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Magnetic-field dependence of critical currents in proton-irradiated YBa2Cu307 —q films:
Conventional behavior of the pinning-force density
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We have measured the magnetic-field dependence (with the field applied perpendicular to the a b-
plane) at 77 K of the critical current density (J,) of a proton-irradiated YBazCu30& —z thin film.

When fluences of 2-MeV protons were varied from 0 to 2x10'6 protons/cmi, the transition tempera-
ture (T„) and the field at which J„vanishes were diminished slightly compared with the suppression of
J,. The curves of pinning-force density versus field can be scaled to follow a common functional

dependence, which indicates that the distribution of pinning energies in the film is not altered by in-

creasing proton irradiation. The pinning-force data indicate that the critical current is limited by

thermally activated flux creep between sites on the flux lattice, and the reduction in J„(H) is explained

by the suppression of T, with increasing proton damage.

A major obstacle to the application of high-T, super-
conductors for use in high magnetic fields is the suppres-
sion of the critical current density (J,) at high tempera-
tures (77 K) by magnetic fields much less than the upper
critical field, H, p. YBapCu30i —s has an extremely high
upper critical field, but the transport critical current van-
ishes at a much lower field (H ) closely related to the ir-
reversibility field H;„. '~ The irreversibility field is essen-
tial in defining a boundary in the H-T plane, the irreversi-
bility line. Above this line, the field cooled and zero-field
cooled magnetization curves coincide because the effects
of flux pinning become negligible.

While several models have been proposed to explain the
existence of the irreversibility line, no consensus has been
reached as to whether H;,„depends on just extrinsic fac-
tors (e.g., the underlying defect structure) or also on the
intrinsic parameters of the superconducting state (e.g., T,
or H„q). Recent magnetization data by Civale et al.
show that the irreversibility line and T, remain fixed even
while the critical current density of a single crystal of
YBapCui07 b is enhanced dramatically after irradiation
by protons. We present data measured on a YBaqCu3-
07 s thin film which show that changes in H (77 K)
after proton irradiation are due to reductions in T, by the
proton-induced damage.

Studies of the pinning-force density (F„) in convention-
al superconductors have shown that when the number of
defects is changed but the distribution of pinning energies
remains fixed, plots of F„vs H, can be scaled to lie on a
universal curve. To examine the effect of changing the
defect structure on the pinning energy distribution, we
have measured the pinning-force density of a proton-
irradiated thin film of YBapCu307 —b. Fp is derived from
inductive measurements of the transport critical current
as a function of applied field (H, ) at 77 K. After irradiat-
ing the film with 2-MeV protons, changes in J,(77 K,
H, ), H*, and T„are correlated to determine the effect of
the proton-induced damage on the film.

Two films were grown on (100) SrTiOi substrates by
pulsed-laser deposition. The films were analyzed by x-
ray diffraction and found to be c-axis aligned, and pole-

figure analysis indicated that only 90' misorientations
were present in the a-b plane. 6 The better film was select-
ed for the irradiation study based on the sharpness of its
superconducting transition (T, 88~0.25 K) and its
larger J, at 77 K, 3.29x10 A/cm . The values for T,
and J, are consistent with the results attained for high-
quality, in situ films grown at other labs. A beam of 2-
MeV protons was rastered across the film at room temper-
ature to produce four steps of equal proton dose (5x 10's
protons/cm ). The protons were prevented from channel-
ing by positioning the film's normal axis at a 7' angle with
respect to the beam direction. The 2-MeV protons did not
lose a significant fraction of their energy traversing the
3000-A film, so the depth profile of the damage was essen-
tially uniform.

The technique used to measure T, and J, of the films is
described completely in Ref. 7. Briefiy, the transition
temperature (T, ) and critical current density (J,) are
measured using an ac technique which induces transport
currents in the film. Currents at frequencies of 10 kHz
(T„measurement) or 1 kHz (J, measurement) are passed
through a coil coupled to the film. As the temperature or
the amplitude of the ac drive current is varied, changes in

the harmonic content of the coil voltage are correlated to
T, or J„ofthe film being measured.

The critical current was measured at 77 K in magnetic
fields generated by a superconducting solenoid held in the
persistent-current mode. The field was applied normal to
the film's surface (parallel to the c axis) for each measure-
men't so that the least favorable pinning direction was
sampled. After each field change, the sample was warmed
to 120 K and then cooled in the applied field to reduce
ambiguities arising from stray shielding currents in the
film. This allowed measurements of J, to be reproduced
to within 5%.

We generally see that the film's superconducting and
normal-state properties are degraded by the proton irradi-
ation. The room-temperature resistivity increases from
285 to 354 pQcm over the full course of the irradiation,
and J, is depressed sharply with field and with increasing
proton dose. The pinning-force density, calculated from
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FIG. 1. Pinning-force density vs applied field at 77 K.

the critical current density (F~=J, XB,), is plotted in

Fig. 1. The plot shows that poH*, the field at which F~
approaciies zero, decreases iittle with increasing proton
fluence, compared with the decrease in height of each
curve, F„'".

