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a b s t r a c t

Magneto-optical measurements are employed to characterize the disorder-driven vortex phase transition
and the metastable disordered vortex state in heavy-ion irradiated and pristine regions of the same
Bi2Sr2CaCu2O8+d crystal. We find that dilute columnar defects, while hardly affect the disorder-driven
phase transition line, significantly increase the lifetime of the metastable state created in the vicinity
of this line. Study of flux injection from the pristine region into the irradiated region suggests that in pres-
ence of columnar defects a metastable disordered state may be created in the bulk, in addition to being
injected from the edges.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Experimental and theoretical studies have revealed remarkable
effects of columnar defects (CD) on the dynamic and thermody-
namic properties of the vortex matter in high-Tc superconductors
[1–15]. Early investigations, focused on the limit of high density
of CD, have shown that in this case the vortex matter forms a Bose
glass phase that melts through a continuous transition [1,2]. Re-
cent studies have concentrated on the opposite limit of dilute CD,
where vortices outnumber CD at the relevant fields [3–15]. In this
case the vortex matter can no longer be regarded as a homogenous
pinned medium. Instead, two distinct subsystems of vortices are
created: vortices pinned on the CD forming a rigid disordered ar-
ray, and interstitial vortices which are relatively ordered at low
temperatures and fields [5–7]. Investigations of the melting pro-
cess have shown that the melting line of the interstitial vortices
subsystem is shifted upwards with respect to the pristine melting
line [5]. At the delocalization transition line, which is located fur-
ther up, the rigid matrix of the vortices residing at the CD delocal-
izes and the vortex liquid becomes homogenous [5].

While the effect of dilute CD on the melting process is well
established, their effect on the dynamic and thermodynamic prop-
erties of the vortex matter near the disorder-driven solid–solid
transition is yet unclear. The present paper addresses this issue
using magneto-optical measurements and analysis of the local
magnetic response to external fields ramped at different rates. Pre-
sumably, upon increasing the field at low temperatures, only the

interstitial vortices undergo the solid–solid transition, while the
vortices trapped in the randomly distributed CD remain unaf-
fected. Thus, the separate melting and delocalization lines are sup-
posed to merge at low temperatures into a single solid–solid
transition line. Realizing that the melting and the solid–solid tran-
sition lines are two segments of the same order–disorder phase
transition line [16,17], one may expect that dilute CD also shift
the thermodynamic solid–solid transition line upwards. By con-
trast, our results indicate that dilute CD hardly affect the solid–so-
lid transition line, tending to shift it slightly downward rather than
upward.

The present paper also addresses the question of how CD affect
the metastable disordered state (MDS) generated below the solid–
solid transition line [18–29]. This metastable state is believed to be
created by injection of vortices through inhomogeneous surface
barriers while the external magnetic field increases [18–20]. As
the induction of the transition is approached, the free energies of
the quasi-ordered and the disordered states become comparable,
and therefore the lifetime of the transient disordered phase be-
comes longer, diverging at the transition induction [19]. The effect
of dilute CD on the MDS was investigated in NbSe2, revealing
enhancement of the MDS as compared to the pristine material, in
contrast to the expectation that CD strech the entangled vortices
of the MDS and assist their annealing [11]. In the present work
we characterize this effect quantitatively by measuring the life-
time, s(B,T), of the MDS in the pristine and irradiated parts of the
same Bi2Sr2CaCu2O8+d crystal. The existence of the MDS in our local
magnetic measurements is manifested by a shift of the onset of the
second magnetization peak to lower inductions as the sweep rate
of the external field increases [22]. Utilizing this shift to determine
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s [28] reveals that the CD significantly increase the lifetime of the
MDS, allowing the MDS to exist in the sample at low inductions, far
below the transition, where in a pristine sample their lifetime is
practically zero.

The configuration of our sample also allowed studying the gen-
eration of MDS as a result of injection of ordered vortices through
an interface separating the pristine and the irradiated regions of
the same sample. Our measurements show that such MDS are in
fact created and that their lifetime matches that of the MDS in-
jected through the natural sample edges. The injection of MDS
within the bulk of the sample challenges the commonly accepted
view that edge contaminations are the sole source responsible
for the creation of MDS.

