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Using a combination of high-precision torque and SQUID magnetometry we investigate the irreversibility
line of single-crystalline Bi2.15Sr1.85CaCu2O81d defected with irradiation-induced columnar pins. We find that
the irreversibility line cannot be identified with a shifted melting line but rather follows the crossover line
Brb(T) separating the single-vortex strong pinning regime from the collective weak pinning regime. Good
agreement is found with a theoretical analysis accounting for the strong layering of the material.
@S0163-1829~96!04834-5#

In high-Tc superconductors the properties of vortices are
strongly influenced by thermal fluctuations and quenched
disorder. Static disorder due to imperfections gives rise to
pinning of the vortex cores, while dynamic fluctuations of
the vortex positions lead to thermal depinning and ultimately
to vortex-lattice melting~for a review see Ref. 1!. In addition
to the random disorder from point defects producing isotro-
pic pinning, correlated disorder due to extended defects gen-
erated via irradiation with fast heavy ions has recently at-
tracted a great deal of attention. The magnetic phase diagram
of vortices in the presence of columnar defects has been
studied theoretically by mapping the vortex problem onto a
system of two-dimensional~2D! bosons subject to static
disorder.1,2 At low temperatures and for a density of flux
lines less than the density of columnar defects (B,BF) a
Bose-glass~BG! phase has been predicted, with strong local-
ization of vortices onto the tracks. At higher fields and tem-
peratures the system undergoes a BG transitionBBG(T) to an
entangled vortex liquid phase. In irradiated YBa2Cu3O72d

~YBCO!, the prototype continuous anisotropic material, this
BG transition defining the onset of irreversibility could be
successfully interpreted in terms of a melting transition
shifted towards higher temperatures and fields as a conse-
quence of pinning.3,4 The situation is very different in
Bi2.15Sr1.85CaCu2O81d ~BSCCO!, the prototype layered ma-
terial with a pronounced two-dimensional character. In this
material, the presence of a low density of columnar defects is
sufficient to produce a large shift of the irreversibility line
~IL ! to higher temperatures. Furthermore, the form of this
line exhibits features which are not present in the melting
line of the pristine material5–7 and one concludes that the BG
transition cannot be obtained in terms of a simple shift of the
vortex lattice melting transition.

In this work we study the IL in BSCCO in the presence of
columnar defects, using the complementary experimental
techniques of SQUID and torque magnetometry, and develop
a theoretical interpretation of the resulting BG line in terms

of the accommodation fieldBrb(T) separating the single-
vortex strong pinning region from the collective weak pin-
ning regime.

The experiments have been performed on a high-quality
single crystal (Tc'92 K! ~Ref. 8! cut and cleaved into two
square plates 13130.05 mm3, with the crystallographicc
direction along the shortest dimension. One of the crystals
has been irradiated with 5.8 GeV Pb ions at GANIL~Caen,
France! at 45° toc to produce a track density equivalent to a
field BF5200 mT. The irradiation has been performed in
this geometry in order to give a nonvanishing torque signal
for the field applied parallel to the defects. The chosen mea-
surement configuration then allows us to compare the mea-
surements from both SQUID and torque magnetometry un-
der identical conditions. The IL’s have been obtained from
magnetization measurements performed with the fieldB par-
allel to the defects and using two complementary irrevers-
ibility criteria. The irreversibility temperature Tirr(B) has
been determined by resolving the collapse of the field-cooled
and zero-field-cooled magnetization using a commercial
SQUID magnetometer. SQUID magnetometry is a quasi-dc
method, involving large time intervals between changes of
temperature and evaluation of the resulting magnetization.
TheTirr(B) line therefore traces the onset of static irrevers-
ibility due to strong pinning of flux lines. Alternatively, we
have used a custom-made torque magnetometer to determine
the irreversibilityfield Birr(T) where the magnetic hysteresis
curves collapse. Torque magnetometry is a dynamic tech-
nique, since it is possible to monitor continuously the torque
while sweeping the applied field. TheBirr(T) line therefore
traces the onset of flux-line relaxation which is faster then
the characteristic time scale of the torque measurement. The
two linesTirr andBirr obtained from the above irreversibility
criteria are in general well separated.

