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Large effect of columnar defects on the thermodynamic properties
of Bi,Sr,CaCu,Og single crystals
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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 fr,CaCu,Og, 5 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 enef§0163-182606)50926-4

The layered structure of the high-temperature supercorerystals’ In particular, the magnetization in the critical re-
ductor oxides, in which strongly superconducting GuO gime obeys the 2D scaling law
planes are separated by weakly superconducting layers of

thicknesss, leads to a high sensitivity of the vortex lattice to M ®ysH., T—T(H)

both pinning and thermal fluctuations, particularly in the \/ﬁ Akg - \/ﬁ ' @)
most anisotropic materials such as,Bi,CaCu,0g, 5.1 At

sufficiently low temperature, the vortices optimally adapt to F(X)=x— X2+ 2, @)

the pinning centers, which results in a large critical current
density j. and irreversible magnetization. However, as thewith MoHéf(ﬁBcz/ﬁT)Tﬂc andA a constant given in Ref.
temperature or the field is increased, vortex positional flucs  poreover, the function(2) reproduces the “crossing
tuations eventually cause the rapid drop jefand of the  point.” Equation (1) is valid for reduced fields
creep barrierd,and the irreversible part of the magnetization b=B/[(T—T.)(IB/dT)r—7 ]>3% where superconducting
is suppressed. In the London limit, corresponding to fieldsyectrons are confined to th; lowest Landau level.
B much below the upper critical fielB,(T), vortex posi- In this Rapid Communication we shodirectly that the
tional fluctuations, which correspond to fluctuations of thejntroduction of very strong pinning centers, namely, amor-
phase of the superconducting order paramgtealso modify  phous columnar defects with radius comparable to the
the logarithmic field dependence of the reversibleGinzburg-Landau coherence lengthconsiderably modifies
magnetizatiorf. As B.,(T) is approached, quasi-two- the free energy of the vortices in the mixed state. The mea-
dimensional(2D) fluctuations of the overall amplitudey| surement of the corresponding change of the equilibrium
become important. The interaction between amplitude flucmagnetization yields a direct and model-independent deter-
tuations in the critical regime gives rise to the smooth behavmination of the energy gain due to pinning in the equili-
ior of the magnetizatiotM around the field-dependent tran- brated system. Furthermore, we will show that there is also a
sition temperaturd@ ,(B),* with the notable feature tha is  large effect on superconducting fluctuations, most pro-
field independent at the temperatufé, i.e., it shows a nounced in the critical regime, where we find a maximum in
“crossing point” as function of temperature’. M| and the disappearance of the “crossing point” for fields
A theory that continuously describes the superconductin®.2B¢ = uoH<Bg . HereBg=®¢n4 is the matching field at
fluctuations from the weak fluctuation regime above thewhich the density of vortices,=B/® is equal to the den-
mean-field transition temperatufg, through the critical re-  sity of defectsny and®,, is the flux quantum.
gime, to the vortex state beloW.(B) was developed by Single crystals of BjSr,CaCu,Og, s were grown using
Tesnovicet al>® The authors derived an explicit functional the traveling-solvent floating zone techniqu€rystal 1 had
form for the free energy of a 2D superconductor in a mag-dimensions 1. 2.4x0.020 mni and was annealed in air,
netic field that is in excellent agreement with experiments orwhereas crystal 2, of dimensions 0:55.45<0.060 mm,
Bi,Sr,Ca,Cus0, tapes and BiSr,CaCu,Og,s single was cut out of a larger piece that had been annealed in oxy-
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. o FIG. 2. The reversible magnetization of crystal 1, with
FIG. 1. The rever5|b!e magnetization of cry_stal 2, wWith~=89 T.(0)~82 K andBgy=1 T, as function of magnetic field, at tem-
K andBg=2 T, as function of temperature, at field values of 0.3 T peratures of 72 K©Q), 74 K (@), 76 K (O), 78 K (W), 79 K

(A),0.7T (), 1T(0), 2T (M), 3T (L), 4T (®),andS5ST () 80K (4),81K(A), 82K (A), 83K (O), 84K (x), 85K
(O). The inset shows the same data fogH=0.3 T and 3 T (y) and 86 K (V).