Scaling F„by F„'" and H, by H* and plotting f
(F„/FP'") vs h (H /H*) reveals the common functional
form for the pinning-force density plotted in Fig. 2. This
functional form is similar to the measurements of
Kerchner et al. on YBa2Cu3Q7 b thin films, and to re-
sults--that- we -have wbt ai ned-i n-- YBa2Cu3O7= bt-hin--film@-

deposited on MgO and LaA103 substrates. The function-
al dependence of the scaling is similar to that observed in

many conventional superconductors, namely, F~/F~
'"

cx: (H, /H, 2) ' (1 —H, /H, 2) . However, the field depen-
dence seen in Fig. 1 differs from that observed in conven-
tional superconductors in that the scaling field H* (-5
T) is much lower than the upper critical field (=26 T).
At low temperatures, the appropriate scaling field should
be H„2 because the ratio, H, /H, 2, partially defines the
elastic moduli of the flux lattice. This apparent incon-
sistency between data measured on YBa2Cu307 s and
classical superconductivity theory is resolved by consider-
ing the thermally activated hopping of fluxoids between
flux-lattice sites (i.e., thermally activated flux creep). '

Specifically, Tinkham ' has shown that the field-
induced broadening of the resistive transition can be ex-
plained by thermally activated flux creep. This model has
been extended by Hettinger et aI. " to describe the scaling
of the pinning-force density in thin films of YBa2Cu3-
07 —$. They assume that the critical current at low mag-
netic fields is characterized by single-particle pinning, and
that at some crossover field, the single-particle pinning is
then limited by flux creep. The measurements that we re-
port here extend to low fields where the field dependence
off„ is found to be h '~-', as shown by the inset of Fig. 2.

In the flux creep model, macroscopic currents in the su-
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FIG. 2. The scaled pinning-force density, where the scaling
field is defined from the point at which J, approaches zero. The
solid line is proportional to h ' (l —h) ' and the dotted line

represents a fit to Eq. (2).

J, B=(ksT/VqL)sinh '{exp[Uo/ka T —ln(vo/v, )]I .
(1)

(v„/vo is the ratio of the minimum detectable vortex drift
velocity to that with the vortices completely depinned, Uo
is the pinning energy, observed to be proportional to
1/B, ' ' Vg is the volume over which the driving force on

a moving flux bundle is determined, and L is the distance
over which a bundle is moved. ) Tinkham argues' that an

energy of the order of the difference between a square and
a triangular Abrikosov lattice is needed to move a flux

perconductor tip the potential wells that trap the flux bun-
dles. ' As the current density is increased, the flux bun-
dles are accelerated to a drift velocity v by the Lorentz
force. Once the vortex drift velocity reaches a critical
value, v, , dissipation in the film is detected. Thus, a volt-

age or resistance criterion can be defined in terms of i,
In our experiment, the current-dependent dissipation re-
sults in the appearance of components of the coil voltage
at odd harmonics of the drive frequency. Then, J,. is
defined by extrapolating, to zero voltage, a line tangent to
the third-harmonic voltage versus current curve at the
point corresponding to an electric field of 10 p V/cm. "

In the limit of strongly interacting vortices, the fluxoids
form an ordered lattice. The lattice may be distorted by
the pinning forces so that only short-range order is ob-
tained; nevertheless, thermally activated motion of flux-
oids dissipates energy in the superconducting state. To
describe the thermally activated hopping of flux bundles
between sites on the flux lattice, the pinning-force density
can be written as'
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bundle from one lattice site to the next. The hopping en-

ergy can then be written as Up=0. 02(4xpo)H&(fo/8
(H, is the thermodynamic critical field, ( is the Ginz-
burg-Landau coherence length, and pp is the flux quan-
tum. ) Hettinger et al. ' ' argue that Vd can be represented
as a parallelepiped with dimensions N4 coherence lengths
in the field direction, N3 magnetic penetration depths (X)
in the direction of motion, and N2 flux-lattice spacings
[ap (pp/8) '/ ] wide. Then, VdL can be written as
VgL N) gPp/8 where N =N2N3N4. We rewrite Eq. (1),
by substituting the above relations for Uo and VJL, the
depairing critical current (J p 4H /3K6A, ), and the
Ginzburg-Landau relation (leap 2J2irppH P, ),

F„F„(8/Bp)sinh ' [exp[in( up/u, )(Bp/8 —1)]j, (2)

where Bp (0.0343&p)J,p/kaTln(up/u, ) and F~ =0.06
x J6rrppH J p/N ill(up/u„). Thus, the pinning energy can
be scaled in terms of the parameters Bp and F~, if
ln(up/u, ) is constant. The last assumption is reasonable
for the data presented here because up/u, should be rela-
tively insensitive to irradiation.

