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Low-temperature magnetic relaxation in HgBa2Ca2Cu3O81d single crystals with columnar defects
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Micrometer-sized Hall probes are used to measure the low-temperature magnetic properties of
HgBa2Ca2Cu3O81d single crystals with and without columnar defects. Introduction of columnar defects by
heavy-ion irradiation suppresses the quasiexponential temperature dependence of the critical current, but only
when the density of flux lines is less than the density of defects. The current-dependent creep activation energy
U(J) is found to be best described by the power law:U(J)5U0@(Jc /J)m21#. At high current densitiesJ, and
low fields, there is a crossover to a quantum vortex creep process with a temperature-independent magnetic
relaxation rate. On the low-J side of this crossover in the unirradiated sample,m>1, indicating that the
thermally activated vortex creep process is consistent with collective creep. When the flux-line density exceeds
the columnar defect density in the irradiated sample, the vortex creep process is characterized bym;1. For
flux-line densities less than the defect density, an anomalously large exponent is found (m>2), which is
inconsistent with vortex transport occurring either by the nucleation and expansion of half-loop excitations or
by variable-range hopping of vortex lines as described by the Bose-glass theory.@S0163-1829~98!08333-7#
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The discovery of the mercury-based copper ox
superconductors1 having transition temperaturesTc;130 K
has generated a great deal of interest, especially for tec
logical applications. However, the viability of these com
pounds for applications will ultimately depend on their cu
rent carrying capabilities, and understanding and control
magnetic flux creep that gives rise to decaying currents2 and
thermally activated resistance.3 The giant flux creep presen
in the high-temperature superconductors2 is a consequence o
large thermal fluctuations, short coherence lengths,
strong anisotropy. The combination of these factors lead
intrinsically weak pinning of flux lines and thus low critica
currents. To overcome this limitation, the conventional a
proach has been to deliberately engineer disorder into
materials. The presence of disorder, whether in the form
point or extended defects occurring naturally or introduc
through either doping4,5 or various forms of irradiation,6,7

increases the barrier for flux line~vortex! motion and has
been demonstrated to enhance important technological p
erties such as the critical current densityJc .

Due to the current unavailability of larg
HgBa2Can21CunO2(n11)1d single crystals, nearly all studie
of their magnetic properties have involved randomly o
ented, polycrystalline8–10or grain-aligned samples.11,12Here,
we denote the single CuO2 layer compound withn51, Hg-
1201, the double layern52, as Hg-1212 and triple layern
53, as Hg-1223. These studies have shown that the irrev
ibility lines of these compounds lie between that of t
Bi- and Tl-based compounds and the more isotro
YBa2Cu3O72d. In addition, at intermediate and high tem
peratures the magnetic hysteresis and relaxation proce
appear to be well described by the thermally activated p
etration of two-dimensional pancake vortices over a Be
Livingston surface barrier.13 Neutron irradiation studies14–17

have shown that Hg-1201 is not intrinsically limited to lo
current densities. Rather, the irradiation was found to s
press surface pinning, moderately enhance the critical
rent, and shift the irreversibility line to higher temperatur
High current densities have also been attained inc-axis ori-
PRB 580163-1829/98/58~9!/5825~6!/$15.00
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ented epitaxial films of Hg-1212.18 These studies indicate
that the Hg-based compounds can support large in-plane
rent densities at temperatures higher than has been ach
for other superconductors.

To date, studies analogous to neutron irradiation, but
ing high energy, heavy-ions have been unfeasible beca
heavy ions have a maximum range in solids of only 20–
mm, making it virtually impossible to produce defec
throughout macroscopic grain-aligned samples.~Recently, it
was demonstrated that randomly oriented columnar def
can be created in Bi-based compounds by proton irradiat
which has a much longer penetration.6,19! Such heavy-ion
irradiation creates defects in the form of cylindrical amo
phous tracks~‘‘columnar defects’’!. This is to be contrasted
with neutron irradiation that produces defect cascades c
sisting of small volumes in which structural disordering a
partial melting occur. Columnar defects provide the ma
mum pinning of flux lines because they match the line
geometry of flux lines, and their diameter~;10 nm! is com-
parable to the dimension of a vortex core. It is important th
to determine how columnar defects affect vortex motion a
whether such defects offer a substantial enhancement o
magnetic properties in comparison to defect cascade
these materials.