Figure 1 displays the IL’s of the irradiated sample ob-
tained in the regionB&BF by SQUID (Tirr) and by torque
magnetometry@Birr

1 (T), Birr
10(T)# measured for the two sweep
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rates of 1 and 10 mT/sec, respectively. Also shown is the IL
from the relaxed hysteresis loop (Birr

R ) obtained by sweeping
at 10 mT/s and pausing the field at intervals of 2.5 mT for a
period of 5 s. First, we note that the IL’sBirr

1 andBirr
10 despite

a factor of 10 difference in sweep rate, are still closely sepa-
rated, yet lie well aboveBirr

R . Moreover, it is found that after
only a few seconds the IL’sBirr

R andTirr coincide. This agree-
ment is particularly noteworthy in view of the very different
methods of obtaining the IL’s. Whereas for the highest
sweep rate the IL approaches the onset of fast flux relaxation,
the torque magnetometry in the limit of vanishing sweep rate
probes the onset of strong pinning. At low fieldsB,BF a
pronounced break in curvature at the temperatureT8.Tirr
may be discerned in the SQUID data shown in Fig. 1~b!.
This feature is found to coincide with the ILBirr

1 @see Fig.
1~c!# and reflects the onset of fast flux-line relaxation on the
time scale of the SQUID measurement. In the irradiated
sample the IL therefore is not a single line but rather a con-
tinuous family of lines with a lower boundaryTirr which
marks the onset of strong pinning and an upper boundary
Birr
10 above which fast flux-line relaxation dominates. Both

boundaries are well discerned by the two complementary
techniques of SQUID and torque magnetometry. For the
pristine reference sample, on the other hand, torque hyster-
esis measurements show atBm(T) a jump in the
magnetization,9 signaling a thermodynamic vortex-lattice
melting transition.10,11 For low fieldsB,50 mT the melting
line Bm matches exactly the onset of irreversibility and its
position is independent of the sweep rate.9 The IL of the

reference sample shown in Fig. 1 is therefore a single line
and is further referred as the melting lineBm .

We now turn to the form of the IL of the irradiated sample
as given byBirr

10 but also reflected in the other IL’s. The IL is
characterized by two key parameters, the matching fieldBF

and the temperatureTdp
r , which we will identify with the

depinning temperature of the BG model in our analysis be-
low. ForT.Tdp

r and forB.BF a pronounced kink in the IL
is observed which separates the IL into regimes with differ-
ent temperature dependences. ForT,Tdp

r the IL is shifted far
aboveBm and exhibits features not present in the unpertur-
bated melting line of the reference sample. ForT.Tdp

r the IL
drops substantially and for even higher temperaturesT.83
K the IL’s Birr

10, Birr
1 , andTirr merge. In this regime the IL of

the irradiated sample is only slightly shifted above the melt-
ing lineBm of the reference sample. The regimeT!Tdp

r and
B@BF , in which point disorder and the vortex-vortex inter-
action competes with the correlated disorder, has been dis-
cussed elsewhere.6

An interpretation of these experimental findings can be
obtained via an analysis of the vortex lattice melting transi-
tion in the presence of disorder. We start the discussion with
the 3D continuous anisotropic case and then highlight the
modifications necessary to describe the 2D layered situation
relevant for BSCCO. Also note that in the discussion below
we assume the defects to be parallel to the applied field and
the c axis. For this simpler case the IL, however, shows the
same characteristic features as described above.6 The system
under consideration is characterized by the competition be-
tween pinning and thermal fluctuations.

~i! Pinning by columnar defects defines a strong pinning
region B,Brb(T)<BF , where all vortices remain trapped
onto their pins, despite the presence of thermal fluctuations.
At low temperatures, where the track radiusr r exceeds the
coherence lengthj, the accommodation field isBrb.BF .
Above the temperatureTr j defined by the relation
j(Tr j)5r r ~track radius! the accommodation fieldBrb(T)
decreases linearly until at the depinning temperatureTdp

r the
thermal energy is sufficient to excite vortex segments away
from the defects andBrb}exp(2T/Tdp

r ) drops exponentially.
Finally, above the delocalization temperatureTdl*Tdp

r the
accommodation field is determined by the competition be-
tween the lattice elasticity and the collective pinning energy
and one obtainsBrb(T)}(12T/Tc)

6 ~Refs. 1 and 2!. The
position ofBrb is essentially characterized by the two param-
etersBF andTdp

r . The dose-equivalent fieldBF is given by
the chosen irradiation dose. On the other hand, the depinning
temperature is susceptible to the intrinsic properties of the
vortex lines. Within the continuous elastic description we
estimateTdp

r 'jAe le r , wheree l'e2e0, ande r'ae0 denote
the elastic line tension and the pinning energy, respectively.
The basic energy scale is given by the line energy
e05(F0/4pl)2, e,1 is the effective mass anisotropy, and
a,1 is the pinning efficiency of the columnar tracks. For a
layered material the depinning temperature is given by
Tdp
r 'de r , with d the layer thickness.

