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We investigate the effect of columnar defects on the low-temperature magnetic response of a highly aniso-
tropic superconductor. Using alocal magnetic field sensor, the vortex creep rate in single crystals of
Tl2Ba2CuO61d containing columnar defects is found to be a highly nonmonotonic function of vortex density.
The creep rate is largest when the vortex density is less than the defect density. A strong suppression of the
creep rate is observed near the matching field,Bf , corresponding to equal numbers of vortices and defects. We
tentatively associate this finding with the Mott-insulator line phase proposed by Nelson and Vinokur@Phys.
Rev. B 48, 13 060~1993!#. For higher vortex densities, an additional minimum is found near 3Bf , empha-
sizing the importance of vortex interactions.@S0163-1829~96!50542-4#

The rich magnetic phase diagrams that describe the mixed
state of the cuprate high-temperature superconductors are a
consequence of thermal fluctuations and disorder which
strongly affect the statics and dynamics of flux-line vortices.1

Extended defects, in particular, serve as strong pinning cen-
ters for vortices aligned along their direction. Such correlated
disorder has been shown to significantly shift the irreversibil-
ity line, and thus the onset of dissipation, to higher tempera-
tures and fields.2 At low temperatures, a phase transition to a
Bose-glass phase with vortex lines localized on the defects is
predicted to occur from a liquid of delocalized vortex lines.3

Of profound technological and scientific potential, the Bose-
glass phase is readily accessible experimentally through the
controlled introduction of columnar defects. These defects
are obtained by heavy-ion irradiation and consist of ran-
domly distributed, linear tracks of damaged material extend-
ing through the sample. Buried in the Bose-glass phase for
fields near B5Bf is the postulated Mott-insulator line
phase;3 Bf is the matching field for which, on average, each
columnar defect is occupied by one vortex. In this regime,
vortices are localized by both defects and interactions with
neighboring vortices. Moreover, the vortex assembly is pre-
dicted to be incompressible; the vortex density remains
locked at the density of defects over a finite range of external
fields. The existence of such a phase is supported by recent
experiments that show a deep minimum in the field depen-
dence of the vortex creep rate near the matching field in
untwinned YBa2Cu3O72d ~YBCO! single crystals,4 and by
magnetization experiments in superconducting Pb/Ge
multilayer films containing a regular array of submicron
holes.5

A potentially very different situation exists in the highly
anisotropic Tl- and Bi-based compounds. Here, weak Jo-
sephson coupling between adjacent CuO2 layers leads to a
two dimensional~2D! ‘‘pancake’’ description6 of vortices as
opposed to the 3D line objects that exist in YBCO. At high
temperatures, experiments in samples of Bi2Sr2CaCu2O81d
single crystals7 and Tl2Ba2CaCu2O8 epitaxial films8 con-
taining columnar defects are nevertheless consistent with the

Bose-glass theory. These results show that vortices act as
well-coupled lines for fields up toBf and indicate that co-
lumnar defects help overcome the effects of material anisot-
ropy. However, as temperature is decreased the distinguish-
ing features produced by columnar defects become less
pronounced.2,7,8 At low temperatures in highly anisotropic
systems the role of columnar defects is still unexplored.

In this paper we address this issue by investigating the
magnetic response in single crystals of the anisotropic super-
conductor Tl2Ba2CuO61d ~Tl-2201! containing columnar
defects. We present systematic measurements of thelocal
magnetization and its time decay at temperatures below 12
K. At low vortex densities,B!Bf , we observe a consider-
able enhancement in both critical current and decay rate
which is followed by a sharp suppression in the decay rate at
B'Bf where all vortices become locked onto defects. A
second minimum in the decay rate is observed atB'3Bf ,
resulting from a combination of defect pinning and vortex
interactions. As a function of temperature, these features are
found to persist well into the thermally activated regime. We
interpret the behavior atB5Bf as evidence for the predicted
Mott-insulator line phase within the Bose glass.

