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The introduction of columnar defects by irradiation with 5.8-GeV Pb ions is shown to affect significantly the
reversible magnetic properties of Bi2Sr2CaCu2O81d single crystals. Notably, the suppression of supercon-
ducting fluctuations on length scales greater than the separation between columns leads to the disappearance of
the ‘‘crossing point’’ in the critical fluctuation regime. At lower temperatures, the strong modification of the
vortex energy due to pinning leads to an important change of the reversible magnetization. The analysis of the
latter permits the direct determination of the pinning energy.@S0163-1829~96!50926-4#

The layered structure of the high-temperature supercon-
ductor oxides, in which strongly superconducting CuO2

planes are separated by weakly superconducting layers of
thicknesss, leads to a high sensitivity of the vortex lattice to
both pinning and thermal fluctuations, particularly in the
most anisotropic materials such as Bi2Sr2CaCu2O81d .

1 At
sufficiently low temperature, the vortices optimally adapt to
the pinning centers, which results in a large critical current
density j c and irreversible magnetization. However, as the
temperature or the field is increased, vortex positional fluc-
tuations eventually cause the rapid drop ofj c and of the
creep barriers,2 and the irreversible part of the magnetization
is suppressed. In the London limit, corresponding to fields
B much below the upper critical fieldBc2(T), vortex posi-
tional fluctuations, which correspond to fluctuations of the
phase of the superconducting order parameterc, also modify
the logarithmic field dependence of the reversible
magnetization.3 As Bc2(T) is approached, quasi-two-
dimensional~2D! fluctuations of the overall amplitudeucu
become important. The interaction between amplitude fluc-
tuations in the critical regime gives rise to the smooth behav-
ior of the magnetizationM around the field-dependent tran-
sition temperatureTc(B),

4 with the notable feature thatM is
field independent at the temperatureT* , i.e., it shows a
‘‘crossing point’’ as function of temperature.1,5

A theory that continuously describes the superconducting
fluctuations from the weak fluctuation regime above the
mean-field transition temperatureT0 , through the critical re-
gime, to the vortex state belowTc(B) was developed by
Tešanovićet al.5,6 The authors derived an explicit functional
form for the free energy of a 2D superconductor in a mag-
netic field that is in excellent agreement with experiments on
Bi 2Sr2Ca2Cu3O0 tapes and Bi2Sr2CaCu2O81d single

crystals.7 In particular, the magnetization in the critical re-
gime obeys the 2D scaling law5
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with m0Hc28 5(]Bc2 /]T)T5Tc
andA a constant given in Ref.

5. Moreover, the function~2! reproduces the ‘‘crossing
point.’’ Equation ~1! is valid for reduced fields
b[B/@(T2Tc)(]Bc2 /]T)T5Tc

#. 1
3 where superconducting

electrons are confined to the lowest Landau level.
In this Rapid Communication we showdirectly that the

introduction of very strong pinning centers, namely, amor-
phous columnar defects with radius comparable to the
Ginzburg-Landau coherence lengthj, considerably modifies
the free energy of the vortices in the mixed state. The mea-
surement of the corresponding change of the equilibrium
magnetization yields a direct and model-independent deter-
mination of the energy gain due to pinning in the equili-
brated system. Furthermore, we will show that there is also a
large effect on superconducting fluctuations, most pro-
nounced in the critical regime, where we find a maximum in
uM u and the disappearance of the ‘‘crossing point’’ for fields
0.2BF&m0H,BF . HereBF5F0nd is the matching field at
which the density of vorticesnv5B/F0 is equal to the den-
sity of defectsnd andF0 is the flux quantum.