~ii ! In a clean material thethermal fluctuationstrigger a
~first-order! melting transition atBm(T). In the presence of
disorder, this transition is shifted to higher temperatures and
fields and turns into a~second-order! BG transition
BBG(T). Depending on the relative importance of quenched
disorder and thermal fluctuations, the accommodation field

FIG. 1. ~a! The irreversibility lines~IL’s ! of BSCCO with co-
lumnar defects.~i! Tirr ~inverted triangles! obtained from the col-
lapse of field-cooled~FC! and zero-field-cooled~ZFC! SQUID
magnetization data.~ii ! Birr

1 ~diamonds! andBirr
10 ~circles! obtained

from the collapse of hysteresis loops measured using torque mag-
netometry at field sweep rates of 1 and 10 mT/s, respectively.~iii !
Birr
R ~triangles! from the hysteresis loops derived from the relaxed

torque signal.~iv! Melting line Bm ~open squares! of the unirradi-
ated sample obtained using SQUID magnetometry. The solid and
dashed lines are guides to the eye.~b! FC and ZFC magnetization
shows an additional feature atT8.Tirr . ~c! The featureT8 ~open
diamonds! lies close toBirr

1 ~solid diamonds!.
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Brb(T) can end up either below or above the melting line
Bm(T). As we will show below, the position of the Bose
glass or irreversibility line strongly depends on the relative
position ofBrb andBm .

Following Nelson and Vinokur2 ~see also Refs. 1, 3, and
12!, we consider an individual vortex line in the cage of its
neighbors. The usual Lindemann melting criterion
^u2&5cL

2a0
2 can be transcribed into the condition

T5eelast5cL
2c66a0

2LT ; i.e., the lattice melts when the thermal
energy matches the fractioncL

2 of the cage energy
c66a0

2LT . Here,c66 is the shear modulus,cL is the Linde-
mann number, and the longitudinal lengthLT5ea0 follows
from the competition between shear and tilt energies. In the
presence of disorder, we obtain the position of the irrevers-
ibility line by accounting for the~collective! pinning energy
epin5LTAe r

2b0
4/dr

2^u2& of the caged vortex line in the gener-
alized criterionT5eelast1epin . Here,dr denotes the mean
track distance andb05max(r r ,A2j). In the perturbative ap-
proach used in Ref. 3 one assumes that disorder introduces
merely a small shift of the melting lineTm(B). Using the
Lindemann criterion̂ u2&5cL

2a0
2 in the expression forepin

one obtains the result

TBG~B!5gTm~B!1~12g!Tc2~B!, ~1!

with g'1/@11(r r /dr)(Tdp
r /Tc)#. This approach has been

successfully applied to describe the IL in irradiated YBCO;
see Refs. 3 and 4. It assumes that at the glass transition the
elastic energy is the dominant energy in the vortex system;
henceBrb,Bm . This assumption breaks down for strong
pinning in a very soft lattice, where the individual vortices
remain pinned to their tracks even at temperatures and fields
above the melting lineBm and thusBm,Brb . We then ne-
glect the elastic contribution in our irreversibility criterion
and obtain the conditionT5epin„^u

2&(T)…. Using the 3D ex-
pression for̂ u2&(T).Ta0 /ee0 we obtain, up to logarithmic
accuracy, the result

BBG~T!.BF

e r
e0

S b0dr D
2S TdlT D 6. ~2!

This expression for the Bose-glass transition line exactly
matches the resultBrb for the accommodation field in the
high-temperature regimeT.Tdl ; see Ref. 1. We obtain the
result that melting occurs immediately upon entering the col-
lective pinning regime, where the elastic energy becomes of
equal importance as the pinning energy, and the resulting
vortex liquid is homogeneous~note that atBrb the collective
pinning radiusRc.a0). BelowTdl the pins are very efficient
in reducing the fluctuations of the vortices at fields
B,Brb ; i.e., ^u2&sv5j2(T/Tdp

r )2exp(T/Tdp
r ) for Tdp

r ,T
,Tdl , and^u2&sv5min(j2,rr

2) for T,Tdp
r . As a consequence

the vortex system cannot melt any more. Increasing the field
aboveBrb at temperaturesT,Tdl we obtain two classes of
vortices, those strongly pinned to their associated tracks and
the remaining ones in between the pins forming a liquid
state. We thus identify the IL with the accommodation field
Brb even below the delocalization temperatureTdl . The re-
sulting vortex liquid is inhomogeneous with a fraction of the
flux lines remaining localized on the columnar tracks. The
boundary between the homogeneous and the inhomogeneous

liquids can be obtained from the condition^u2&sv5^u2& ~we
use ^u2& as an estimate of the short-time–short-range fluc-
tuations in the liquid!

