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Scaling of the hysteretic magnetic behavior in YBa2Cu307 single crystals
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We have studied the pinning force F~(8, T) in YBa2Cu307 crystals as a function of fluence of
3-MeV protons. For a given ion-damage level, we could reduce all F~ data to a single function of
reduced field b =8/8*, where the scaling field 8*(T)((H, z(T) is related to the irreversibility
line. This result rules out the possibility of matching eff'ects between the vortex lattice and the
distribution of pinning sites. We emphasize the influence of thermally activated relaxation in the
determination of F~ and compare the data with simple pinning models.

Shortly after the discovery of cuprate superconductors,
it became evident ' that their magnetic and magnetotrans-
port behavior was rather unusual, and the magnetic phase
diagram of this material continues to be a problem of con-
siderable interest and controversy. The existence of an
unpinned vortex regime at magnetic fields and tempera-
tures above the "irreversibility line" H;,„(T) is well estab-
lished. ' Several theoretical explanations for this un-

pinned regime have been proposed, including spin-glass-
like behavior, ' giant flux creep, melting of the vortex
lattice, ' and vortex-glass transitions.

Due in part to the technological interest, an enormous
number of studies of the critical current J, for YBa2-
Cu307 have been reported. Pinning in type-II supercon-
ductors results' from interactions between flux lines and
inhomogeneities in the material, which make the free en-

ergy of a vortex position dependent. The strength of the
pinning center can be characterized by a pinning potential
U. The pinning force per unit volume is F~ =U/(aV),
where a is the characteristic range of the potential well
and V is an activation volume. Usually, all the quantities
determining Fp can be written' in terms of the internal
field 8 and the temperature-dependent critical fields of the
superconductor. With few exceptions, this results ' ' '

in an expression for F~ consisting of a product of a
temperature-dependent factor and a function of the re-
duced field b =8/H, 2, where H, 2 is the upper critical
field. Thus, all the curves F~(8) measured at different
temperatures can be superimposed in a single curve of
F~/F„'" vs b, where F~ '"(T) is the maximum pinning
force at each temperature. This scaling property of the
pinning forces has indeed been observed' " in a large
number of traditional type-II superconductors.

In this paper we show that the pinning forces in

YBa2Cu307 single crystals can also be scaled, provided
that we replace H, 2 by another temperature-dependent
scaling field 8, related to the irreversibility line H;„„(T)
of the material. This diAerence in scaling behavior is a
consequence of the large relaxation rate in these samples.
The scaling is observed both in unirradiated and proton-
irradiated crystals. We discuss some implications in terms
of possible pinning mechanisms. Several well character-

ized, twinned single crystals of YBa2Cu307 were used.
Prepared using a flux growth method, ' the crystals ini-
tially had superconducting transition temperatures of
about 93.5 K, and transition widths AT, (0.5 K. Typical
dimensions were 1& 1 x0.03 mm with the c axis parallel
to the shorter dimension. Crystals were irradiated' at
room temperature using 3-MeV protons. At the highest
dose used (@=8 x 10' cm ), T, decreases by approxi-
mately 4 K. Measurements of the field- and temper-
ature-dependent magnetization M were made in a Quan-
tum Design superconducting-quantum-interference device
(SQUID) magnetometer at applied fields H ~ 5.5 Tesla,
for H parallel to the c axis. Samples were cooled in zero
field and temperature was stabilized to within 0.05 K prior
to field application and measurement. Scan lengths of 2
or 3 cm, providing a field uniformity of —0.05%, were
used.

Shown in Fig. 1 are plots of M as a function of H at
several temperatures, for the same YBa2Cu307 single
crystal both before and after proton irradiation of
@=6&10' cm . A large enhancement of the irreversi-
ble magnetization with irradiation is evident, as reported
previously. ' These M(T, H) results can be used to deter-
mine values of the critical current density J, (T,H) by
means of the critical state model. The simplest approxi-
mation (Bean model' ) assumes that J, is independent of
H. In this case, for a rectangular sample, ' J, =20AM/
L i [1 L i/3L2], where L i (—L2 are the sides of the rectan-
gle, and hM is the difI'erence between the upper and lower
branches of the M(H) loops.

