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VOLUME 65, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AU@US+ 1990Defect
Independence of the Irreversibility Line in Proton-Irradiated
Y-Ba-Cu-0 CrystalsL. Civale, A. D. Marwick, M. W. McElfresh, T. K.
Worthington, A. P. Malozemofl, and F. H. Holtzberg

IBM Thomas J. 8 atson Research Center, Yorkto~n Heights, Ne~
York 10598-02183. R. Thompson

Solid State Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831M. A. Kirk

Materials Science Division, Argonne National Laboratory,
Argonne, Illinois 60439(Received 15 March 1990)Flux pinning in
Y-Ba-Cu-0 crystals is studied as a function of fluence of 3-MeV
protons, which create

random local defects. Order-of-magnitude increases in the
critical current density are deduced frommagnetic hysteresis loops,
with values up to 2x10' A/cm observed at 77 K and 1 T. However, the
ir-reversibility line in the field-temperature plane and the
pinning potentials deduced from flux-creep stud-ies are hardly
changed. These results are compared to melting and pinning
models.PACS numbers: 74.60.6e, 74.60.Jg

One of the major surprises in the high-temperature
su-perconductors has been the discovery of a more complexmagnetic
phase diagram than the behavior observed inconventional type-II
superconductors. The main newfeature' is the appearance of an
irreversibility line' inthe field-temperature (0-T) plane which
separates re-gions of reversible from irreversible magnetic
behaviorwithin the Abrikosov mixed phase region. The onset
ofirreversible magnetic behavior across this line correlatesclosely
with the onset of critical currents and nonlinearI-V transport
characteristics, and it occurs well belowthe conventional
diamagnetic upper critical Geld H, 2.The interpretation of this
line has been the subject of in-tense study, ' with theoretical
proposals ranging from agranular superconducting model, to
thermally activateddepinning of vortices out of defect potential
wells, tovortex-lattice melting, ' to vortex-glass freezing. While
such theories are still at an early state of devel-opment, it is
obviously essential to establish the basic ex-perimental features
of the irreversibility line. Its upwardcurvature in the H-T plane'
and its approximately loga-rithmic or weak power-law dependence on
frequencyare well established, but little is known about its
depen-dence on the nature and density of defects in the materi-al.
Since the irreversible behavior below the line, whichis closely
related to the critical current density, dependsdirectly on the
defect pinning, it is natural to supposethat the irreversibility
line will also.The central result of this paper is, however, that
the ir-reversibility line is found to be largely independent of
thedefect density in well-characterized Y-Ba-Cu-0 crystals,even at
defect levels which enhance the irreversible mag-netization by more
than an order of magnitude. As willbe discussed below, this result
is diScult to reconcilewith most existing theories. It is a basic
feature of theirreversibility line in Y-Ba-Cu-0 to be considered in
thefurther development of any theory. We also report aclosely
related and novel observation, namely, that the

eff'ective activation energy determined in flux-creep
mea-surements is almost independent of defect density. Afurther
implication, at least in the perspective of the pin-ning theory,
would be that the operative defects deter-mining the critical
current density in the as-grown crys-tals are the same as those
introduced by the proton irra-diation, which we use to controllably
increase the defectconcentration. This suggests the likelihood of
the localdefects being oxygen vacancies or interstitials, since
oxy-gen defects are the ones most likely to exist in the
unirra-diated crystals.

Five well-characterized fully oxygenated Y-Ba-Cu-0twinned
crystals have been used in these experiments.Initial T, 's were
near 93.5 K, and transition widthsd T(0.5 K. Typical dimensions
were 1 x 1 x0.03 mmwith the c axis parallel to the shorter
dimension. Detailsof sample preparation have been reported
previously. 'Radiation damage is a standard procedure to
controll-ably introduce defects into a material, and there havebeen
many studies in high-T, materials using mostlyneutrons, but also
ions and electrons. ' However, sofar these studies have
concentrated on increasing criticalcurrent density rather than on
the physics of the irrever-sibility line. We chose to use 3-MeU
protons, irradiatingat room temperature at a flux of 3x10' cm secAt
the highest doses used in these experiments (2x10'cm ), T,
decreases by no more than 2 K. The range of3-MeV protons in
Y-Ba-Cu-0 is about 45 pm, greaterthan the crystal thickness. Their
predominant interac-tion is to displace atoms in small,
uncorrelated clusters ofone or a few displacements. But, about 30%
of the totaldisplacements are generated in higher-energy
events,also uncorrelated with one another, in which clusters of0
displacements are produced. Neutron irradiationproduces similar
clusters. Monte Carlo calculations'show that on average each 3-MeV
proton produces -6displacements in penetrating 30 pm (assuming a
dis-placement threshold of 20 eV). The calculated mean
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VOLUME 65, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AUC'US~
1990concentration of displaced atoms for a dose of 10' /cmis 270
ppm varying + 30% with depth.Since at least some
irradiation-produced defects aremobile at room temperature, it is
to be expected thatpoint-defect clusters and extended defects will
nucleateand grow during and after irradiation. Electron micros-copy
has been used to characterize this post-irradiationmicrostructure.
Initial TEM observations after irradia-tion to a dose of 2x10' cm
show the presence ofsmall clusters, about 30 A in size spaced -300
A apart.These observations support the notion that the
defectscaused by proton irradiation are random, but they leaveopen
the question of whether the dominant contributionsto flux pinning
are from the larger clusters or from back-ground of defects which
may not be visible in electronmicroscopy.Magnetization hysteresis
loop measurements M(H)for applies fields H up to 5.5 T in the H llc
orientationwere performed in a Quantum Design SQUID magne-tometer.
Figures 1(a) and 1(b) show M(H) of crystalNo. 3 at T 5 and 77 K,
respectively, for various irradi-ation doses. The most relevant
feature of these figures isthe systematic enhancement of the
irreversible magneti-zation with increasing dose. The data in Fig.
1(a)emanating from the origin represent the virgin magneti-zation
curve after zero-field cooling, and the constancyof the initial
slope confirms that the amount of supercon-