(M, @), compared to the magnetization of the unirradiated sample

of Ref. 1 at those same field&)(O). Below 78 K, |M| first decreases logarithmically as function
of H, then, forusH=0.2B,,, |M| increaseswith increasing
eF|, until it reaches a maximum aigH=Bg . Above By,
M| again decreases proportionally tddinbut with a larger
slope. Although the maximum ifM| 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 |M| at lowerH was reported there. The low-field
Iﬂmgnetization is independent Hf at T} ~78.9 K, implying
dthe existence of a “crossing point” in this field regime.
Above By the magnetization becomes independentHof
only at T5~84 K. For T} <T<T}, the magnetization

gen for a period of three days. The crystals were subs
quently irradiated at doses of>&10** m~2 and 1x10%
m~2 5.8 GeV Pb ions at the Grand Adémteur National d’
lons Lourds(GANIL) at Caen, France. The heavy ion beam
was aligned parallel to the sampieaxes, and produced par-
allel amorphous columnar defects of rading~3.5x10"°
m, which traversed the whole sample. Defects produced i
this manner are known to be insulatihgnd thus represent
regions in which superconductivity is completely suppresse
The density of columnsny, corresponds to the irradiation
dose, and to the matching fielés, of 1 T (crystal J and 2
T (crystal 2. Measurements of the magnetization were per-
formed using a commercial superconducting quantum inter-
ference devicdSQUID) 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; _t
all measurements presented below have been corrected by
subtracting the magnetization measurediat120 K. Ap- ~ 0
proximate T.(0) values of 82.0 K(sample 1 and 88.8 K 1%
(sample 2 were obtained as the extrapolation to zero of the & -4
field-cooled magnetization as measured in the remnant field< of
of the superconducting magnet. E ’
Figure 1 shows the magnetization of sample 2 as a func-""12
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
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at uoH=0.3 T showed a slight irreversibility &<75 K. A % A |
comparison with the as-grown B%r,CaCu,Og. s single : : . sor 112
crystal of Ref. 1, which has nearly the saifig, shows that B T Y R —
whereas at fields aboRy, the behavior of the magnetization T(K) (T-T (H)/(TH) ( K/Am™ )2

is similar to that of the unirradiated sample, at fields below

Bg its magnitude has become much smaller, especially at . 3. The reversible magnetization of crystal 1, as function of
temperatures below 85 K. As function of field| first de-  temperature. The left-hand panels depict, from top to bottom, the
creases, then slightly increases, before decreasing agaifagnetization in the field range 0.02 TuH< 02 T, 0.2 T
when ugH=B . <uogH<Bg= 1T, and 1 T<uH< 5 T. The right-hand panels

The same three field regimes are seen more clearly ishow the same data, scaled according to @&y. The drawn lines
Figs. 2 and 3, which show the magnetization of sample lindicate best fits to the scaling functidiix) =x— x>+ 2.
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shows a single maximum agtoH=Bg, and aboveT}, 200 bt : e —
M| monotonically increases over the whole field range, with G [pon-irradiated ]
a linear departure fronH=0 and saturating to a constant ~ i ? . \(b) ]
value at largeH. The same features were found in the ¥ 150 r radined | ]
M(H) behavior of sample 2. Summarizing, we find that at ., [ ' ]
low fields the magnetization shows a crossing point at o 100 | 0 Bg 7B
TY=78.9 K and 86.8 K for samples 1 and 2, respectively. & - OW(C)
Both t7=T7/T,(0)~0.97 and the value ofM7~400 = i M !