Single crystals of Tl-2201 were synthesized using the
flux-growth method at 1000 °C and 1200 psi Ar pressure, as
described in detail elsewhere.9 The two samples we studied
were made under identical conditions and were irregularly
shaped platelets with basal plane areas approximately~200
mm! 2 and 20-mm thick along thec axis. Randomly distrib-
uted columnar defects aligned along thec axis (62°) were
introduced by irradiating one of the crystals with 1.1 GeV
uranium ions at the ATLAS source. The large ionization en-
ergy loss (.2.5 keV/Å! of these ions across the thickness of
the sample ensured the formation of linear tracks of amor-
phous material. The irradiation dosage was chosen so that
the density of defects corresponded to vortex densities at a
matching fieldBf510 kG. After irradiation, the transition
temperatureTc , was suppressed from;87 to;78 K.

Magnetization measurements were performed using mi-
crofabricated bismuth Gaussmeters, similar to those used in
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Ref. 4 over a range of temperatures, 0.4<T<12 K, and for
applied magnetic fields,280<H<80 kG, along the direc-
tion of irradiation. The magnetic field penetrating the~3
mm! 2 active area of the probe was detected by the induced
Hall voltage. The probe was calibrated over the full range of
temperatures and applied fields used in the experiment. This
calibration curve is a monotonically increasing function of
H: it is weakly cubic inH for uHu,1 T, and nearly linear in
H above 1 T. The crystals were then mounted directly onto
the Gaussmeters using a thin layer of vacuum grease; we
estimate the sample to probe separation to be about 1mm.
All data were recorded after the applied field was swept
through a sufficiently large range (;40 kG! to ensure that a
well-defined gradient in the vortex density was established
throughout the sample.

The presence of columnar defects affects the shape of the
hysteresis loop,B(H), and magnetization curve,M (B),
shown in Fig. 1. We define thelocal magnetization of the
sample asM5B2H, whereB is the local, internal field in
the crystal at the Gaussmeter’s position. It has recently been
postulated10 and shown4 that columnar defects lead to two
critical current regimes as a function of internal field: an
enhanced critical current in regions of the sample where
B,Bf for which each vortex is strongly pinned by a colum-
nar defect, and a smaller critical current in regions where
B.Bf due to interstitial vortices that are less strongly
pinned by point disorder and/or vortex interactions. The
larger critical current is reflected by the central bulge in the
hysteresis loop and the appearance of a peak inM (B) near
uBu58 kG for both increasing and decreasing field in Fig. 1.
The inset of Fig. 3 illustrates how, forB,Bf , a steeper
vortex density gradient~corresponding to the larger critical
current! leads to a peak in the local magnetization. A double-
sloped vortex density gradient means that the Bean model11

cannot be used to estimate the critical current density,Jc .
The values of the magnetization are not the same for

fields applied in the positive and negative directions~Fig. 1!.

We note that demagnetization effects from the sample intro-
duce a radial component of the field at the Hall probe which
cannot be calibrated, and results in a small magnetoresistive
response that is an even function of field. This may account
for asymmetries of the measured local field, its gradient, and
the magnetic relaxation rate~see below! with respect to the
applied field that we and others4,12 have observed. Asymme-
tries can be minimized by positioning and local field probe at
the center of a regularly shaped crystal.4

The magnetization decay at different internal fields is
shown in Fig. 2 forT56 K. The time dependence is typi-
cally nonlogarithmic which we attribute to two factors: a
nonlinear current dependence of the effective pinning barrier
to vortex motion,13Ueff(J), and the strong dependence of the
decay rate on the local, internal field which we discuss be-
low. For this reason, only the initial stage of the magnetic
relaxation~10–1000 s! was used to calculate the normalized
decay rate,S(B,T)[(1/M0)dM/d ln(t); M0 is the initial
magnetization taken from theM vs B curve for a ramp rate
of 50 G/s. The decay rate,S calculated at positive internal
fields and negative magnetizations~see Fig. 1!, shows rapid
and nonmonotonic variations as a function oflocal internal
field, as shown in Fig. 3 by the symbols. We note that the
S vs B curve can also be asymmetric for increasing and
decreasing field branches. In this case, symmetry is not ex-
pected since the vortex density profile inside the sample dif-
fers significantly for flux entry and flux exit as shown in the
inset to Fig. 3.