1x]04

ducting material is not significantly reduced at these lev-els
of irradiation. In Fig. 1(b), which shows the data at77 K, a new
feature is evident: the presence of a reversi-ble M(H) regime at
high fields, with a field onset nearlyindependent of dose. A more
sensitive measure of theonset of reversibility is provided by the
ac susceptibilitymeasurements described below.We have used the M(H)
data to extract the criticalcurrent density J, corresponding to
currents flowing inthe a-b plane, according to the Bean model. '
The dosedependence of J, at 77 K and H 1 T, in the inset toFig.
1(b), shows a linear initial rise followed by a satura-tion and an
eventual decrease at higher doses. In othercrystals a peak value of
close to 2&&10 A/cm was ob-tained, ' comparable to values
reported recently for oth-er irradiation techniques. ' 'sWe have
also studied the time relaxation (flux creep)of the magnetization
of crystal No. 1 at H=1 T andvarious temperatures from 5 to 60 K
using a SQUIDmagnetometer, both before and after irradiation to
adose of 10' cm . The sample was cooled to thedesired temperature
in zero field. Because of the largecritical current in the
irradiated crystal, it was necessaryto cycle the crystal around a
hysteresis loop before stop-ping at 1 T to ensure that the crystal
was in the criticalstate. The magnetization M(t) was then recorded
over aperiod from 100 to 10000 sec. A logarithmic decay ofM as a
function of time was observed for all the temper-atures measured,
for both the unirradiated and the irra-diated states. If we use the
conventional flux-creep rela-on 22~23

5x103EO

-5x10~0

1x10~

100

-100

4x101 I I 10H (oe)FIG. 1. Magnetization M(H) vs magnetic field
of Y-Ba-Cu-0 crystal No. 3 for different doses of 3-MeV proton
irradi-ation, at (a) T 5 K and (b) T 77 K. Inset: Dose depen-dence
of the critical current at 77 K and 1 T. The doses are

given in units of 10 protons/cm'.

M(r) Mp 1 ln(t/tp)Uea

an effective activation energy U, ff can be obtained fromthe
slopes of curves of M/Mp vs 1n(t). Here tp is thevortex-hopping
attempt time. If we take Mo to be theinitial magnetization at the
beginning of the experiment,we obtain the results for kT/U, ff
[from Eq. (1)] asshown in Fig. 2. It is clear that irradiation
changes U, ffby less than 25% over the entire temperature
rangewhere reliable measurements were possible (T=5-60K), even
though the critical current density at 77 Kchanges by more than an
order of magnitude. We em-phasize that at all except the lowest
temperatures (e.g. ,above about 20 K in Fig. 2) U, ff is only an
effective ac-tivation barrier because the assumptions which led to
Eq.(1) break down in the limit of large relaxation (large T)and in
the presence of a distribution of barriers. Itsmeaning in the
context of recent theories of collectivepinning and the
vortex-glass transition ' ' will be dis-cussed elsewhere. The
apparently finite value of kT/U, ffas T approaches zero suggests a
tunneling contribution.A third measurement is that of the
irreversibility line,defined here by the peak in the loss component
g of theac susceptibility measured at 1 MHz. Shown in Fig. 3
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VOLUME 65, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AUGUST
19900.05