The pinning-force density data of Fig. 2 are scaled to
unity by Fp

'" and H . Since the scaling which would be
appropriate to Eq. (2) is different, the parameters F„'"
and H* are converted to values corresponding to F„and
Bp by fitting the data of Fig. 2 to Eq. (2) using F~, Bp,
and ln(up/u, ) as adjustable parameters. We fit the data
using a nonlinear-least-squares routine and then calculate
the values of 8„/N and J,p from F„and Bp, respectively.
The constant, ln(up/u„), is found to be 6.6; Bp and J,p are
plotted in Fig. 3 as a function of their expected tempera-
ture dependences' [J,.$ =1 —(77 K)/T, and (1 B.p/—
N)'/ =(77 K)/T, .]. The linear correlation seen in these
plots indicates that the decrease in the critical current
with proton irradiation can be explained by the reduction
of T, in the bulk of the film. We estimate that ED=0.74
mV/cm based on the experimental criterion for J„E,= 10
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FIG. 3. J„P vs T/T„(solid squares) and (l —Bo) '~ vs T/T,
(open circles). The linear correlation of the plots indicates that
the radiation is changing the field dependence of the critical
current by reducing T, . Note that J„0=1 l MA/cm corre-
sponds to UOB=U =0.10 eVT, in agreement with the values
reported in Ref. 12.

pV/cm, and the value of ln(up/u, ), 6.6, found by fitting
the scaled F~ vs 8 data. In a 2-T field, the corresponding
drift velocity is =0.3 m/s, consistent with the predictions
of the Bardeen-Stephen theory. "

This picture changes at low fields where the fluxoids are
spaced far enough apart that they probably interact indi-
vidually with the pinning sites rather than with their
nearest neighbors in the Abrikosov lattice. The JB
dependence of F„ that we observe in low applied fields
(see Fig. 2) is similar to that predicted by Kramer3 for
plastic shearing of the vortex lattice and by Dobro-
savljevic-Grujic' for pinning at parallel grain boundaries.
However, since the fluxoids are pinned individually, the
functional dependence of F„on 8, depends on the details
of the microstructure of the pinning sites rather than on
the dynamical properties of the flux lattice. ' ' The
change in the field dependence of F„may indicate that
8, =1 T marks a crossover from a region ~here the pin-
ning volume (V„) is determined by the inter-vortex spac-
ing to a region where V„ is fixed by the spacing between
pinning sites.

Pinning-force data have been obtained from magnetiza-
tion data measured on single crystals of YBa2Cu307 —& by
Li et al. ' They observe a functional dependence for F~,
F„rr-h (1 —h), that is difl'erent from the one we observe
in thin films. One explanation for this difference is that J,
is several orders of magnitude smaller in single crystals
than in thin films of YBa2Cu307 s. This indicates that
the defect structure responsible for the flux pinning is
different in thin films from that in single crystals of
YBa2Cu307 —~. Also, there can be problems with the
determination of J, from magnetization measurements.
Daeumling, Seuntjens, and Larbalestier point out the
difficulties in inferring J, values from magnetization
versus applied field data, especially in oxygen-deficient
YBa2Cu307 —b single crystals.

Our result that J,. (77 K) is monotonically reduced by
radiation damage is consistent with the observations of
other investigators. Roas et al. ' see similar reductions
for thin films of YBa2Cu307 —b irradiated by

' 0 ions.
However, our observations differ from the data of
Schindler et al. where the J,. of a neutron-irradiated thin
film of YBa2Cu307 q is enhanced at small fluence levels.
One explanation for this difference is that the neutrons do
less damage per unit fluence than charged particles and so
produce a different type of defect. '

The effect of irradiation on bulk materials is quite
different from that on thin films. Experiments by van
Dover et al. ' show that flux pinning in single crystals of
YBa2Cu307 —b is enhanced by proton irradiation. In
another study,

-' not only J, , but also the irreversibility
line, is shown to increase upon irradiation of bulk
YBa2Cu307 —~ by fast neutrons. This contrasts with the
data of Civale et al. -" which indicate that while J, (H,77.
K) is enhanced, the irreversibility line remains fixed in

single crystals of YBa2Cu307 —& irradiated by protons.
The measurements of Ref. 25 probe the effect of tern-

perature changes and irradiation on the scaling of the
pinning-force density in single crystals of YBa2Cu307 —b.

The data show that the field dependence of the pinning-
force density, measured at different temperatures, can be
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scaled to follow a universal function. The same is not
demonstrated for pinning-force density data measured at
different levels of radiation damage (for fluences similar
in magnitude to those reported here in thin films) in

YBa2Cu307 —b single crystals. Rather, for radiation doses
small enough so that T, remains unchanged, the value of
F„'" in single crystals increases by a factor of 10 while
the value for Bo does not change. At the highest dose
(8 x 10' cm ), T, is reduced by 4 K and Bo(77 K) is de-
creased roughly by —,

' . In contrast, the J, data presented
here show that F~ '", BD, and T, decrease monotonically
over the full range of applied irradiation doses. Moreover,
the scaling of the pinning-force density with irradiation
dose is shown to be consistent with the changes in T,.

The test for scaling indicates that radiation changes the

distribution of pinning energies in single crystals but not
in thin films. The as-grown single crystals are relatively
free of defects so that radiation enhances flux pinning as
long as the doses are low enough that T, is not affected.
In contrast, the as-deposited films may have a high
enough density of defects that the pinning is already opti-
rnized. Further damage reduces T, and the pinning ener-

gy, in a manner consistent with predictions of the
Anderson-Kim flux creep theory. '
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