Single crystals of Bi2Sr2CaCu2O81d were grown using
the traveling-solvent floating zone technique.8 Crystal 1 had
dimensions 1.232.430.020 mm3 and was annealed in air,
whereas crystal 2, of dimensions 0.5531.4530.060 mm3,
was cut out of a larger piece that had been annealed in oxy-
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gen for a period of three days. The crystals were subse-
quently irradiated at doses of 531014 m22 and 131015

m22 5.8 GeV Pb ions at the Grand Acce´lérateur National d’
Ions Lourds~GANIL ! at Caen, France. The heavy ion beam
was aligned parallel to the samplec axes, and produced par-
allel amorphous columnar defects of radiusb0'3.531029

m, which traversed the whole sample. Defects produced in
this manner are known to be insulating,9 and thus represent
regions in which superconductivity is completely suppressed.
The density of columns,nd , corresponds to the irradiation
dose, and to the matching fieldsBF of 1 T ~crystal 1! and 2
T ~crystal 2!. Measurements of the magnetization were per-
formed using a commercial superconducting quantum inter-
ference device~SQUID! magnetometer, using a scan length
of 3.0 cm. In order to minimize the background signal, the
sample was suspended between two fine quartz fibers. Nev-
ertheless, a temperature-independent background remained;
all measurements presented below have been corrected by
subtracting the magnetization measured atT5120 K. Ap-
proximateTc(0) values of 82.0 K~sample 1! and 88.8 K
~sample 2! were obtained as the extrapolation to zero of the
field-cooled magnetization as measured in the remnant field
of the superconducting magnet.

Figure 1 shows the magnetization of sample 2 as a func-
tion of temperature, as measured in different constant applied
magnetic fields. In the temperature and field regime shown,
M was completely reversible; only the measurements taken
atm0H50.3 T showed a slight irreversibility atT,75 K. A
comparison with the as-grown Bi2Sr2CaCu2O81d single
crystal of Ref. 1, which has nearly the sameTc , shows that
whereas at fields aboveBF the behavior of the magnetization
is similar to that of the unirradiated sample, at fields below
BF its magnitude has become much smaller, especially at
temperatures below 85 K. As function of field,uM u first de-
creases, then slightly increases, before decreasing again
whenm0H>BF .

The same three field regimes are seen more clearly in
Figs. 2 and 3, which show the magnetization of sample 1.

Below 78 K, uM u first decreases logarithmically as function
of H, then, form0H*0.2BF , uM u increaseswith increasing
H, until it reaches a maximum atm0H5BF . Above BF ,
uM u again decreases proportionally to lnH, but with a larger
slope. Although the maximum inuM u was also observed in
Ref. 10, neither the clear correlation of the position of the
maximum with the value of the matching field, nor the mini-
mum in uM u at lowerH was reported there. The low-field
magnetization is independent ofH at T1*'78.9 K, implying
the existence of a ‘‘crossing point’’ in this field regime.
Above BF the magnetization becomes independent ofH
only at T2*'84 K. For T1*,T,T2* , the magnetization

FIG. 1. The reversible magnetization of crystal 2, withTc'89
K andBF52 T, as function of temperature, at field values of 0.3 T
(n), 0.7 T (l), 1 T (L), 2 T ~j!, 3 T (h), 4 T (d), and 5 T
(s). The inset shows the same data form0H50.3 T and 3 T
~j, d!, compared to the magnetization of the unirradiated sample
of Ref. 1 at those same fields (h,s).

FIG. 2. The reversible magnetization of crystal 1, with
Tc(0)'82 K andBF51 T, as function of magnetic field, at tem-
peratures of 72 K (s), 74 K (d), 76 K (h), 78 K ~j!, 79 K
(L), 80 K (l), 81 K (n), 82 K (m), 83 K ((), 84 K (3), 85 K
(.), and 86 K (,).

FIG. 3. The reversible magnetization of crystal 1, as function of
temperature. The left-hand panels depict, from top to bottom, the
magnetization in the field range 0.02 T,m0H, 0.2 T, 0.2 T
,m0H,BF5 1 T, and 1 T,m0H, 5 T. The right-hand panels
show the same data, scaled according to Eq.~1!. The drawn lines
indicate best fits to the scaling functionf (x)5x2Ax212.
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shows a single maximum atm0H5BF , and aboveT2* ,
uM u monotonically increases over the whole field range, with
a linear departure fromH50 and saturating to a constant
value at largeH. The same features were found in the
M (H) behavior of sample 2. Summarizing, we find that at
low fields the magnetization shows a crossing point at
T1*578.9 K and 86.8 K for samples 1 and 2, respectively.
Both t1*5T1* /Tc(0)'0.97 and the value ofM1*'400
A m21 are comparable to the values found in the unirradi-
ated sample. At fields aboveBF there is a crossing point at
t2*5T2* /Tc(0)'1.0, withM2*' 150 A m21. In the interme-
diate field regime the crossing point in the critical fluctuation
regime is suppressed.

