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Dislocation-mediated creep of highly separated vortices ina-axis-oriented HgBa2CaCu2O6¿d thin
films
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Using ac susceptibility, we determine the critical current densityJc and the flux creep activation energyU
of ana-axis-oriented HgBa2CaCu2O61d thin film. The critical current density at helium temperatures is found
to be 4.63104 A/cm2, i.e., about two orders of magnitude smaller than for corresponding films withc-axis
orientation. The temperature and ac field dependent activation energy is consistent with dislocation-mediated
flux creep and well described byU(T,Hac)5U0(12t4)Hac

21/2 with t5T/Tc , Tc5120 K, and U0

50.77 eV Oe1/2 for temperaturesT.45 K and in the field range studied. The activation energy is of the same
order as that found inc-axis-oriented films. BelowT545 K the activation energy is observed to decrease as
thermally assisted quantum creep becomes increasingly important.
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I. INTRODUCTION

The pronounced layered nature of high-Tc superconduct-
ors ~HTS! gives rise to a strong anisotropy of their superco
ducting properties. The fabrication and experimental stud
HTS thin films of different crystallographic orientation
hence important both from a fundamental as well as an
plications point of view. Due to their longer coheren
length normal to the film plane,a-axis-oriented thin films
present several advantages for superconductor-insul
superconductor and superconductor-normal me
superconductor trilayer Josephson junction applications1–4

While an overwhelming majority of experimental studi
have been carried out onc-axis-oriented films of different
materials, the rather few studies of the functional proper
of a-axis films have been mainly limited t
YBa2Cu3O72x(Y-123).5–8 Although the fabrication of
a-axis-oriented (Hg12x Rex)Ba2CaCu2O61d thin films has
been reported,9 it is only recently thata-axis films of
HgBa2CaCu2O61d(Hg-1212) with high-Tc and good super-
conducting properties have been available.10

In this paper we present a study of the low-field vort
dynamics of ana-axis-oriented Hg-1212 thin film using a
susceptibility measurements of the temperature, field,
current dependent flux creep activation energyU(T,HacJ).
Because of its limited critical current density, the film ente
a fully penetrated Bean critical state for fields as low as 0
Oe. We have hence been able to study the dynamics of
tices that, on average, are separated by more than 10mm.
Our results are well described by a model for dislocatio
mediated plastic flux creep. We also observe an additio
creep mechanism possibly due to thermally assisted quan
processes up to temperatures as high as 45 K.
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II. ac SUSCEPTIBILITY METHOD

The versatility of ac susceptibility measurements, as
probe for the study of flux creep, has recently been dem
strated onc-axis-oriented Hg-1212 and Y-123 thin films.11,12

Thanks to the simple functional relation13 between the criti-
cal current densityJc and thereal part x8 of the ac suscep-
tibility,

x8520.47x0~Jcd/h0!3/2, h0@Jcd ~1!

with h0 cosvt being the external ac field,d the film thick-
ness, and2x0 the full screening susceptibility, it is straigh
forward to determineJc as a function of temperature, ac an
dc field, and frequency.

The frequency dependence ofJc is a consequence of th
vortex density gradient relaxing during a time period 1/f of
the applied ac field. This dependence is commonly analy
within the critical state model by the expression14

Jc~T,H, f !5Jc0~T,H !g@kBT ln~ f 0 / f !/U~T,H !#, ~2!

which separates the original critical current densityJc0(T,H)
before relaxation processes set in, and the actual relaxa
due to thermal flux creep, expressed via a renormaliza
function 0,g(y),1. In the logarithmic approximation15

U(Jc)5U0 ln(Jc0 /Jc), which is often taken as an indicatio
of single-vortex creep,16 the renormalization function
becomes17 g(y)5exp(2y), which together with Eq.~2!
yields a power-law dependence

Jc~ f !5Jc0~ f / f 0!kBT/U~T,H !. ~3!

Using Eq. ~1!, the so-called dynamical relaxation rate12,18

can then be calculated from the frequency dependent
phase susceptibility
©2001 The American Physical Society26-1
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Q[
d ln Jc

d ln f
5

2

3

d ln ux8u
d ln f

. ~4!

Provided Eq.~3! holds, the activation energy is then give
directly by U5kBT/Q.

III. EXPERIMENT

The fabrication ofa-axis-oriented Hg-1212 thin films ha
been described in detail in Ref. 10. Briefly, a quartz tu
with a rf-sputtered Ba2CaCu2Ox precursor film on a~100!
LaAlO3 substrate, two nonreacted stoichiomet
Hg:Ba:Ca:Cu51:2:1:2 pellets and one stoichiometri
Ba:Ca:Cu52:1:2 pellet, is evacuated and heated up
800 °C using a high ramping rate. The precursor film is
nealed at 800 °C for 5 min, cooled down to 700 °C and
nally quenched to room temperature.