2. Experimental

Measurements were performed on a 2.3 � 1 � 0.04 mm3 Bi2Sr2-

CaCu2O8+d single crystal (Tc = 92 K) grown by the floating zone
method [30]. Part of the sample (right to the white dotted line in
Fig. 1) was irradiated at the GSI Helmholtz Centre for Heavy Ion Re-
search (Darmstadt, Germany), with 2.2 GeV Au ions (fluence of
108 ions/cm2) resulting in the formation of columnar defects of
diameter 7–12 nm [31] with density corresponding to a matching
field of 80 G. The range of the ion tracks was large enough to com-
pletely penetrate the 40 lm thick crystal. The irradiation was per-
formed at room temperature and under normal beam incidence.
Local magnetization curves were extracted from magneto-optical
images of the induction distribution, taken using an iron-garnet
indicator with in-plane anisotropy and a 12 bit Hamamtsu CCD
camera with a frame rate between 0.1 and 25 Hz. In a typical mag-
neto-optical measurement, the sample was zero-field cooled to a
target temperature between 24 and 32 K and was then subjected
to external field parallel to the crystallographic c-axis of the sam-
ple. The external magnetic field was ramped up at a constant rate
between 2.5 and 160 Oe/s, from 0 to about 700 Oe. Camera integra-
tion time used for image acquisition was 14–36 ms.

3. Results and discussion

Fig. 1 depicts magneto-optical images of the sample at T = 28 K
after exposing it to an external magnetic field ramped up from zero
at a rate of 5 Oe/s. Flux penetration (brighter tone in the figure) is
shown 7 s (a), 12 s (b) and 19 s (c) after the application of the field.

One clearly sees that flux penetrating through the sample edges
advance in the pristine region (right hand side in each image) at
a much higher rate, allowing flux injection from the pristine into
the irradiated part through the sharp border between them. Thus,
the partially irradiated sample allows simultaneous study and
comparison of the metastable vortex state created by flux injection
through both the sample edges and the border between the irradi-
ated and pristine parts of the sample.

Fig. 2 exhibits local magnetization curves, m = Bloc � H versus
the applied field H, measured at points A and D near the sample
edges at 28 K, in the pristine (a) and the irradiated (b) region,
respectively (see Fig. 1 for the location of these points). The differ-
ent curves in each figure correspond to different ramping rate of
the external field from 2.5 to 160 Oe/s. Notable differences in the
local magnetic response of the pristine and the irradiated parts
are evident: In the irradiated part the second magnetization peak
is smeared, exhibiting onset at lower fields, and stronger depen-
dence of the onset field on the ramping rate dH/dt of the applied
field. As discussed below, the onset field, Hon, signifies the first
field at which MDS is injected into the sample. In the pristine re-
gion Hon can be accurately determined; in this region the differ-
ence between the persistent current of the ordered state, jlow,
and the metastable disordered state, jhigh, is large. As a result, the
natural increase with field of the local magnetization, m, is dis-
rupted abruptly by penetration of a metastable disordered vortex
state (MDS) through the edges, creating an SMP with a well defined
onset. A difficulty in accurate determination of Hon arises in the
irradiated region where the difference between jlow and jhigh is
smaller. As a result, the natural increase of m is competing with
a decrease of m at a comparable rate, creating a smeared onset.
In this case we define Hon as the field where the increase and de-
crease in m are exactly compensated, i.e. at the maximum point of
m. We note that this definition of Hon underestimates the shift
down of the onset field in the irradiated region.

Fig. 3 shows the onset field, Hon, as a function of dH/dt in the
pristine and irradiated regions. As expected, both curves exhibit
accelerated approach of Hon to the thermodynamic order–disorder
transition field Bod for dH/dt approaching zero [28]. However, the
curve corresponding to the irradiated region is far below that cor-
responding to the pristine region, indicating longer lifetime of the
MDS in the irradiated part, enabling it to persist at lower fields.