The minima in the decay rate atB'Bf andB'3Bf seen
in Fig. 3 are robust. We have explicitly verified that fitting
the magnetization decay to interpolation and power-law
forms1 over the entire length of the relaxation data record
~typically over 104 s! does not affect the position of the
minima in S(B). The error in the fits is approximately the
size of the data symbols in Fig. 3. Because the size of the
hysteresis loop depends on the rate at which the applied field
is ramped, we can furthermore compareS with a dynamical

FIG. 1. Magnetization,M , vs local internal field,B, at T52 K
for the crystal with a columnar defect density corresponding to a
vortex density at a fieldBf510 kG. The hysteresis loop is narrower
for slower sweep rates of the applied field. Data shown in subse-
quent figures correspond to the lower right-hand quadrant. Inset:
columnar defects enlarge the hysteresis loop, particularly for
uBu,Bf .

FIG. 2. Time decay of the magnetization measured atT56 K
for the irradiated crystal. Significant decay occurs and is typically
nonlogarithmic, especially foruBu,Bf . Curves are normalized and
labeled according to the initial magnetization,M0, and internal
field, B0, measured at an applied field sweep rate of 50 G/s. Inset:
effective energy barrier for flux creep,Ueff , vs local magnetization
at selectedB0.
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magnetization decay rate,14 Q(B)[ ln@M f(B)/Ms(B)#/
ln(V f /Vs). Q(B) is obtained from magnetization data,
M f ,s , taken at two different rates: a fast ramp rateV f and a
slower rateVs . This technique gives a continuous curve for
Q(B), as compared to the discrete set of values forS(B)
which are obtained from individual relaxation traces~Fig. 2!.
The solid line in Fig. 3 showsQ(B) calculated from ramp
rates of 50 and 5 G/s. Although quantitative differences ex-
ist, partly due to nonlogarithmic decay over the respective
time windows for which the quantities were calculated, the
variations with field are in excellent agreement withS(B).

The sharp suppression in the decay rate and the local
maximum in the magnetization atB'Bf signify a develop-
ing rigidity of the glassy vortex configuration as vortices
become localized. The sharp minimum inS can be inter-
preted as a gap opening up in the excitation spectrum15

which effectively deepens the potential wells and inhibits
vortex motion at the matching field. We take this as strong
evidence for the Mott-insulator line phase in this anisotropic
material. By comparison, measurements of the unirradiated
sample showed a roughly field-independent decay rate,
S(T52 K!50.03360.005. The nonvanishing decay rate at
B'Bf for the irradiated crystal is at least partly due to the
finite size of the Hall probe and vortex density gradients in
the crystal that prevent all vortices from being localized on
defects at the same time. Likewise, vortex flow in different
parts of the crystal may affect the decay rate at the position
of the Hall probe. This may explain why the minimum inS
is found at 1.2Bf and notBf . Also, positional disorder in
the columnar defects will occasionally result in two closely
spaced defects.15 In this case, and forB'Bf , repulsion be-
tween vortices will force one of the vortices to leave its
defect and move to an interstitial site where it is less strongly
pinned. A slightly increase in field~vortex density! may then
be necessary to optimally localize these interstitial vortices
by interactions with vortices trapped on the defects.

The temperature dependence of the decay rate for selected
values ofB is shown in Fig. 4. ForT,4 K, S is found to be
finite and nearly temperature independent~see also Fig. 3!;
this may suggest that vortex motion is not thermally acti-
vated but occurs by quantum tunneling.4,16 If so, Fig. 4 indi-
cates that the nonmonotonic behavior inS(B), and thus pre-
sumably the Mott-insulator phase, survives the crossover
from quantum tunneling to thermal activation at higher tem-
peratures, at least up toT512 K.

We have repeated the procedure given by Maleyet al.13

with our data between 6 and 12 K to obtain the field depen-
dence of the pinning barrierUeff(B,M ) from relaxation
curves taken at different temperatures17 ~see Fig. 2, inset!.
The slopes of the resulting isothermal segments are propor-
tional to the characteristic energy barrier,U0. We note that
with two critical current regions in the crystal, the usual
assumption11 thatM}J is a poor approximation, especially
nearBf , whereJ is considerably underestimated.18 Never-
theless, fits of our data to the functional forms proposed by
collective creep theory,19 the Bose-glass model,3 as well as
that observed by Zeldovet al.13,20do not yield the expected1

monotonic dependence ofU0 on B. Instead, we find that
U0 is largest atB'Bf which is consistent with the minimum
in S at the matching field~Fig. 3!. Moreover, this analysis
indicates that the nonlinear current dependence to the pin-
ning potential is particularly strong at the matching field, and
thus may reflect a property of the Mott-insulator phase.