With the exception of small traces ofc-axis-oriented Hg-
1212 and Hg-1223, x-ray diffraction patterns of the fil
studied in this paper showed mainly sharp peaks that w
identified as~l00! reflections of any of the Hg-based ho
mologs. X-ray pole figuref scans showed dominantly~102!
and ~110! reflections of the Hg-1212 phase with a fourfo
symmetry, hence indicating a singlea-axis-oriented Hg-1212
phase~98% volume fraction! with thec axis in two different
in-plane orientations at 90° to each other, the so-calleda-c
twins. The twinned microstructure was confirmed usi
scanning electron microscopy, where a well-connected
work of on average 1-mm-wide and 10-mm-long grains could
be clearly observed.10 The film was of rectangular shape
with sides 5.4 and 1.8 mm, respectively, and had a thickn
of 1 mm.

Usual sine-wave integrated ac susceptibility, measu
ments ofx18 andx19 were carried out in a custom-built hig
sensitivity ac susceptometer.19,20Root-mean-square ac field
(Hac5h0/A2), applied normal to the film plane, ranged fro
Hac50.15 to 5 Oe at frequencies from 1.81 to 891 Hz.

IV. RESULTS AND DISCUSSION

A typical measurement at four different ac fieldsHac
50.15, 0.6, 1, and 2 Oe is shown in Fig. 1. The stro

FIG. 1. x8 and x9 vs T in ac fields Hac50.15– 2 Oe atf
5181 Hz. The inset shows a plot of (x8Hac

3/2)1/2.5 vs T.
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,

-
-

re

t-

ss

e-

g

diamagnetic signal, comparable to similarly sizedc-axis-
oriented films, indicates that thea-c twinned network acts as
a continuous film rather than a collection of decoupled
perconducting grains. Due to its large demagnetizing fac
a continuous film screens out a large volume above and
low its plane, which leads to the large ac susceptibility
sponse. Decoupled grains, on the other hand, would es
tially only screen out their own volume, hence resulting in
much weaker signal~orders of magnitude!. We can hence
base our ac susceptibility analysis on Sanchez’ and Cle
model for a continuous film.13

In the inset we have plotted (x8Hac
3/2)1/2.5 vs temperature.

As discussed in Ref. 11, the overlap of all the data ont
straight line~inset! confirms the validity of Eq.~1! and sug-
gests that, on approachingTc5120 K, the critical current
density depends on temperature asJc(T)}(12t)1.7 and t
5T/Tc . For the smallest ac fieldHac50.15 Oe the data is
seen to deviate from the straight line at about 113 K asHac
becomes comparable toJcd. At T54.2 K the same film has
a loss maximum forHac54 Oe, which, using the thin disk
expression13 Jc(Tp)51.463Hac/d, yields an estimate for
the critical current densityJc(4.2 K)54.63104 A/cm2.
Compared toc-axis-oriented Hg-1212 thin films,11 the criti-
cal current density hence has a similar temperature de
dence but an absolute value that is about two orders of m
nitude smaller. A similar strong anisotropy of the critic
current density has been reported in studies onb-c twinned
a-axis-oriented YBa2Cu3O72x thin films.1,21

It is interesting to note that there is no substantial red
tion of the loss maximum with decreasing ac field, whi
means that the critical state model is valid even for ac fie
as low asHac50.15 Oe. In particular, this result implies tha
surface barriers are not important in impeding the entranc
vortices parallel to the CuO planes and thatHc1,a can be
neglected in the field range studied. This contrasts to res
obtained onc-axis-oriented Hg-1212 thin films of simila
thickness where a true critical state was only realized in
fields above 3 Oe~Ref. 11!, and indicates that the anisotrop
of Hg-1212 is at leastg5Hc1,c /Hc1,a'20, in agreement
with g56.7– 77 reported in the literature.22,23

Figure 2 shows a temperature scan where consecu
measurements ofx8 are made at four different frequencie

FIG. 2. x8 vs T for a number of frequenciesf 54.13– 891 Hz in
an ac field ofHac50.3 Oe. In the inset is shown a log-log plot ofx8
vs f at different temperatures.
6-2
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f 54.13, 18.1, 181, and 891 Hz, in an ac field ofHac

50.3 Oe. The frequency dependence of the critical curr
density is seen as a slight increase ofux8u with increasing
frequency. To analyze this dependence in more detail,
make isothermal cuts in Fig. 2 and plotux8u vs f on log-log
scales as seen in the inset. The straight lines are power
fits of

x8~T,Hac, f !5P~T,Hac! f m~T,Hac!, ~5!

where the fitted exponentm(T,Hac) is used to calculate the
dynamical relaxation rateQ5m/1.5, as well as the activatio
energyU51.5kBT/m. In the inset of Fig. 3~a!, we plotQ as
a function of temperature for ac fieldsHac50.6– 5 Oe. Since
the Earth’s field is not shielded during the measurement,
only analyze data forHac>0.6 Oe in the following, as the
field dependence has previously been found to depend s
on the ac field providedHac>Hdc.12 As expected for ther-
mally activated single-vortex creep,Q shows a monotonou
increase with increasing temperature and diverges asTc
5120 K is approached.Q also exhibits a square-root ac fie
dependence, which is emphasized in Fig. 3~a! by plotting
QHac