In this paper, we address these issues in single microc
tals of the HgBa2Ca2Cu3O81d compound~Hg-1223!. Such
crystals are sufficiently thin to ensure that irradiation crea
columnar defects that extend entirely through the mater
Using miniature Hall probes, we report measurements of
local magnetic inductionB and its time decay forB along the
length of the defects and parallel to thec axis. From the
relaxation data we investigate the creep rate as a functio
temperature and extract the current density and magn
field dependencies of the activation barrier.

Nearly 100% phase-pure Hg-1223 compounds were s
thesized from appropriate mixtures of the correspond
metal oxide powders as described in Ref. 20. The
synthesized samples were mechanically ground to free i
vidual grains from the residual flux matrix. These grai
were irregularly shaped platelets having lateral dimensi
ranging from 10–25mm and with thicknesses of 2mm. Us-
5825 © 1998 The American Physical Society
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5826 PRB 58NOWAK, FABIJANIC, ANDERS, AND JAEGER
ing a scanning electron beam, we examined the Kiku
patterns21 from such grains. In addition to identifying th
orientation of the grains~thec axis was parallel to the thick
ness direction!, the orientation of the Kikuchi pattern re
mained unchanged~62°! as the beam was rastered along t
entire surface of the grain. This latter observation confir
that the grains were single crystals.

For the measurements, we chose crystals that were at
10 mm on a side, and had regular shapes, e.g., rectang
like. Some of these crystals were then irradiated at
ATLAS source with 800 MeV Ag ions directed along thec
axis ~65°!. It is well established7,22 that ionization energy
loss by fast heavy ions can produce permanent damag
fects in cuprate superconductors. Calculations using theTRIM

Monte Carlo energy deposition routine23 indicate that, within
the thicknesses of our Hg-1223 crystals~<2 mm!, the energy
deposition rate of the Ag ions is relatively constant at a
proximately 21 keV/nm. This ionization energy loss for A
ions has previously been shown22 to be sufficiently large for
producing columnar defects with diameters ranging betw
5–11 nm and penetration depths of;16 mm in
YBa2Cu3O72d and Bi2Sr2Ca2Cu3Ox samples. Although mi-
crostructural data on damage tracks in Hg-1223 crystal
not presently available, based on the above results the d
age microstructure expected from the irradiation consists
continuous columns of amorphous material extend
through our crystals and distributed randomly in the pla
perpendicular to the ion beam. The ion flux dosage was c
sen so that the number of columnar defects would equal
number of flux lines in a magnetic field ofBf
510 kG62 kG.24

The present unavailability of larger crystals of the H
based compounds has limited experimental studies to gr
aligned samples. To overcome this restriction, we have u
micron-sized Bi Hall probes to measure the local magnet
tion and magnetic relaxation insinglecrystals. The field sen
sitivity of these sensors~;1 G! allowed us to acquire reliable
data below 20 K and for most applied magnetic fields pa
lel to thec axis. The crystals were centered directly on top
the Bi Hall probes and affixed by using a very thin layer~,1
mm! of grease. The field just at the surface of the crys
induces a Hall voltage that was calibrated to give the av
aged local fieldB across the 3mm33 mm active areas of
these probes. We define the magnetization asM[B2H and
report the magnetic properties as a function of the local fi
B rather than the applied fieldH. ~For irradiated samples, i
was found thatB is the relevant quantity on which many o
the magnetic properties depend.25,26! All measurements were
carried out under field-cooled conditions. In order to ens
that a well-defined flux density gradient was establish
~fully penetrated! throughout the crystal, the field wa
ramped over tens of kiloGauss~.20 kG! prior to starting all
the measurements. Magnetic hysteresis,M (B) loops, were
recorded at a constant field sweep rate of 50 G/s at fi
temperatures. Likewise, isothermal magnetic relaxation m
surements were performed by ramping the field over sev
Tesla at a rate of 50 G/s to various initial values ofB.

