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Bose-glass behavior of the vortex system in epitaxial Bi2Sr2CaCu~O, +8 films with columnar defects
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A continuous transition of the vortex ensemble into a Bose-glass state in epitaxial Bi2Sr2CaCu208+q
films with columnar defects along the c axis, induced by irradiation with 2.7 GeV 'U ions was observed.
The temperature variation of the resistivity, measured with the magnetic field B=poH applied parallel
to the c axis, fits the expression p(T)-(T —TBG )"' ' at low levels, with a field-independent exponent
up to B=2 T. At very low fields, the magnetic-field dependence of the Bose-glass transition temperature

TBG is in good agreement with the predictions of theory of boson localization in the presence of correlat-
ed disorder, 1/TBG —1/T,D-B' . However, for applied field values significantly larger than the dose-
equivalent field B&=1 T, the vortex delocalization in our samples seems to proceed via melting, the
magnetic-field exponent becoming very close to —'. The occurrence of the Bose-glass transition in the

case of intrinsically very anisotropic superconductors, as Bi2Sr2CaCu208+z, can be understood through
an increase of the tilt modulus in the vortex ensemble in the presence of correlated disorder, which pro-
motes vortex localization.

The occurrence of dissipation in transport-current-
carrying high-T, superconductors in the mixed state has
been a subject of numerous recent experimental and
theoretical investigations. The vortex fluctuations in
highly anisotropic superconducting cuprates, such as Bi-
based and Tl-based compounds, have important conse-
quences on the form of the irreversibility line, which was
found to lie well below the mean-field critical tempera-
ture T,o.

' In the case of random point disorder, a
second-order phase transition of the vortex system into a
vortex-glass state, with zero ohmic resistance in the limit
of small transport currents, was predicted to occur at a
vortex-glass temperature T, ' whose magnetic field
dependence close to T,o can be expressed as
1 —T (8)/T, o-B i .

A conceptually different situation is expected to arise
in the presence of correlated disorder, for example, twin
boundaries, or columnar defects engineered by irradia-
tion with heavy ions, which can have a stronger inhuence
on the supercurrent transport properties, even in the case
of intrinsically very anisotropic superconductors. Nelson
and Vinokur investigated the response of a system of
vortex lines to the presence of a columnar defect struc-
ture. By mapping the physics of Aux lines onto the prob-
lern of localization of quantum-mechanical bosons in two
dimensions, they predicted a new Bose-glass phase at
low temperatures, with the vortex lines localized on the
columnar pins. Of particular interest is the transition at
THG from the Bose glass to a vortex liquid. The critical
behavior of this transition can be parametrized in terms
of a scaling theory with two undetermined critical ex-
ponents, v and z, and the resistivity p close to TH& should
then vanish as T~ THG from above as

p( T)—( T—
THG )"'

An important point is the universality of the critical ex-
ponents, i.e., their independence of the applied magnetic
field. The critical-exponent relations for a Bose-glass
transition are very similar to those predicted by the
vortex-glass theory, ' but the Bose-glass phase and the
vortex-glass phase have different underlying microscopic
physics. In contrast to point disorder, which promotes
vortex wandering and entanglement, the correlated disor-
der inhibits wandering and promotes localization.

Although a detailed theory of the Bose-glass transition
is not yet available, it was shown in Ref. 8 that the Aux

liquids are stable to weak correlated disorder, provided
T) Tao(B). At very low fiux densities, B (Bc=No/A, ,b,
where 40 is the magnetic fIux quantum, and A,,b is the
in-plane component of the London penetration depth, the
Tao(B) dependence can be written as

1/THG (8)—1/T, o
=a,8 ' ~

Up to a factor of the order unity,

a, =84 ' [4$,b(0)/co](oi/1ntc)' T,o',
where 8& is the dose equivalent field, g,s(0) is the coher-
ence length in the (a, b) plane at 0 K, co is the radius of
the columnar pins, Gi is the Ginzburg number, and ~ is
the Ginzburg-Landau parameter. The instability at
T (Tao(8) signals the onset of fiux-line localization.