unIrradiated1x10 H 'cm6 ~ 20.03

E 0.020.01

~S--/

~~~ ~0.00

20 80FIG. 2. kT/U, rr as a function of temperature for sampleNo.
1, before irradiation and after irradiation to a dose of 10'cm .
The critical current at 77 K and 1 T for this crystal was2.2x 10'
before irradiation and 2.0&105 A/cm' after irradia-

tion.are the results for crystals No. 2 and No. 3, where theline
is only slightly shifted by the irradiation, in spite ofthe large
enhancement of J,. We have also made a pre-liminary measurement of
the frequency dependence ofthe irreversibility temperature at a
given field (7 T). Itis weak and approximately logarithmic, as
reported ear-lier, and, what is more, it is essentially the same in
irra-diated and unirradiated samples. This is a furtherconfirmation
of the apparent defect independence of theirreversibility line.
Whether the irreversibility line asmeasured by ac susceptibility is
an approximation ofa true phase transition or whether it represents
ameasurement-dependent crossover between fast- andslow-flux
dynamics is still unsolved. However, the ob-servation that the
onset of irreversibility is almost in-dependent of the irradiation
dose, when measured eitherby ac susceptibility or through dc
magnetization (al-though we recognize that the last technique
provides apoor determination of H;), is the central
experimentalresult of this paper.Next, we examine several
alternative models for the ir-reversibility line and flux creep.
The defect indepen-dence of the irreversibility line is at first
glance mosteasily explained by the vortex-lattice-melting model,in
which the line is determined by the competition be-tween
intervortex elastic energy which keeps the latticeordered and the
thermal energy which disorders it. Byassumption, defects play no
role here. Such a model isreasonable when the spacing of defects is
greater thanseveral vortex-lattice spacings. As discussed above,
how-ever, even the large clusters appear at spacings of only300 A,
while at I T, the vortex lattice spacing ao=Jyo/B is still about
450 A. Alternatively, if the pin-ning is weak enough, the vortices
can be pinned collec-tively, forming Larkin domains of ordered
hexagonalstructure, which are disordered only on a larger
lengthscale. Vortex-lattice melting of the type described abovecan
then occur inside the Larkin domains. However, it1166

0 l76 80T (K)

BB 92

FIG. 3. Irreversibility line H;(T) of samples No. 2 and No.3 as
a function of proton Auence, determined by ac susceptibili-ty. The
vertical scale has been shifted for clarity.remains to be
established theoretically how sensitive thesize of the Larkin
domains will be to the defect densityand what effect this should
have on the activation ener-

where a is the size of the potential well and V is
usuallyconsidered to be an activation volume. Thus, unless Vdepends
inversely on defect concentration, it is hard tounderstand our
experimental result that U could remainconstant while J, increases
strongly with concentration.If widely spaced pinning centers are
strong enough toindividually pin a vortex, which is elastically
bound to asurrounding bundle, U becomes the pinning potential ofone
defect, and V in Eq. (2) can be interpreted as thevolume per
defect. Then we obtain the desired resultthat U is constant and J,
scales with dose or defect con-centration. Once the distance
between defects becomessmaller than ao, V becomes limited by ao (at
least in thea-b plane) and there is a tendency for J, to saturate,
asobserved experimentally. Nevertheless, this picture is

Another widely considered model for the irreversibilityline is
based on thermal activation of vortices out of pin-ning wells. '
The hopping rate will be dominatedby a factor exp( U/kT), where U
is the barrier energy,and thus the irreversibility line is
essentially determinedby the condition U/kT const. With an
appropriate Hand T dependences of U, one can then explain the
ob-served H-T and frequency dependences. Our observeddefect
independence of the irreversibility line seems nice-ly consistent
in this perspective with the defect indepen-dence of the flux-creep
barriers U at low temperatures.

Nevertheless, problems in this picture arise from con-sidering
the conventional relation between J, and U,expressed in terms of a
pinning force per unit volume,

J,B U/a V,
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VOLUME 65, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AUGUST 1990put in
doubt by the likely presence of a higher density oflocal point
pinning centers. Evidence that these, ratherthan the larger
clusters observed in TEM, are therelevant pins comes from the fact
that the activation en-ergy barriers are essentially the same both
before andafter irradiation.

For a higher density of pinning centers, collective pin-ning
theory becomes relevant. In this case, the activa-tion volume V is
the Larkin-domain volume V, =R,Lwhere R, and L, are the transverse
and longitudinal di-mensions, respectively. The net pinning energy
is givenby 'z U, JWVwhere W is a mean-squhre pinningforce per unit
volume. For the localized defects generat-ed by the irradiation, W
will depend linearly on dose 4.R, and L, are known to scale as the
square of thevortex-lattice elastic moduli, divided by W.
Combiningthese simple relationships with Eq. (2) leads to the
re-sults that Ucz: I/@ and J, cz:@,which disagrees with
ourexperimental results. Thus three-dimensional collectivepinning
can be ruled out.In summary, we see that existing theories
havedifficulty reconciling our observation of the defect
in-dependence of the irreversibility line and activation bar-riers
with the simultaneous large increase in the criticalcurrent density
of these proton-irradiated Y-Ba-Cu-0crystals. The results are also
consistent with our obser-vations of comparable irreversibility
lineszs in laser-ablated Y-Ba-Cu-0 films which have even larger
criticalcurrent densities compared to the crystals. It will,
ofcourse, be important to explore other
high-temperaturesuperconductors, in which results could be quite
differentbecause of the different anisotropies or coherencelengths,
and to develop theories of the defect dependencein other models
such as vortex-glass freezing. The authors thank M. P. A. Fisher,
Y. Yeshurun, V.Vinokur, and T. Zabel for valuable discussions
andcooperation in this work. Technology development wasjointly
funded by IBM and the Oak Ridge NationalLaboratory High Temperature
Superconductivity Pro-gram, Office of Energy Storage and
Distribution, Con-servation and Renewable Energy, under Contract
No.DE-AC05-84OR21400, with Martin Marietta EnergySystems, Inc.
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