The magnetic hysteresis loops were predominately s
metric aboutM50 for both types of samples atT,20 K.
This would suggest that, in comparison to bulk pinning, s
face barriers contribute negligibly to the irreversible mag
i
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tization at these low temperatures. Other papers12,27,28 on
grain-aligned samples have found that surface barriers
significantly affect the field dependence of the magnetizat
to temperatures as low as 10 K. The enhanced bulk pinn
is perhaps indicative that our pristine crystals were som
what oxygen overdoped. The extremely small size of th
crystals prevented direct measurements ofTc by conven-
tional techniques as a means of checking stoichiometry.

Irradiation is known to lead to an increase in the irreve
ible magnetization that can be related to the critical curr
density Jc , according to the Bean model.29 In Fig. 1 we
show one quadrant of the magnetization loop~for flux entry!
at various temperatures for both the unirradiated and irra
ated samples. Since the Hall probe measures the local fi
we can, in principle, determineJc directly through Max-
well’s equation Jc5(c/4p)dB/dx.30 However, even with
our miniature Hall probes, the crystals were too small
allow for a direct measurement of the field gradient. Th
we estimateJc by Jc'(c/4p)DM /2L, where DM5Mexit
2Mentry is the width of the hysteresis loop at a local fieldB
andL is the lateral distance of the Hall probe from the ne
est edge of the crystal.L'10mm for both samples. Implicit
in this expression forJc is the assumption that the current
uniform across the sample. This, however, is not the case
samples with columnar defects for which there can exist t
critical currentsJc1 and Jc2 in regions of the crystal where
B,Bf and B.Bf , respectively, withJc1.Jc2 .31 This ef-
fect is minimized in our microcrystals for which the variatio
of B across the crystal is small. In addition, with the ma

FIG. 1. Magnetization as a function of the internal fieldB for
flux entry is shown at various temperatures for the~a! unirradiated
and ~b! irradiated single crystals. Columnar defects give rise
increased magnetization at low fields and a prominent peak
Bf510 kG62 kG as indicated by the arrow in~b!.
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netic field applied perpendicular to the plane of the crys
demagnetization effects cause a bending of the field lin
resulting in a critical current that is not simply proportion
to the gradient of the field. Nevertheless, near the cente
the sample, where our Hall probe is positioned, the field li
are nearly straight. Hence, a local measurement of the in
nal magnetic field can provide a good estimate ofJc .

A characteristic feature of high-temperature superc
ductors is the large flux creep rate. Consequently, any m
surement ofJc is a lower bound estimate of the true critic
current, determined by the time scale of the measurem
We find a significant enhancement~factor of 2! of Jc after
irradiation only for B,Bf : Jc(T52 K, B51 kG)'4
3106 A/cm2 for the irradiated crystal. This enhanceme
factor may be a lower bound since our unirradiated crys
were found to sustain relatively large current densities. Th
large critical currents are due to an unknown defect struct
presumably preexisting point defects. In addition, the pr
ence of columnar defects also introduces a nonmonot
dependence toM (B). This can seen in Fig. 1~b!, where the
magnetization has a local maximum at a fieldB'7 kG,
approximately equal to the matching field,Bf510 kG
62 kG.24 Such behavior has been discussed elsewhere25,26 in
the context of the Mott-insulator line phase that was p
posed by Nelson and Vinokur32,33 to exist within the Bose-
glass phase for vortices.

The temperature dependence ofJc is shown in Fig. 2. The
field resolution of the Hall probe and the small size of t
crystals restricted the data to a narrow range of temperatu
Even so, several features are apparent. At low temperat
and fields,Jc(T) is found to level off, becoming nearly tem
perature independent.@For the irradiated crystal,Jc is ex-
pected to show a nonmonotonic dependence on field, sim

FIG. 2. The temperature dependence of the critical curren
various internal fieldsB. For T.3 K, Jc(T) can be approximated
as}exp(2T/T0) as indicated by the thick dashed line in~a!. For the
irradiated sample~b!, T0 is a strong function of field.
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to the magnetization. This dependence is absent in Fig.~b!
because the fine features in the magnetization loops for
entry and flux exit are not symmetric, andJc is calculated
from the total width of the hysteresis loop.# At high tempera-
tures,Jc(T) can be described by an exponential depende
Jc}exp(2T/T0).