It is important to note that Hon is independent of the measuring
location, in both the pristine and the irradiated regions. The reason
for it is well understood; as stated above, Hon signifies the first field

ABCD

(a) (b) (c)

Fig. 1. Magneto-optical images of flux penetration through the edges of a partially irradiated Bi2Sr2CaCu2O8+d sample subjected to external field ramped at 5 Oe/s, 7 (a) 12 (b)
and 19 (c) seconds after the application of the field. The dotted line marks the border between the irradiated (right hand side) and pristine parts of the sample. The color tone
is brighter for larger inductions. Points A, B, C and D mark locations where magnetization curves in Figs. 2 and 9 were extracted.
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at which MDS is injected into the sample. Appearance of MDS at
the sample edge, increases the induction slope near the edge,
and thus lowers the induction profile throughout the entire sam-
ple, giving rise to a sudden decrease in the local magnetization m
everywhere. As the MDS penetrates deeper into the sample, m

continues to drop until the front of the MDS reaches the location
where m is measured. After the MDS front passes this location, m
is determined solely by the high current density jhigh characterizing
the disordered state. Further increase of the field causes a decrease
of jhigh and thus an increase of m. Experimental verification of the
independence of Hon on the measurement location is demonstrated
in Fig. 4 which shows local magnetization curves measured at dif-
ferent locations in field ramped at a constant rate of 20 Oe/s. It is
clearly observed that the onset field is the same, independent of
the location, in both the pristine (Fig. 4a) and irradiated (Fig. 4b)
regions. We thus conclude that the curves shown in Fig. 3 charac-
terize the behavior of Hon everywhere in the pristine or the irradi-
ated regions of the sample far away from the border between
them.

In the following we argue that the appearance of the MDS at sig-
nificantly lower fields in the irradiated region signifies both, a
slight shift down of the thermodynamic order–disorder transition
induction Bod, and a significant increase in the intrinsic lifetime
of the MDS. It was previously shown [28] that the first field, Hon,
at which the MDS is injected into the sample, is related to the life-
time s(B) of the MDS and the rate of change of the applied field:

ð@s=@BÞB¼Hon
¼ 1

dH=dt
: ð1Þ

(a) (b)

Fig. 2. Local magnetization curves measured in the pristine (a) and the irradiated part (b) of the sample, points D and A, respectively, at 28 K, for various ramping rates of the
external field ranging from 2.5 Oe/s to 160 Oe/s.

Fig. 3. Onset of the second magnetization peak, Hon, as a function of the rate of
change of the external field in the pristine (circles) and irradiated (squares) parts of
the sample.

(a) (b) µ

µ
µ
µ

Fig. 4. Magnetization curves at different locations, d, in the pristine (a) and irradiated (b) regions of the sample. The location d is measured relative to the respective edge.
Note that the onset field of the second magnetization peak is independent of location in both regions.
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It was also shown that, at constant temperature, as Bod is
approached, s diverges as [28]

s ¼ s0

ð1� B=BodÞc
; ð2Þ

where s0 is constant and the exponent c � 2.5. Using this value of c,
one obtains the following relationship between Hon and dH/dt:

ðBod=2s0Þð1� Hon=BodÞ7=2 ¼ dH=dt: ð3Þ

Thus, a plot of (dH/dt)2/7 versus Hon should yield a straight line
that extrapolates to Bod as dH/dt approaches zero. Such plots, based
on the data of Fig. 3, are presented in Fig. 5 for the pristine (circles)
and irradiated (squares) regions. The linear fits, presented by the
solid lines, show good agreement with the experimental data, thus
justifying the empirical Eq. (2) with c = 2.5. Extrapolations of these
linear curves to dH/dt = 0 yield values of 413 and 402 G for Bod in
the pristine and irradiated regions of the sample, respectively.
Once Bod has been determined, s0 can be calculated from the slopes
of the linear curves of Fig. 5. One obtains the values 1.9 and 3.8 ms
for s0 for the pristine and irradiated regions, respectively.

An alternative way to quantify the effect of CD on Bod and s0 is
by analyzing the lifetime s(B) of the MDS in the pristine and irra-
diated regions. Knowledge of Hon for different dH/dt allows deter-
mination of os/oB, and thus s(B), using Eq. (1). Results for os/oB
as a function of B at 28 K are shown in Fig. 6 for both the pristine
(circles) and irradiated regions (squares). Fits to Eq. (2) (solid lines)
yield values of 418 and 405 for Bod, and values of 2.2 and 4.1 ms for
s0 in the pristine and irradiated regions, respectively, in good
agreement with the values obtained in the previous analysis.

Our analysis clearly shows that the CD slightly reduce Bod and
significantly increase s0. Both effects are responsible for the shift
of the metastable region to lower fields in the irradiated region.
In Fig. 7 we eliminated the effect of lowering Bod by plotting s ver-
sus B/Bod using the parameters obtained from the fits of Fig. 6 for
points A and D. One clearly sees that in the irradiated region the
lifetime of the MDS is intrinsically longer.