Bx5BF

dr
2

j2
e r
e0

S TdprT D 2expS 2
2T

Tdp
r D , ~3!

rising steeply forTdp
r ,T,Tdl . Finally, the IL goes over into

the melting line of the unirradiated material as the latter in-
creases above the matching fieldBrb ; see Fig. 2. The above
analysis applies to a 3D continuous anisotropic superconduc-
tor with strong pinning. The strongly layered BSCCO mate-
rial is better described by a 2D model. In this case, the de-
pinning and delocalization temperatures collapse and the
single-vortex strong pinning regime terminates abruptly at
the 2D depinning temperatureTdp

r 5ade r , whered denotes
the layer thickness. AboveTdp

r pinning is weak and the per-
turbative approach should hold, with the Bose-glass line de-
scribed by Eq.~1!. Below Tdp

r the glass line follows the ac-
commodation fieldBrb up to fields B.BF and then
approaches the melting line of the pristine material at low
temperatures and high fieldsB.BF . The line separating the
homogeneous liquid from the inhomogeneous one is deter-
mined by the field-independent depinning temperatureTdp

r .
Sketches of the resulting phase diagram for the 3D and 2D
situations are shown in Fig. 2.

Comparing our experimental findings with the above
analysis we identify the measured IL with the accommoda-
tion field Brb(T). The first kink atT575 K, B5BF , we
identify with the crossover temperatureTr j where the track
radius matches up with the coherence lengthj(T). Using
typical estimates forj(0). 25 Å andr r.35 Å ~see Ref. 13!
we findTr j577 K, in good agreement with our experiment.
Second, we identify the sharp feature atT581 K with the
depinning temperatureTdp

r . Using typical parameters for
BSCCO (d515 Å , l51800 Å, andTc592 K! and a pin-
ning efficiency ofa51 we obtainTdp

r 584 K. For a more
realistic value ofa50.7 we obtainTdp

r 581 K, in good
agreement with the position of the sharp drop in our mea-
sured irreversibility line. Moreover, above the depinning
temperatureTdp

r .81 K pinning is largely reduced and the IL
drops substantially. Previously we have shown that in this
temperature regime the pinning properties of the defects be-
come increasingly isotropic.6 This implies that the flux lines
are no longer strongly localized onto the defects. As a con-
sequence, the weak pinning in this regime can be treated as a
perturbation and the IL is well described by the perturbated
melting line given in Eq.~1!.

Summarizing, we have experimentally traced the irrevers-
ibility line in irradiated BSCCO single crystals using high-
precision torque and SQUID magnetometry. We identify the
measured IL with the Bose-glass transition of the vortex sys-
tem and find that the latter is shifted far above the melting
line of the pristine material. We have presented theoretical
estimates for the position of the IL using a generalized Lin-
demann criterion which accounts for the presence of pinning.
We have identified two possible scenarios:~i! For Brb,Bm
~weak pinning, hard lattice! the disorder energy is a small
correction to the main elastic energy in the vortex system
and the BG line is perturbatively shifted with respect to the
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melting line. ~ii ! For Brb.Bm ~strong pinning and soft lat-
tice! the IL matches the accommodation fieldBrb at low
fields and approaches the pristine material’s melting line at
high fields. Comparison of our experimental and theoretical
results shows that irradiated BSCCO follows the second type
of behavior. Identifying the kinks in the IL atT575 K and
T581 K with Tr j and Tdp

r and the plateau atB5200 mT

with BF , we obtain good quantitative agreement between
our experimental data and the theoretical analysis.
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FIG. 2. Schematic representations of the magnetic phase diagram for the 3D continuous anisotropic and 2D layered cases in the presence
of columnar defects. The lineBrb represents the crossover from the single-vortex~SVP! to plastic/collective~PP/CP! pinning regime. The
characteristic temperaturesTr j andTdp

r are defined in the text.~a! The approximate form ofBrb using typical material parameters for YBCO
with aBF55 T. Note thatBm residesabove Brb , so that one may deduce the Bose-glass melting lineBBG using a perturbative approach.~b!
Brb using typical material parameters for BSCCO withBF5200 mT. Note that this line abruptly ends atTdp

r . The measured IL’s for the
irradiated sampleTirr ~solid circles! and unirradiated sampleBm ~open circles! are also included. Note how in this caseBm cutsBrb at low
temperatures, such that it lies wellbelow Brb for T&Tdp

r Only for T.Tdp
r the Bose-glass lineBBG is described using a perturbative approach.

6132 54BRIEF REPORTS