34,35 The empirical parameterT0 is a mea-
sure of the pinning strength. We find thatT0'20 K in the
irradiated crystal forB,Bf and drops rapidly with increas
ing field. ForB.Bf , T0 approaches the value found in th
unirradiated sample, whereT0'6 K, as shown in Fig. 3.
Previous studies on Hg-1223 powder samples indicate va
ranging from 11 K,T0,17 K for grain-aligned
samples12,15,27to 7 K for randomly oriented crystallites.10 In
one study neutron irradiation was found to increaseT0 from
11 to 17 K.15 By comparison, columnar defects suppress
temperature dependence ofJc by a factor of.3, at least for
low fields, where the density of flux lines is less than t
density of defects.

The time evolution of magnetizationM (t,B,T) was re-
corded over times 10,t,105 s along the diamagnetic
branch of the hysteresis loop. For the irradiated crystal thi
not the branch shown in Fig. 1~b! but that corresponding to
negative applied fields. This branch did not show the stro
nonmonotonic dependence ofM (B) evident in Fig. 1~b!.36

The inset to Fig. 4 shows that the magnetization decay
be considerable over the experimental time window. Exc
for the lowest temperatures and fields, the decay of the m
netization in both unirradiated and irradiated crystals was
found to be logarithmic in time. Nor was it consistent wi
an exponential decay to an equilibrium magnetization,
might be expected at long times in the standard model of
creep by Anderson-Kim.37 A nonlogarithmic decay is gener
ally attributed to the current dependence of the activat
barrier for flux creepU(J).2

To examine the temperature dependence of the flux cr
rate, we plot in Fig. 4 the normalized creep ra
S52d ln(M)/d ln(t) averaged over times 10,t,5000 s. At
the lowest temperatures and fields,S takes on a finite and
temperature-independent value, as denoted by the da
lines. Such behavior has previously been taken as evide
for vortex motion that is not thermally activated but occu
by quantum tunneling.17,38–40The crossover to quantum tun
neling of vortices occurs belowT;2 K for the unirriadated

at

FIG. 3. The field dependence of the empirical parameterT0

from Fig. 2. T0 is a measure of the pinning strength. Column
defects enhanceT0 for B,Bf , but are less effective at higher field
where the vortex density is comparable to or greater than the de
density. WhenB.Bf , the value ofT0 is not affected by irradia-
tion.
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sample atB55 kG and as high as;4 K in the presence o
columnar defects atB51 kG. At higher fields the creep rat
is larger andS(T) is nearly linear inT. These curves tend to
merge at lowT, approaching a finite value asT→0. Indeed,
extrapolation ofS to T50 at higher fields yields values fo
S(0) that are nearly equivalent to the quantum creep
found at the lowest field in each sample. Field independe
of the quantum creep rate suggests that the single vo
regime for pinning applies. In general,S(T) is an increasing
function of temperature, though not strictly monotonic. A
though the low-temperature features of the vortex creep
are similar to those found in randomly oriented40 and neutron
irradiated, grain-aligned samples,17 the form of S(T) for T
.15 K differs strongly amongst samples and requires furt
investigation.

Figure 4 indicates that the magnitude and temperature
pendence of the flux creep rate is modestly reduced by
introduction of parallel columnar defects. We note, howev
that the relaxation process is determined by the activa
barrier U, which is a function of the current densityJ. As
shown in Fig. 1, irradiation can increaseJ, which affectsU
and the creep rate. Thus, a proper evaluation requires c
parison ofU at the same current densities~see below!.