In spite of the important changes with respect to the unir-
radiated sample, the magnetization in the critical regime still
shows the 2D scaling property predicted by Refs. 4 and 5 at
all fields. Figure 3 shows plots ofM /ATH versus the scaling
parameter@T2Tc(H)#/ATH for crystal 1. Here we took
Tc(H)5Tc(0)2H/Hc28 , with m0Hc28 51.15 T K21, consis-
tent with am0Hc2(0) value of 75 T, andTc(0) as the only
free parameter. While the magnetization curves in each of
the three field regimesm0H&0.2BF , 0.2BF&m0H,BF ,
and m0H.BF obeyed the scaling law separately, with
Tc(0) values of 82.6 K, 82.0 K, and 84.2 K, respectively, it
was not possible to scaleall the data together in a single
curve, that is, using a singleTc(0) value. The curve mea-
sured in 0.02 T did not conform to the scaling plot at all,
probably because the critical regime is too narrow at this
field. As for the functional behavior of the magnetization,
only the data measured in fields aboveBF was well de-
scribed by Eq.~2!, and therefore display the same scaling as
the magnetization of the unirradiated sample.

The decrease of the reversible magnetization after heavy-
ion irradiation and the maximum inuM u in the low-b London
regime can be straightforwardly accounted for by consider-
ing the decrease of the mixed state free energy due to the
localization of vortices on columnar defects. The free energy
of the irradiated superconductor in a magnetic field can be
expressed as

G~B!5G~0!1
nve0
2

lnS hBc2

B D2
kBT

s
~nv2nF!lnSB0

B D
2nFU~T,B!, ~3!

whereG(0) is the free energy in zero field, the second and
third terms on the right represent, respectively, the energy of
the free vortices and the entropy gain due to their fluctua-
tions, assuming that this is of the same form as in the unir-
radiated system.3,11 The energy scale for vortex interactions
e05F0

2/4pm0l
2, with l the penetration depth,h is a con-

stant of order unity introduced to take the finite size of the
vortex core into account, andB0 is a scaling field of the
order ofBc2 .

11 The fourth term in Eq.~3! is the product of
the density of vortices trapped by a columnnF and the pin-
ning energy per unit length per trapped vortexU(T,B). The
magnetizationM52]G/]B is equal to

M'2
e0
2F0

lnS hBc2

eB D1
kBT

F0s
F S 12

]nF

]nv
D lnSB0

B D211
nF

nv
G

1
1

F0

]nFU~T,B!

]nv
. ~4!

At fields B!BF , we expect all vortices to be individually
pinned by a single column, so that the field dependence of
U(T,B) can be ignored andnF'nv . The differenceDM
between the magnetization of the irradiated and the unirradi-
ated crystal should then be directly proportional to the
single-vortex pinning energyU(T,0). In Fig. 4, we plot
DM (F0s/kB)5U(T,0)s/kB for m0H50.3 T. The magnitude
and temperature dependence, 1220(12T/@K#/85.6) K is in
good agreement with the prediction for the pinning energy
per 2D vortex segment~‘‘pancake’’! of length s,
e0s'1020(12t) K for l(0)51.731027 m.12 At fields
B.BF , vortices will be pinned collectively; the product
nFU(T,B) will then decrease as function of field. The over-
all behavior of the total free energy and its derivative as
function of field then directly explains the presence of a
maximum inuM u in the London regime~Fig. 4!. The crucial
point of the above analysis is that vortex pinning not only
affects the irreversible magnetic properties of the supercon-
ductor, but also its thermodynamic properties. Notably, the
reversible magnetization is modified in the presence of pin-
ning because of the lowering of the Gibbs free energy of the
vortex state, as can be clearly seen in the inset of Fig. 1.
Accordingly, when fluctuations are not dominant, the analy-
sis of the reversible magnetization permits the determination
of the energy gain due to pinning in the equilibrated system.