The occurrence of the Bose-glass transition in

YBa2Cu307 crystals' and epitaxial TlzBazCaCu20s (Ref.
11) with continuous columnar defects was recently re-
ported. By analyzing the Aux-creep process in

BizSr2CaCuzOs+s (Bi-2:2:1:2)single crystals at low fields,

in the regime of remanent magnetization, an irradiation-
induced crossover from point defect to correlated disor-
der pinning was discussed in Ref. 12.
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In the present work, we studied the temperature varia-
tion of the resistivity in the case of Bi-2:2:1:2films with
columnar defects along the c axis, for B parallel to the de-
fects. We found that, at low resistivity levels, the p(T)
variation fits Eq. (1), with a field-independent exponent
up to B=2 T, and more importantly, the resulting
TBo(8) dependence at very low fields is in agreement
with Eq. (2). The applicability of the Bose-glass theory,
which implies vortex lines, to intrinsically very anisotrop-
ic superconductors, such as Bi-2:2:1:2,in which the vor-
tex lines may decompose into pancake vortices situated in
the (CuOz)2 blocks, is explained through an increase of
the tilt modulus in the presence of correlated disorder.

Bi-2:2:1:2films ( =400 nm thick) with reproducible su-
perconducting properties were prepared by an in situ
sputtering method on (100) oriented SrTiO3 substrates, as
described in detail in Ref. 13. The strongly c-axis-
oriented growth and in-plane epitaxy were confirmed by
means of x-ray diffraction in a Bragg-Brentano and four-
circle geometry. The stacking sequence was additionally
investigated by transmission electron microscopy, which
revealed a low density of stacking faults. The critical
temperature of the two films investigated in this work
was, after patterning and annealing of contacts, T, (zero
resistance) =87 K, and T,o (inflection point) =91.5 K
(Fig. 1). One of them was irradiated at 70 K with 2.7
GeV U ions. The beam direction was perpendicular to
the (a, b) plane. The dose of 4.8X10' ions/cm corre-
sponds to a dose equivalent field B&=1 T. The electronic
energy loss of the 2.7 GeV U ions (=48 keV/nm) is
well above the proposed threshold of 16 keV/nm for pro-
duction of columnar defects. ' The calculated depth is 2
orders of magnitude larger than the film thickness. The
columnar defects in our sample have a radius co=5 nm.
After irradiation, and thermal cycling between 77 K and
room temperature, the critical-current density (at 5
pV/cm) was 0.937X10 A/m, for B =0.7 T and
T=57 K. Upon irradiation, the normal-state resistivity
[p„=p(120 K)] increased by =35%, and the critical-
current density increased by a factor of 25. The critical
temperature became T, =80.5 K, and T,o =89 K (Fig.
1).

We first compare the irreversibility temperature T„
determined with a low resistivity criterion
[p, =10 p(120 K)] for the unirradiated sample with
that observed after irradiation. In Fig. 1 (inset), it can be
seen that, after irradiation, the irreversibility line is shift-
ed to higher temperatures, over the whole magnetic field
domain under consideration. However, this effect, which
is rather strong close to B&, diminishes at B »B&.

The resistive transitions of the irradiated sample fit Eq.
(1) very well at low levels [p(T)(10 p(120 K)], in a
three-parameter fit (Fig. 2). The exponent is practically
constant up to an applied field value B=2 T, with an
average value v(z —2) =9 (Fig. 3, inset). Combining this
with the estimation made in Ref. 15 for the dynamic criti-
cal exponent, z=6+0.5, we obtain v=2, in agreement
with the value derived in Ref. 11. It is worth noting that
including the resistive data at higher levels (p 10 p„,
for example), the fit becomes poor and the exponent de-
creases, due to the appearance of thermally assisted Aux
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FIG. 1. Characteristic resistive transition in zero applied
magnetic for the unirradiated samples (---)~ The zero-field
resistive transition of the sample irradiated with 2.7 GeV 'U
ions ( ). The inset represents the irreversibility line deter-
mined with a low resistivity criterion, p, =10 p(120 K): (~)
unirradiated sample; () irradiated sample. In order to avoid
the inAuence of the larger transition width resulting after irradi-
ation, we used here T, (zero resistance) as critical temperature.