We now address the question of how the presence of
lumnar defects affects vortex creep in these compounds.
approach is to use the interpolation formulaM (t)5M0 /@1
1(mkT/U0)ln(t/t0)#

1/m, which is applicable for both the
vortex-glass41 and collective pinning models.42–44Here,t0 is
a macroscopic, effective time scale,M0 is the initial magne-
tization, and the exponentm characterizes the creep proces

FIG. 4. The temperature dependence of the normalized re
ation rateS52d ln(M)/d ln(t) is plotted at various values of th
initial internal field B for the ~a! unirradiated and~b! irradiated
samples. The inset shows the large and typically nonlogarith
magnetic relaxation for the irradiated sample. At lowT and B, S
approaches a finite and temperature-independent value, indicat
the thick dashed lines.
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By way of determining the normalized relaxation rate, w
observed a decrease ofS proportional to the logarithm of
time. This indicates that an effective barrier for flux cre
increases with decreasing persistent current, as predicte
the interpolation formula. By plottingM 2m as a function of
ln(t) and doing least-squares fits to the expressionM (t)2m

5M0
2m1c(T)ln(t), we obtained values for the expone

m(T,B) and the other fitting parametersM0 andc(T). De-
termined in this way,m<1 at low temperatures and field
and predominately increased with increasingB and T. For
the three-dimensional~3D! collective pinning case in the
low-field, low-temperature region where the creep is dom
nated by the motion of individual flux lines,m5 1

7 . At higher
temperatures and fields the exponent attains its maxim
value ofm5 3

2 due to collective creep of bundles. One tro
bling aspect is that the fits often yieldedm.3, a value
greater than could be accounted for by the theory.45 Never-
theless, using these values ofm we made fits to the deca
curves. However, the limited time window of the measu
ments and the remaining three parameters allowed for c
siderable latitude in obtaining an optimal fit. Consequen
we were unable to unambiguously determine how these
rameters changed with temperature or field.

The nature of the vortex creep process is perhaps
revealed by the current-dependent creep activation ba
U(T,J).11 U(J) can be determined from the magnetic rela
ation data by using either the method put forth by Mal
et al.46 or the generalized inversion scheme.47 The latter
scheme was developed to extractU(T,J) without assump-
tions of the functional form of the temperature dependen
Here, we use the Maley analysis and assume thatU is inde-
pendent of temperature. This is a reasonable assumption
our experimental regime, which is far below the irreversib
ity temperatureTirr.90 K, for which all thermal factors such
as the condensation energy are nearly constant. Brie
this procedure uses the flux conservation equat
and the Arrhenius law for flux hopping to derive the mas
rate equation U(J,T)52kT@ ln(dM/dt)2C#. Here C
5 ln(Bva/pL) is a temperature-independent consta
uniquely fixed by requiring that, at low temperatures,U is a
continuous function ofJ, v52p/t0 is a microscopic attemp
frequency,a is the hop distance, andL is the sample dimen-
sion, as before. The construction ofU with several segments
is valid only at low temperatures where the temperature
pendence of the barrier is negligible and the vortex motion
classical.34 Thus, we require ‘‘piecewise’’ continuity only
for segments taken atT.3 K for which the vortex motion
was dominated by thermal activation rather than quant
tunneling, see Fig. 4. The optimal value ofC was 19 and 25
for the unirradiated and irradiated samples, respectively.
find that for both unirradiated and irradiated samples
functional form for U(J) is best described by a powe
law32,41,45as given by

U~J,T!5U0~T!@~Jc /J!m21#, ~1!

rather than a logarithmic dependenceU(J)} ln(Jc /J) as seen
in Refs. 48 and 49. Both power-law and logarithmic depe
dences have been observed in neutron irradiated17 and
unirradiated50,51 grain-aligned samples, respectively. At th
lowest temperatures~highestJ! there is a strong reduction o
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U that reflects the process of quantum creep, see Figs.~a!
and 5~b!. Quantum creep gives a finite creep rate even aT
→0, resulting inU'T/S→0. Hence, fits to Eq.~1! show
strong deviations at the highest currents corresponding to
quantum creep regime.