It follows from Eq. ~4!, in conjunction with the above
assumptions thatU(T,B!BF)ÞU(B) and nF(B!BF)
'nv , that in the low field limit ]M /] lnB'e0/2F0 . At
B@BF , ]M /] lnB is determined by the excess vortices that
are not trapped by a columnar defect, and should therefore be
approximately equal toe0/2F02kBT/F0s. However, Fig. 2
shows that the logarithmic field derivative ofM is larger at
high fields than at low fields. This means that already in the

FIG. 4. ~a! Gain in vortex energy due to localization on a co-
lumnar defect, as extracted from the difference in the magnetization
of an irradiated and an unirradiated Bi2Sr2CaCu2O81d single crys-
tal. ~b! Qualitative behavior of the mixed state free energyG in the
heavy-ion irradiated sample.~c! Corresponding behavior of the
magnetizationM52]G/]B.
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London regime, the columnar defects modify superconduct-
ing fluctuations. The fluctuation entropy seems to become
the dominant contribution to the free energy at reduced tem-
peraturest'0.95. Namely, Fig. 4 shows that the pinning
energy vanishes around this temperature.13 There is then no
longer any reason to expect that the vortices are still local-
ized on the columns. The fact that abovet'0.95 the data
obey the 2D scaling law~1! proposed by Ullah and Dorsey
and by Tesˇanović et al. then leads us to believe that near
Tc(B) vortices are not only delocalized from the columnar
defects, but are thermally decomposed into 2D ‘‘pancake’’
vortices, as is the case in unirradiated samples at these tem-
peratures and fields.

Our second important point concerns the persistence of
the maximum inuM u in the critical fluctuation regime and
the disappearance of the crossing point in the magnetization
at intermediate field strengths. The critical regime is theoreti-
cally defined as that portion of the (H,T) plane where
b.e0s/kBT, i.e., where the typical length scale of supercon-
ducting fluctuations j.(e0s/2pkBTnv)

1/2.11 Experimen-
tally, it corresponds to the temperatures and fields where the
magnetization obeys the 2D scaling law~1!. The large value
of j in the critical region means that the interaction between
fluctuating regions determine the behavior of thermodynamic
and transport quantities.4 The large effect of the columnar
defects should therefore be interpreted in terms of an effec-
tive ‘‘screening’’ of this interaction. A comparison of the
column densitynd and the quantitye0s/kBTj2 shows that
such an effect may be important over a temperature span of
up to 5 K aroundTc(0). We canthen understand the peculiar
field dependence ofuM u in terms of the distribution of dis-
tances between columns. At small fields, fluctuating regions
are, on the average, far apart, and their extent is limited by
the typical distance between columns. Superconducting co-
herence over large distances cannot set in untilj!nd

21/2,
which is reflected in the low value ofTc(0) extracted from
the 2D scaling procedure. At large fieldsB.BF , the fluc-
tuations are limited by the interaction with other zeros of the

order parameter, so that the qualitative behavior is similar to
that of an unirradiated sample. This is in agreement with the
fact that the magnetization fits the function~2!. At interme-
diate fields, the magnetization is determined by the averaged
behavior of regions of the sample in which columnar defects
are either far apart or close together. The inhomogeneity in-
troduced by the heavy-ion irradiation now separates the
sample into many regions with slightly differentTc(B), ex-
plaining the absence of the crossing point. In the weak fluc-
tuation regime, we always havej!nd

21/2 and there is no
noticeable effect of the columns. Finally we note that the
large value of]M /] lnB at fieldsB.BF , and the related fact
that the crossing point at high fields happens at a higher
temperature and lower magnetization value than in the unir-
radiated sample may indicate the suppression of long-
wavelength fluctuations in the vortex system, such as sug-
gested in Ref. 14.

In conclusion, we have shown that the introduction of
columnar defects significantly modifies the free energy of the
mixed state and the reversible magnetization in
Bi 2Sr2CaCu2O81d single crystals. In the London regime,
the main effect is due to the large reduction of the vortex
energy associated with the pinning by columnar defects. The
analysis of the reversible magnetization then permits the de-
termination of the pinning energy in a direct and model-
independent way. The influence of the defects remains pro-
nounced all the way into the critical fluctuation regime,
where the suppression of fluctuations at distances larger than
the separation between columns leads to the disappearance of
the crossing point in the magnetization.
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