Analyses of local magnetic measurements performed at differ-
ent temperatures yielded similar results. In the irradiated region,
the thermodynamic transition induction Bod is slightly lower and
the lifetime parameter s0 is longer. As expected, with increasing
temperature the columnar defects become less effective and the
differences between the pristine and irradiated regions diminish.
The solid lines in Fig. 8 are fits to the Arrhenius law s0 = t0 exp
(U/kT). These fits yield values of 5.5 � 10�5 and 1.7 � 10�5 seconds
for t0 and 140 and 187 K for U in the pristine and irradiated regions,
respectively, indicating that in order to relax to the thermody-
namic quasi-ordered state vortices in the irradiated region have
to overcome a higher energy barrier.

The partially irradiated sample allows studying creation of MDS
as a result of injection of ordered vortices through the interface
separating the pristine and the irradiated regions of the sample.
Such a study is of interest, as it is generally accepted that MDS
are created by injection of vortices through inhomogeneous edges
[18–20]. Fig. 9a and b shows local magnetization curves measured
at two adjacent points across the interface (points C and B in Fig. 1,

Fig. 5. Plots of (dH/dt)2/7 versus Hon for the pristine (circles) and irradiated (squares)
regions of the sample.

28 K

(point A)
(point D)

Fig. 6. os/oB as a function of B at 28 K in the pristine (circles) and irradiated
(squares) regions. The solid lines are fits to Eq. (2).

Fig. 7. Life time, s, as a function of normalized induction B/Bod for flux injection
through the sample edges (points A, squares and point D, circles) and through the
interface between the pristine and irradiated regions (point C, triangles and point B,
diamonds). Bod = 418 and 405 G, for the pristine and the irradiated regions,
respectively.

Fig. 8. ln(s0) versus inverse temperature in the pristine (circles) and irradiated
(squares) regions. Solid lines are fits to Arrhenius law.
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respectively). The onset induction of the second magnetization
peak measured at point C, in the pristine side of the border,
(Fig. 9a) is consistently higher than that measured at point B in
the irradiated side of the border (Fig. 9b). Keeping in mind that
the onset in the pristine region signifies the first penetration of
MDS into the edge of that part of the sample, the lower Hon values
in the irradiated part indicate that quasi-ordered vortices in the
pristine region transformed into a disordered state upon crossing
the border into the irradiated region. We utilized the dependence
of Hon on the ramping rate dH/dt (Eq. (1)) [32] to calculate the life-
time s of the MDS so generated, following the method described
above. The results are added to Fig. 7 (diamonds) together with
the results obtained above for flux injection through the sample
edges (squares). Evidently, the two sets of data fall on similar
curves, indicating that the lifetime of the MDS is an intrinsic prop-
erty of the sample bulk, independent of the way by which the MDS
were created. The ability to create MDS within the bulk of the sam-
ple, demonstrated here, challenges the commonly accepted view
that edge contaminations are the sole source responsible for the
creation of MDS.

4. Summary and conclusions

Our measurements and analyses indicate the unexpected result
that dilute CD affect the melting line and the solid–solid phase
transition line differently. CD are known to shift the melting line
upward [5] while point defects shift it downward [3]. Our results
indicate that CD tend to shift the solid–solid line slightly down-
ward rather than upward. While the effect of CD on the solid–solid
transition line is minute, their effect on the MDS, created in the
vicinity of this line, is considerably larger. We found that the CD
significantly increase the lifetime of the MDS, shifting the MDS re-
gion to lower fields far from the transition, where in a pristine sam-
ple their lifetime is practically zero. Viewing the disordered phase
as a state in which vortices are entangled, our results indicate that
CD hinder disentanglement of the MDS, contrary to the expectation
that CD may stretch the entangled vortices, and in accordance with
the observation of Verden in NbSe2 [11].

Creating pristine and irradiated regions on the same sample,
with a sharp border between them, allowed us to demonstrate
the generation of MDS as a result of injection of ordered vortices
from the pristine region into the irradiated region through the
interface. This result indicates the possibility of a bulk related
mechanism which creates MDS in a bulk of a sample with CD. Cre-
ation of MDS within the bulk of a sample challenges the commonly
accepted view that edge contaminations are the sole source
responsible for the creation of MDS.
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