Am ™! are comparable to the values found in the unirradi- 50 * A\ ]
ated sample. At fields abo\&; there is a crossing point at 12201 - T/ 85.6) K non-irradiated | |
t5 =T5/T(0)~1.0, withM% ~ 150 A m~L. In the interme- N ST X 0 By ™B
diate field regime the crossing point in the critical fluctuation 70 75 80 85 90 95 100
regime is suppressed. T(K)

In spite of the important changes with respect to the unir- o o
radiated sample, the magnetization in the critical regime still FIG. 4. (a) Gain in vortex energy due to localization on a co-
shows the 2D scaling property predicted by Refs. 4 and 5 dymnar defect, as extracted from the difference in the magnetization
all fields. Figure 3 shows plots &fl/TH versus the scaling of an irradiated and an unirradiated,8r,CaCu;0s. ; single crys-

—_ tal. (b) Qualitative behavior of the mixed state free ene@yn the
parameter[ T—T(H)]/VTH for crystal 1. Here we took heavy-ion irradiated samplgc) Corresponding behavior of the

To(H)=Tc(0)—H/H{,, with uoH¢,=1.15 TK™, consis- magnetizatiorM = — 9G/B.
tent with augH¢,(0) value of 75 T, and'.(0) as the only
free parameter. While the magnetization curves in each of

. . €0 7Bc2|  KgT INg Bo Ng
the three field regimeg H=<0.2By, 0.B¢=<uH<By, M%—Eln 5 Py (1_ )m(g 1+ =
and uoH>B; obeyed the scaling law separately, with 0 € 0S Ny My
T.(0) values of 82.6 K, 82.0 K, and 84.2 K, respectively, it 1 dngpU(T,B)
was not possible to scalal the data together in a single + 30(9—% (4)

curve, that is, using a singl€.(0) value. The curve mea-

sured in 0.02 T did not conform to the scaling plot at all, o fiejgs B<B,,, we expect all vortices to be individually
probably because the_ critical regime is too narrow at th'spinned by a single column, so that the field dependence of
field. As for the functlona_l bghawor of the magnetlzatlon,U(T,B) can be ignored andg~n,. The differenceAM
only the data measured in fields aboBg was well de-  petween the magnetization of the irradiated and the unirradi-
scribed by Eq(2), and therefore display the same scaling asated crystal should then be directly proportional to the
the magnetization of the unirradiated sample. single-vortex pinning energy(T,0). In Fig. 4, we plot
The decrease of the reversible magnetization after heavyx M (®,s/kg) = U(T,0)s/kg for uoH=0.3 T. The magnitude
ion irradiation and the maximum iM| in the lowb London  and temperature dependence, 1220{¥[K]/85.6) K is in
regime can be straightforwardly accounted for by considergood agreement with the prediction for the pinning energy
ing the decrease of the mixed state free energy due to thger 2D vortex segment(“pancake”) of length s,
localization of vortices on columnar defects. The free energy,s~1020(1—t) K for A(0)=1.7x10"" m!? At fields
of the irradiated superconductor in a magnetic field can bé&>Bg,, vortices will be pinned collectively; the product
expressed as neU(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
Bo maximum in|M| in the London regiméFig. 4). The crucial
E) point of the above analysis is that vortex pinning not only
affects the irreversible magnetic properties of the supercon-
—nguU(T,B), (3) 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
whereG(0) is the free energy in zero field, the second andvortex state, as can be clearly seen in the inset of Fig. 1.
third terms on the right represent, respectively, the energy ofccordingly, when fluctuations are not dominant, the analy-
the free vortices and the entropy gain due to their fluctuasis of the reversible magnetization permits the determination
tions, assuming that this is of the same form as in the uniref the energy gain due to pinning in the equilibrated system.
radiated system!! The energy scale for vortex interactions It follows from Eg. (4), in conjunction with the above
eo=DZ/4mmo\?, with \ the penetration depth; is a con-  assumptions thatU(T,B<Bg)#U(B) and ng(B<Bg)
stant of order unity introduced to take the finite size of the~n,, that in the low field limit IM/dInB~¢y2d,. At
vortex core into account, anB, is a scaling field of the B>B,, dM/JInB is determined by the excess vortices that
order ofB,.!! The fourth term in Eq(3) is the product of are not trapped by a columnar defect, and should therefore be
the density of vortices trapped by a columg and the pin- approximately equal tey/2d,—kgT/®s. However, Fig. 2
ning energy per unit length per trapped vorté(T,B). The  shows that the logarithmic field derivative bf is larger at
magnetizatiorM = — dG/dB is equal to high fields than at low fields. This means that already in the