Before pursuing this treatment we will determine the
limits of applicability. Our crystals are thin plates and H
is parallel to their shortest dimension t. In this situation,
the currents flowing in the sample generate' a radial
component of magnetic field. If H is small compared to
the self-field H, —J,t, the direction of the vortices will
diff'er significantly' from that of H, and will even be per-
pendicular to it in places. In that regime, the magnetic
moment depends' on two anisotropic components of J„
corresponding to current flow in the (a, b) planes with
vortices either parallel or perpendicular to the c axis
(J,' ' and J,' ' ' ), respectively. Using the Bean
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FIG. 4. Characteristic fields vs T for various crystals, includ-
ing upper critical field H, 2, the ac irreversibility line H;„, field
8 at which F~ extrapolates to zero, and field of maximum pin-
ning force Bm~x-

level of proton irradiation, thus ruling out the possibility
of matching between proton induced defects and the vor-
tex lattice. The existence of the bumps in the magnetiza-
tion of the unirradiated crystal is reflected in the f~(b)
curve as an upward curvature at low b (top curve of Fig.
2). In this case J, initially increases with 8, and so f~ in-
creases faster than linearly. In contrast, after irradiation
J, decreases monotonically with 8 and the upward curva-
ture in f~ is absent. This observation implies that the
relevant pinning centers differ in the two cases, but never-
theless both types of pinning sites satisfy a scaling rule.

Although the observed scaling of F~ resembles that fre-
quently found in traditional type-II superconductors,
there is an important difference. While in the low T, su--
perconductors 8 was scaled' by the experimental value of
H, 2, in our case H, 2 is too large to be measured' ' except
in a narrow temperature range close to T, . Consequently,
our scaling field 8~,„(T) is not determined independently.
The values of Bm,„(T)used to scale the six curves in Figs.
2 and 3 are plotted in Fig. 4. A more direct comparison
with traditional scaling can be established if we plot the
values of the field at which F~ drops to zero. Inspection of
Figs. 2 and 3 shows that such a determination is difficult
due to the long tails in the high-field region. An alterna-
tive approach consists of taking the linear portion of f~(b)
and extrapolating to fz =0, as indicated in Fig. 2. This
procedure determines a reduced field b* and another
characteristic field 8*=b*B,„, which is not the field
where F~ =0, but is a good approximation to it. The fact
that b* is temperature independent is a consequence of
the scaling law obeyed by F~, and implies that the scaling
field can be either 8 (T) or B,„(T);the latter is simpler
to determine experimentally. Values of 8*(T) for all the
crystals are shown in Fig. 4, along with H, 2(T) of a simi-
lar crystal. It is seen that the lines of 8*(T) lay far
below H, 2(T), reflecting the fact that high-T, supercon-
ductors present an unpinned vortex regime between
H, 2(T) and H;„,(T). As a consequence, the scaling field
8* should be associated with H;„, rather than with H, 2.

F =F p(1 8/8*) =F p(1 b/b*), (2)

where F~p
=J,08 is the pinning force in absence of

thermal efl'ects. In the Bean model' F~p= J,p(T)8
where J,p(T) is independent of B. In this approximation
the expression for f~(b) results in a parabola. The com-
parison with experimental data for an irradiated crystal is
shown in Fig. 3. The temperature dependence of J,o

disappears in the scaling procedure. A better agreement
with experiment can be achieved by using the Kim formu-
la J,p —1/[1+8/8 p(T)1, which implies F~p

—1/

The position of H;,„as determined' by ac susceptibility at
f=1 MHz is also shown in Fig. 4. The location of this
line is very similar in all the crystals measured. A com-
parison between the dc and ac results is difticult because
the data obtained by both techniques only overlap in a
small temperature window, between 76 and 80 K. In that
region, H;„„is about three times higher than 8*. Two fac-
tors contribute to this difference. First, it is seen in Fig. 2
that 8* underestimates the field where F =0 by no lessP

