May be related to the smaller radius of the columnar

defect and the greater anisotropy ofH#,CaCuyOg. and therefore decreases exponentially a® exp(—ko2)
We can relate the observed angular depinning of the vorwherek,=\K/e1. The energy of the two healing regions is

tex system with the microscopic pinning characteristics. Tagiven by

this end let us first gzonsider the angular behavior of the low-

temperature pinning. We estimate the strength of the pin-

ning energy per unit lengtkJ,, from the depinning angle. E2=2f dz K(z10)%exp( — 2Koz) = VKe1(216)2,  (6)

When the field is applied at an angB with respect to the

columnar defect, a vortex line trapped in the columnar defeco the total energy gain of the pinned vorey,=E; +E, is

consists of three regions: a trapped piece of length given by

=2z, cos® and two “healing” regions(see inset to Fig.

11). Such a structure of pinned vortices was reported by

In the healing region, the vortex displacemafit) obeys the
equation

d?u
_£1F+KU:O, 5)

e320? (kyzy+1)3—1

Sonin for the case of twin boundary pinni_?beeIow we Eppo=—2Upz;+ )

derive the expression for the energy of a pinned vortex in a VK 3

simple way. The calculations are performed for the case of

an isotropic superconductor. Generalization of the results foand minimizing with respect ta, gives

the anisotropic case is done using the scaling

transformatior’*"°> The energy of the trapped region is given 2Up

by Kozs=\ ;521 (8
€1 du 2 K 2 .

El:f = (_ + = u?|dz—Uply,, (3)  Therefore at low temperatures, where thermal energies can

2 \dz 2 be neglected, the depinning angle coincides with the accom-

modation angle, where the accommodation angle is the angle

heree,~[®2/(4m\)?]In(a,/&) is a linear tension energy,
wheres, ~[®5/(4mh)"]in(@0/¢) 9> at which the trapped length goes to zéfo:

ag~\®,/B is the distance between vortices/@)u? rep-
resents the “cage potential” arising from the interaction with
the other vortices, wherl=®,B/(4m\?), andU, is the 0 — [2Up
pinning potential per unit length of the defect. The elastic ace €
approximation for the tilt energy is valid for tilting angles

0<1 for an isotropic superconductor which, according to thelf the angle 6 is not small, we can replac@,.. with
scaling rules*"® corresponds to tafi<y for the anisotropic tand,... The general anisotropic result following from Eq.
case. Thu€k, can be expressed as (99 and from scaling arguments can be written as

(9a)
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TABLE I. Pinning energy per unit length calculated from the
depinning angle using Eq&b) and(11) for the U irradiated region
of the crystal and for the twinned crystal.

o U, (K/cm)
Applied field
Sample H(T) From Eq.(11) From Eq.(9b)
U ion irradiated 1 X10° 1x10°
U ion irradiated 4 5 10’
Twinned 1 5% 10’
Twinned 4 410

2U
tand = \ /.5—;’, (9b)

Where's"1~[@3/(4w)\c)2]ln(a0/§) is the linear tension of the
vortex line in ananisotropicsuperconductor. Using the ex-
pression forz, from Eq.(8), and the scaling transformatith
we can write the energy of the pinned vortex in an aniso-
tropic superconductor as

p(T)/p(100K)

25 32 tandaee 1
= — 2 —_racc, —
Epo 3K (tanfqc—tan) Tang 2). (10

Thermal fluctuations become important whieslT becomes
of order Ey, . At angles f< 0,.,, where the characteristic
trapped length is of the order @fy/y, E;,~Uyap/y. At

kgT<U,a,/v, the depinning angl@e,is very close to the

accommodation anglé9b). At higher temperatures when 75 30 85 90 95 100
ksT>U,a,/y, the depinning angle is determined by ther- T(K)
mal fluctuations and can be estimated by setiggequal to
kgT. Thus we can findJ, from the depinning angle: FIG. 12. Normalized resistivity as a function of temperature in
fields from O © 8 T for Hlic for three different regions of the
2ksT tanfgey; 213 crystal: (@) unirradiated region(b) across the interface of the irra-
Up~eg P (11 diated and unirradiated regions, afwl the irradiated region. In all
€089 three cases]=0.7 Alcn?.

In these equationdsg is the Boltzman constantp,=2.1
X 10 ’G cn? is the flux quantumB is the applied magnetic
field, and sow<b§/(4mab)2. In our calculations we as-

irradiated crystal. The values &, drop with increasing
field for both samples, but the rate of decreasb jnis about

” : o times larger for the U ion irradiated crystal. The larger
sumed the temperature-dependent penetration depth Wﬁgld dependence of the U ion irradiated sample may be re-

Nab=1400 A/N2(1—T/To) and o= yA,p. e .
Table | shows the results of these calculations where Wéated to the applied field crossing over from one half the