_ Nyeo, [ 7Bca| kgT
G(B)—G(O)+Tln( B )—?(nv—nq,)ln
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London regime, the columnar defects modify superconducterder parameter, so that the qualitative behavior is similar to
ing fluctuations. The fluctuation entropy seems to becom¢hat of an unirradiated sample. This is in agreement with the
the dominant contribution to the free energy at reduced temfact that the magnetization fits the functi@). At interme-

peraturest~0.95. Namely, Fig. 4 shows that the pinning diate fields, the magnetization is determined by the averaged
energy vanishes around this temperafiiréhere is then no  behavior of regions of the sample in which columnar defects
longer any reason to expect that the vortices are still locai@re either far apart or close together. The inhomogeneity in-
ized on the columns. The fact that abotve0.95 the data troduced by the heavy-ion irradiation now separates the

obey the 2D scaling lawl) proposed by Ullah and Dorsey sample into many regions with slightly differeft(B), ex-

and by Téanovic et al. then leads us to believe that near Plaining the absence of the crossing_pl)gint. In the weak fluc-

T.(B) vortices are not only delocalized from the columnartudtion regime, we always havg<ng “* and there is no
defects, but are thermally decomposed into 2D upancakeunotlceable effect of the columns. Finally we note that the
vortices, as is the case in unirradiated samples at these teffige value o/M/dInB at fieldsB> By, , and the related fact
peratures and fields. that the crossing point at high fields happens at a higher
Our second important point concerns the persistence dgmperature and lower magnetization value than in the unir-
the maximum in|M| in the critical fluctuation regime and radiated sample may indicate the suppression of long-
the disappearance of the crossing point in the magnetizatioffavelength fluctuations in the vortex system, such as sug-
at intermediate field strengths. The critical regime is theoretigested in Ref. 14. , _
cally defined as that portion of theH(T) plane where In conclusion, we have shown that the introduction of
b>eos/kgT, i.e., where the typical length scale of supercon-co_lumnar defects significantly modlfles the free energy of the
ducting fluctuations &> (eys/2kgTn,) Y211 Experimen- mixed state and the reversible magnetization in
1 * . . .
tally, it corresponds to the temperatures and fields where thBi 2512CaCOg. 5 single crystals. In the London regime,
magnetization obeys the 2D scaling I4%). The large value the main effect is due to the large reduction of the vortex
of ¢ in the critical region means that the interaction betweerf"€rgy associated with the pinning by columnar defects. The
fluctuating regions determine the behavior of thermodynami@nalysis of the reversible magnetization then permits the de-
and transport quantitiésThe large effect of the columnar (€rmination of the pinning energy in a direct and model-

defects should therefore be interpreted in terms of an effedhdependent way. The influence of the defects remains pro-
tive “screening” of this interaction. A comparison of the nounced all the way into the critical fluctuation regime,

column densityny and the quantitye,s/ksT£2 shows that where the §uppressi0n of fluctuations at distan'ces larger than
such an effect may be important over a temperature span Jf€ Separation between columns leads to the disappearance of
up to 5 K aroundr.(0). We carthen understand the peculiar the €rossing point in the magnetization.
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