3than 20%. Second, H;„, in YBa2Cui07 crystals shows a
frequency dependence H;„„=C[ln(fp/f)] t (1 —t) t,
where t =T;,„/T„ fp=10 Hz, and C is independent of
frequency. Estimating that our dc data have an associat-
ed "frequency" of —10 Hz, corresponding to the
measuring time for each point, the ac H;„at the same fre-
quency would thus be a factor of -2.4 lower than the 1

MHz result. The combination of both effects produces a
factor of —2.9, which is almost exactly the experimental
value, thus giving further support to the assertion that H;,„
and 8* are measurements of basically the same phe-
nomenon. Although there is some dispersion in the 8*
curves corresponding to different crystals, no correlation is
observed between the location of the line and the dose of
irradiation. This result reinforces our previous conclu-
sion' that the location of H;„, is almost unaffected by pro-
ton irradiation, in spite of the large enhancement of J, in-
duced below that line.

The abrupt decay of f~ at fields much smaller than H, 2

is due to the fast time relaxation induced by thermal ac-
tivation. In a similar analysis ' performed in YBa2Cu307
thin films, the high-field portion of the f~(b) was fitted us-
ing standard flux creep. Invoking flux-creep models, we
outline a more general analysis that fits f~(b) over the
whole range, similar to phenomenological treatments.
A more complete study will be presented elsewhere.

We start with the usual expression for J, in the pres-
ence of flux creep, J, =J p[1 —(kT/U)ln(t/t p) l, and mul-
tiply by 8 to obtain the pinning force density

F~ =J,pB[1 —(kT/U)ln(t/tp)t .

If, as is frequently postulated, and observed in epitaxi-
al films, U=a(T)/8, the expression inside the square
brackets is linear in 8 and drops to zero at 8*
=kTa(T)ln(t/tp). It is important to note that Eq. (1)
only applies when kT&(U. When the thermal activation
becomes large, this approximation fails and Fz decreases
more slowly, thus originating a tail as experimentally ob-
served in Fig. 2. We can associate the linear decreasing
portion of f~(b) with the region of applicability of the log-
arithmic decay, and rewrite Eq. (1) as
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[1+(bp/b)]. The parameter bp=Bp/B, „can, in princi-
ple, depend on temperature. Assuming that it is tempera-
ture independent within our experimental range, it can be
determined by the condition that f~ peaks at b 1. The
result is bp =1/(b* —2). This fitting is also shown in Fig.
3. An almost perfect agreement with the experiment is
obtained if we assume that J,p —1/[1+ (B/Bp) ], al-
though we recognize that there is no theoretical justifi-
cation for this expression. In this case F~p 1/[(bp/b)
+(b/bp)] and bp=[b*/(b* —2)]'i. The result is also
shown in Fig. 3. This analysis shows that the maximum
eH'ective pinning force that can be obtained in these ma-
terials is strongly limited by thermally activated relaxa-
tion. There is increasing evidence ' that Eq. (1) is
modified in the intermediate temperature regime to a
form based on the vortex-glass theory, wherein J, =J,p/
[1+(kT/U)ln(t/tp)]' ". This model can, in principle,
produce a siinilar scaling with F~ vanishing for fields
below H, q, provided that p & 1. However, the comparison
of experiment with this theory is complicated by the fact
that, according to recent studies, zs p is both temperature

and field dependent. An analysis of our results in the con-
text of the vortex-glass model will be presented in a future
report.

In summary, we have shown that the pinning forces of
YBa2Cu307 single crystals, both unirradiated and proton
irradiated, obey a scaling law over the whole range of ex-
perimentally accessible temperature and field. The scal-
ing field is closely related to the irreversibility line. We
have analyzed the implications in terms of pinning mecha-
nisms and discussed the diA'erences between unirradiated
and irradiated samples.
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