The glassy exponentm in Eq. ~1! is regime specific and
can be used to characterized the creep process. In the
vated regime (T.3 K) J!Jc . Hence, lnU(J)>ln U0
1m(ln Jc2ln J) and thusD ln U/D ln J5m. We estimatem
from Fig. 5 by taking the best fit through the data, exclud
the segments from the quantum creep regime (T,3 K), for
an example, see the dashed line in Fig. 5~a!. Figure 6 shows
how m depends onB for both the irradiated and unirradiate
samples. For the unirradiated samplem(B55 kG);0.85 and
increases tom(B520 kG);1.5. Within the 3D collective
pinning model this increasing trend with field suggests
crossover from the motion of individual flux lines to colle
tive creep of small bundles. Our data are not sufficien
comprehensive to discriminate between three- and t
dimensional creep by ‘‘pancake’’ vortices, for whichm5 9

8 .
By comparison, in the irradiated samplem;2.5 at low

fields and decreases sharply just belowBf , approaching val-
ues;1. In the Bose-glass scenario,32 the vortex creep pro-
cess is viewed as a sequence of nucleation of half-loop
citations and the subsequent expansion of half loops w
decaying currents. This process is characterized by an e
nent m;1, consistent with the experimental results forB
>Bf . However, the large value ofm for B,Bf is difficult
to reconcile with theory that predicts vortex transport to o
cur either by half-loop excitations or by variable-range ho
ping ~VRH! of vortex lines,32 which is characterized bym
; 1

3 . Dispersion of flux-line binding energies to column
defects can lead to VRH for which vortex motion occurs

FIG. 5. The current dependence of the activation barrierU(J)
extracted from the magnetic relaxation data at various internal fi
B and temperatures. In order of increasingJ, the segments corre
spond to relaxation data taken atT515, 10, 7, 4, 1.7, and 0.5 K in
~a! and 10, 6, 4, 3, 2, and 1.2 K in~b!. The two segments corre
sponding to the lowest values ofU at eachB were not included in
the inversion scheme. At those temperatures,T,3 K, quantum tun-
neling of flux lines vortex motion appears to dominate the fl
creep. ForT.3 K, U(J) is best fit by a power law, see, e.g., th
dashed line in~a!.
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hopping to a lower-energy defect that is far away rather th
to a nearest neighbor, but higher-energy defect. Varia
range vortex hopping was recently found in YBa2Cu3O72d

crystals at low fields,B,Bf .11 We find no evidence of a
distinct power-law regime withm5 1

3 over our experimenta
range for eitherB51 or 3.6 kG. One possible explanation
that the VRH regime in Hg-1223 crystals occurs at curr
densities below our experimental resolution. On the ot
hand, if the objects that are hopping are ‘‘pancake’’ vortic
then VRH may not be as relevant since the dispersion
pancake binding energies should be smaller and the en
cost for a pancake vortex jumping into a higher-energy
fect is much lower than that for a flux line.

Finally, we return to examining the effect of heavy-io
irradiation on the magnetic relaxation rate. Figure 4 sho
that at lowT andB, the quantum creep is nearly a factor of
lower in the presence of columnar defects whereS;1%.
This value is comparable to that found for quantum creep
other studies of Hg-1223.17,40 The creep rate at higherT and
B also remains lower in the irradiated sample, but is n
strikingly reduced. Figure 5 indicates that, indeed, the eff
tive barrier at a particular current densityU(J) is enhanced
by columnar defects. For example,U(J,B)5100 K occurs at
approximately 30–40 % higher current densities for the ir
diated sample at an equivalent internal field. This appare
indicates that the irradiation affectsU directly and not only
throughJ.

In conclusion, we have found that the thermally activat
flux creep in single crystals of the Hg-1223 compound w
and without columnar defects can be described by an act
tion barrier that increases with time or with decreasing p
sistent current as a power-law given by Eq.~1!. Moreover,
the experimental results for the unirradiated crystal are c
sistent with collective flux creep theory. In general, the cre
rate was found to be an increasing function of temperatu
As T→0, we observed a finite creep rate that is temperat
and nearly field independent and is attributed to the quan
tunneling of flux lines. Most striking was the strong suppre
sion ~factor of 3! of the temperature dependence of t
critical current for columnar defects as compared

s

FIG. 6. Them values extracted from a fit to Eq.~1! for the
high-temperature~low J! segments in Fig. 5.m(B) increases mono-
tonically for the unirradiated sample. In the irradiated samp
m(H) drops rapidly asB→Bf , and approaches values comparab
to those found in the unirradiated sample.
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neutron irradiation, but only for flux-line densities less th
the density of defects.
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