; = : . matching field to twice the matching field in going from 1 to
estimateU,, at T/T,=0.97 for both the U-irradiated crystal 4 T. Our results are of the same order of magnitude reported

and a twinned crystal in applied fields of 1 and 4 T. For the P :
U-irradiated region in an applied field 6f=1 T, we should by Dorosmskiet ?I' for twinned crystals. They report a
X ; : value of Up~10" K/cm for t~0.92 from low field,
calculateU, using Eq.(9b) instead of Eq.(11) sincekgT magneto-optical experiments
<Upao/y=120 K. This yieldsU,~1x10°, which is less '
than the value derived from E¢L1). The reason that we get
the same order of magnitude whether we use(Bh). or Eq.
(11) may be that aff/T.,=0.87 we are in the region where
0 gepin iS @approachingd ... This is consistent with the tem- Our unique irradiation geometry, which results in adjacent
perature dependence @y, for H=1T seen in Fig. 11. damaged and undamaged regions, allows the measurement
The value of0 4, begins to saturate at temperatures belowof the vortex behavior in a composite region containing parts
~87 K, indicating a crossover from the depinning angle toof both regions. Figure 12 shows the normalized resistivity
the accommodation angle. as a function of temperature whétic measureda) across
For the 1 T applied field, the pinning energy per unitthe unirradiated region(b) across a composite region, and
length(from Eq. 9b is approximately a factor of 2 higher in (c) across the irradiated region. These results show that the
the U-irradiated crystal than in the twinned crystal. For the 4two regions of the crystal act like resistors in series. For
T applied field,Up is only ~25% greater for the U ion example, for thed=0 T data, the superconducting transition

F. Resistive properties across both irradiated
and unirradiated regions
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irradiated portion
unirradiated portion
across both portions

H=6T |l ¢

of the columnar pinned region and relatively defect free, un-
pinned region, and directly demonstrate the dual nature of
the dissipation.

Irradiation of the twin-free crystal completely suppresses
the first-order vortex melting transition and shifts the irre-
versibility line nearT.y to higher fields. More remarkably,
we see a reversal in the anisotropy of the irreversibility lines
for Hilc andHllab, implying that the U irradiation-induced
columnar defects are strong enough to reverse the inherent
pinning anisotropy of the crystal. Furthermore, the onset of
pinning in the uranium ion irradiated region appears at very
high temperaturesT~T.,, the zero-field transition tem-
perature, well into the superconducting fluctuation regime
of the vortex liquid state. This is unlike the situation seen for
o _ irradiation with lighter ions like Au and Xe, where the onset
FIG. 13. Rescaled resistivity as a function of temperature agyf pinning occurs at much lower temperatures. The increase
measured across the irradiated regisolid circleg, the unirradi- in the temperature of the onset of pinning suggests that the
ated regior(solid triangle$, and across both regiotspen squarés ;6 of the columnar defects has a dramatic influence on the

L . pinning. This dependence may be related to a matching ef-
of each region is clearly reflected by the two sharp drops "fect between the radius of the vortex cdvehich is defined
resistivity in (b) measured across the composite.

This “series” behavior is seen clearly in Fig. 13, where by the temperature-dependent coherence Igrgild the di-

. T , ameter of the columnar defect.
we plot the normalized resistivity for each region on the

Lo . While we do not find the expected scaling of the resistiv-
same plot. In order to highlight the salient features of thfalty for a Bose glass in the irradiated region of the crystal, we

Yo find the predicted cusp in the irreversibility line as a func-

tl\t/rl]ty OfTiaCh rel_glonf S(i the curve; 2w;)ul(:hlle on tog_ Otf SaChtion of angle. The width of this cusp is larger than the values
other. (The scaling factors were 0.2 for the unirradiate "®found in twinned crystals and is comparable to values

gion, 0.6 for the unirradiated region and 1 for the interfacereported7 for crystals with splayed 1-GeV Xe ion irradia-

‘rjggmlm) The dreslI)SI'[IV::'[y m?[gsured acro?s dbotrtlhr(atﬁlons Cclﬁatrlélon, again emphasizing the strong pinning ability of the
isplays a double transition, associated wi e irradiateq -\ minduced columnar defects.

and unirradiated regions in the sample. Using a model which incorporates the vortex elasticity,
vortex-vortex interaction, and the pinning energy, and taking
IV. CONCLUSIONS into account the larger thermal energies, we obtain the pin-

The effect of columnar defects induced by uranium heaV)P!ng energy per u_nlt Iengtbl_p from the value of the depin-
ion irradiation has been investigated in a twin-free crystal ofN9 angles and ﬂn_d that, |s_larg_er ar_1d shows a stronger
YBa,CwO, 5 The quality of this crystal is indicated by the f|e]d dependence in the U ion irradiated sample than in
observation of a sharp “kink” in the temperature depen—tWInnGd crystals.
dence of the resistivity associated with the first-order vortex
liquid to solid phase transition. We used a mask during the
irradiation of the twin-free crystal to fabricate a composite This work was supported by the U.S. Department of En-
sample where one part was nearly defect free and the othergy through the Faculty Research Participation Program ad-
part was populated with columnar defects induced by 1-Ge\ministered by the Argonne Division of Educational Programs
uranium ion irradiation. This unique geometry enabled us tqLMP), by the National Science Foundation, Office of Sci-
study the effect of vortex pinning due to columnar defectsence and Technology Centers under Contract No. DMR91-
while at the same time preserving the preirradiation charac20000(J.A.F., A.E.K) and the U.S. Department of Energy,
teristics in part of the crystal. Furthermore, it enabled us tdBES, Materials Science under Contract No. W-31-109-
study the vortex dissipation properties across a combinatioeENG-38 (W.K.K., V.M.V., G.W.C., B.G.G).
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