We attribute the large decay rates and the modest reduc-
tion of S at B'Bf ~by a factor of 4, compared to a factor
>10 in irradiated, untwinned YBCO crystals!,4 to a small
flux line tension. Brandt6 has shown that for the Bi- and
Tl-based compounds the large anisotropy ratio,
G5lc /lab;50 (G'5 for YBCO!, reduces the line tension
(}G22) of a flux line, thereby leading to the thermal depin-
ning of vortex segments that are smaller than the CuO2 layer
spacing; that is, pancake vortices in the CuO2 layers can
depin individually. This leads to large decay rates even at
low temperatures.

Although irradiated YBCO crystals do show a pro-
nounced minimum inS at B'Bf , no additional dip is seen
for B.Bf ; instead,S is found to asymptotically approach
the behavior for point-defect dominated pinning.4 For suffi-

FIG. 3. Magnetization decay rates show sharp minima for inter-
nal fields nearBf and 3Bf . Symbols represent rate,S, determined
with the applied field held constant. Solid line shows the dynamical
rate,Q, calculated from the sweep rate dependence of the hysteresis
loop. Inset: a model incorporating two critical currents in irradiated
crystals can explain the maxima in the magnetization~Fig. 1! as the
applied field is ramped up from large negative to large positive
values.

FIG. 4. Temperature dependence ofS for the irradiated crystal,
Bf510 kG, at several internal fields,B. The nonmonotonic behav-
ior of the decay rate shown in Fig. 3 is apparent out toT512 K.
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ciently strong vortex interactions, i.e., large enough elastic
energies of the vortex arrangement, the formation of locally
ordered regions will compete with the randomness in the
defect positions. An additional minimum inS(B) and an
associated peak in the magnetization atB53Bf would, in-
deed, be expected for a triangular lattice of columnar defects
with densityBf , in which interstitial vortices are caged in
by the repulsive interactions with their six nearest neighbors.
Our observations of such features at this second matching
field suggest that despite positional disorder of the columnar
defects, pinned~distorted! triangular vortex arrangements
survive locally and can be detected by local measurements.
Different vortex configurations or completely random ar-
rangements would lead to different matching fields or their
complete absence; for a square lattice of columnar defects
the second matching field would occur atB'2Bf , as seen
by Baertet al.5 Furthermore, point disorder must be a com-
paratively weak perturbation on this vortex-vortex interac-
tion barrier which cages interstitial vortices. Presumably, the
small flux line tension in anisotropic superconductors pre-
vents point disorder from collectively pinning a long seg-
ment of an interstitial flux line and thereby leading to ran-
dom spatial arrangements. Within this picture, the increase in
S at intermediate fields and forB.3Bf in Fig. 3 naturally
arises from interstitial vortices which are less strongly
pinned and find it easier to escape out of irregular confining
cages consisting of five or seven vortices.

It is interesting to speculate whether the features at 3Bf
are a manifestation of a Mott-insulator behavior in the

weakly pinned Bose-glass phase proposed in Ref. 10 for
B.Bf . Since interstitial vortices are expected to be pinned
less strongly, it is surprising to find the decay rate near
3Bf to be as low and to have a weaker temperature depen-
dence than that nearBf . This observation requires further
study. Finally, we note that forB,Bf , both the vortex creep
rate and the critical current are enhanced when compared to
the unirradiated crystal~at least over the measured range of
temperatures!; this is contrary to the classical Anderson-Kim
description,21 whereS}1/U0 and Jc}U0. Here,U0 is the
pinning energy which presumably is increased by the intro-
duction of columnar defects.

While the original work on boson localization22 cannot
account for a Mott-insulator phase on a disordered lattice
such as that formed by columnar defects, the existence of
this phase within the Bose-glass was postulated by Nelson
and Vinokur.3 We believe that our results provide evidence
of this phase in an anisotropic vortex system and hope they
motivate further theoretical investigation.
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