10

5

2

o 10

30 40 50 60
T (K)

80

FIG. 2. Temperature dependence of the resistivity for B
parallel to the c axis [8=0.05 T (~ ); 0.1 T (o ), 0.5 T ( A); 1 T
lb, ); 2 T (X); 3 T ( ); 5 T ( ~ )]. The solid lines represent the
fits of the p(T) data [p(T) (10 p (120 K)] with Eq. (1).

fiow (TAFF) in the vortex fiuid. The exponent resulting
from the fit illustrated in Fig. 2 begins to decrease at
higher fields (up to = 5 at 5 T), indicating the failure of
the Bose-glass transition model for B »B&.

Further, we analyze the Tao(B) dependence resulting
from the fit of the resistive transitions. This is shown in
Fig. 3. We considered the mean-field critical temperature
T,o equal to the temperature value corresponding to the
inflection point in the zero-field resistive transition (Fig.
1). At very low fields, the Tao(B) variation is clearly
different from that proposed for the transition to a vortex
glass dominated by point disorder, but is in very good
agreement with Eq. (2). The one-parameter fit of the low
field data gives a, = 1.01 X 10 K ' T '~ (Fig. 3).
With g,b(0) =3 nm (Ref. 16) for Bi-2:2:1:2,
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FIG. 3. Magnetic-field dependence of the transition tempera-

ture resulting from the fit of the resistive data (Fig. 2) (o ), and
the field dependence of the high field T, values from Fig. 1 (~).
The dashed line represents the fit of the low field data (B ~ 10
mT) with Eq. (2) (one-parameter fit). The solid lines represent
the fit of the high field data (B ~2 T) with Eq. (3) (one-
parameter fit). The inset: magnetic-field variation of the ex-
ponent v(z —2) (see text). The line in the inset represents the
mean value for B ~ 2 T.

~= 10, co = 5 nm, and T,o
=89 K, the theoretical estima-

tion (see above) leads to a I =0.35 X 10 K ' T
The difference is understandable, taking into account the
transport-current density J~ =10 A/m, imposed by the
sensitivity of our measurements. In the limit J ~0, the
Tao(B) values are expected to be higher, leading to a
lower a, . The deviation from Eq. (2) appears at =10
T. We have TBo(10 T)=69 K. By considering the
temperature dependence of the penetration depth for B
parallel to the c axis, A,,b(T)=A, (0)(1—T/T, o) ', with
A,,b(0) =250 nm for Bi-2:2:1:2,' it can be seen that this is
exactly the field Bo =No/A, ,s, below which the vortices
interact only via a short-range potential. At B &Bo, the
interactions between vortices restrict the growth of the
localization length before the transition to a vortex liquid
occurs, and TBo(B) will be shifted to higher tempera-
tures (see Fig. 3), in agreement with the estimation of the
Bose-glass transition temperature made for this magnetic
field domain.

The field value above which the interactions between
vortices modify the columnar pinning in an important
way is the matching field B&, provided the temperature is
lower than a crossover temperature To, defined
through the relation co =&2g,b ( To ). With
g,s(T)=g,b(0)(1—T/T, o) '~, and g,s(0)=3 nm, the
mean radius of the columnar defects in our samples leads
to a TO=57 K. The observed inhuence of the columnar
defect structure at fields slightly higher than B& can be
understood by taking into account that, for B ~B&, al-
though all the columnar defects are occupied, the excess
vortices, which go into the interstitial space, will still be
localized by interactions with vortices trapped on the pin-
ning structure. The spatial distribution of the density of
columnar defects in the sample has a similar effect.

At B »B&, the vortex configuration at low tempera-
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FIG. 4. The activation energy in the TAFF regime vs applied
magnetic field, at T/T, O=0.9: (6) unirradiated sample; (0 ) ir-
radiated sample.

tures will be composed from domains of crystalline order
interrupted by the correlated pinning potential. This
highly inhomogeneous structure is responsible for the
broadening of the transition at high fields (Fig. 2). Al-
though the point disorder may become important at low
temperatures, for B »B&, the vortex delocalization in
our sample seems to proceed via melting. The magnetic
field dependence of the melting temperature T would
b 1818

1/T (B) 1/T,—o=a2B'~ (3)

with a&=2&2[/', b(0)/cl T,o](oi/@Olnir) ~ (up to a fac-
tor of the order unity), where cI is the Lindemann con-
stant. If the fit from Fig. 2, for B &B&, is considered as
an extrapolation of the resistive data to lower levels, the
resulting TBo(B) data at high fields (B ~2 T) fit Eq. (3)
(in a one-parameter fit), with a2 = 1. 13 X 10 2 K ' T
(Fig. 3). This is in very good agreement with the above
theoretical estimation, which gives, with g,b(0)=3 nm,
cL =0 2, Gi =0 1, ' ~= 100, and T 0= 89 K,
a2=10 K 'T ' . If we take the high-field T„data
from Fig. 1 (inset) instead of TBo, the magnetic-field ex-
ponent remains —,', but the constant a2 becomes lower
[0 88X10 K 'T '

]
The applicability of the theory of Bose-glass transition

in the case of Bi-2:2:1:2is puzzling, taking into considera-
tion the large intrinsic anisotropy of this compound. In
some experiments, the material appears to be magnetical-
ly transparent for fields perpendicular to the c axis.
However, detailed analyses of the magnetic field and tern-
perature dependence of the activation energy in the
TAFF regime ' have revealed an excellent quantita-
tive agreement with the model of plastic TAFF with dou-
ble vortex-kink formation. This model, extended in
Ref. 25 for a vortex liquid, describes both the linear tem-
perature decrease of the activation energy U with increas-
ing temperature, and the field dependence U(B)-B
observed experimentally in the case of Bi-2:2:1:2
films, ' over an extended magnetic-field —temperature
domain. This means that the (CuO2)2 blocks cannot be
considered completely decoupled, even in fields as high as
7 T.

10 I ~ ~ ~ ~ ~ ~ ~ I
3
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After irradiation, significant modifications were ob-
served. In Fig. 4, we illustrated the change of the
magnetic-field dependence of the activation energy in the
TAFF regime at T/T, O=0. 9, induced by the presence of
the columnar defect structure. The U(T, B) values were
determined directly from the p( T) data,

U(T, B)=T[lnp(T, O, B)—lnp(T, B)] (kz= 1) .

The change in the U(B) variation at B„=30—40 mT, ob-
served for the unirradiated sample, was attributed ' to
the appearance of vortex strings with three-dimensional
fluctuations, due to the increase of the tilt modulus at
B (8„,when the intervortex spacing is higher than the
Josephson bending length. ' In the case of the sample
without columnar defects, at B &B„,the 8 ' depen-
dence of the activation energy (resulting from the double
vortex-link formation) is seen, whereas this is shifted to
higher fields for the irradiated sample (Fig. 4). [More-
over, the linear U(T) dependence, which is characteristic
for samples without columnar defects for B &8„,trans-
forms into an upcurved U(T) variation at low tempera-
tures. ] This behavior can be interpreted through an in-

crease of the tilt modulus (even for large field values) in
the presence of the columnar defects, which promote vor-
tex localization.

In conclusion, the temperature dependence of the resis-
tivity of epitaxial Bi-2:2:1:2films with columnar defects
along the c axis, for applied fields parallel to the defects,
indicates the occurrence of the Bose-glass transition at
low temperatures, with vortices localized on the colum-
nar pins. The magnetic-field dependence of the Bose-
glass transition temperature at very low fields is in agree-
ment with the theory of boson localization in the pres-
ence of correlated disorder. The applicability of this
theory in the case of highly anisotropic superconductors,
such as Bi-2:2:1:2,was explained through an increase of
the tilt modulus in the presence of the columnar defect
structure. For fields significantly larger than the dose-
equivalent field, the vortex delocalization in our samples
seems to proceed via melting.
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