21/2 vs T. Such a field dependence is expected
dislocation-mediated flux creep where vortices propagate
local energy minima in the flux line lattice24,25 and has been
observed at considerably higher fields in several anisotro
superconductors such as Bi2Sr2CaCu2O81x (Bi-2212) thin
films, Tl2Ba2CaCu2O8 ~Tl-2212! single crystals,26,27 and
Tl2/3Ba1/3Sr2CaCu2O7 ~Tl-1212! single crystals.27 Initially, a

FIG. 3. ~a! Dynamical relaxation rateQ plotted asQHac
21/2 vs

temperature. In the inset is shown the original data forHac

50.6– 5 Oe.~b! Flux creep activation energyU plotted asUHac
1/2 vs

temperature, together with a fitU(T,Hac)5U0(12t4)Hac
21/2 with

U050.77 eV Oe1/2 andTc5120 K.
02452
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half-loop is created on the vortex. It then extends so as
reach an adjacent energy minimum, typically at a distance
a fractiond of the average lattice constanta0 , and finally
stretches out until the entire vortex ends up in the new p
tion. The energy barrier associated with this vortex motion
roughly given by the creation energy for a vortex-antivort
pair perpendicular to the original vortex line28

U5
2F0

2

4pm0lablc
ln~k!da0 , ~6!

where the average lattice spacing isa05(4/3)1/4(F0 /B)1/2

for a triangular flux-line lattice, hence the square-root fie
dependence.

According to Eq.~6! the temperature dependence of t
activation energy should be given byl22(T)5l22(0)(1
2t4). In Fig. 3~b! we plot the activation energy asUHac

1/2 vs
T together with a one-parameter theoretical fitU(T,Hac)
5U0(12t4)Hac

21/2 with U050.77 eV Oe1/2. From published
values of the superconducting parameters for the Hg-1
material system,lab(0)5209 nm ~Ref. 29!, k5126 ~Ref.
29!, and g567 ~Ref. 22!, we get an estimate ofU0d1

527 eV Oe1/2, which suggests that a typical vortex jump
only about 3% of the average vortex spacing. It is notew
thy that vortices separated by up to 6mm still cannot be
regarded as isolated, since vortex-vortex interactions, t
cally extending aboutlc5glab'14mm, are important
enough to yield a square-root field dependence.

The fit is valid down to about 45 K, where a clear devi
tion occurs and continues to the lowest temperatures.
also sees in Fig. 3~a! that the relaxation does not extrapola
to zero atT50 K but rather tends towards a constant val
of about 0.0035 Oe1/2. A similar finite relaxation rate on
approaching absolute zero has been observed in many o
superconducting materials and is generally ascribed to qu
tum creep.30–38For Y-123 thin films, the crossover temper
ture from thermal to quantum creepTcr , is generally found
to increase with the average vortex separation, i.e., with
creasing field, in qualitative agreement with theory.39 Y-123/
Pr-123 multilayers showed evidence of so-called therma
assisted quantum creep~TAQC! up toTcr'15 K in a field of
8 T and as the vortex separation was increased (B52 T)Tcr
was found to increase to about 30 K.40 Our results, obtained
in very low fields, suggestTcr545 K for highly separated
vortices in a-axis-oriented Hg-1212 thin films. To ou
knowledge, this is the highest crossover temperature e
reported for any superconductor and illustrates that the
namics of such highly dilute vortex ensembles can be d
tically different from denser ones. The recently discovere41

two-stage nature of the low-field thermal-to-quantum cro
over in c-axis-oriented Y-123, T-1212, and Hg-1212, ca
also be observed in thea-axis-oriented film as a slight slop
change inU(T) at about Tcr* 525 K. We also note that
TAQC in this field range is proportional to the average vo
tex separationa0 .
6-3
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V. COMPARISON OF a-AXIS AND c-AXIS ORIENTATION

A number of interesting comparisons can be made w
c-axis-oriented thin films of the same material system. T
overall behavior of the activation energy is rather similar19

In particular, in both orientations, Hg-1212 thin films exhib
an inverse square-root ac field dependence, i.e.,U is propor-
tional to the average vortex separation during the ac fi
period. The fitted low-temperature value ofU0
50.77 eV Oe1/2 is also only slightly smaller than
0.91–1.2 ev Oe1/2, which was found forc-axis-oriented films.
As expected, at these low-field strengths, we hence se
increase ofU0 due to possible intrinsic pinning. TAQC o
similar magnitude is also observed for both orientations,
though Tcr,a axis545 K and Tcr,aaxis* 525 K is significantly
higher thanTcr,caxis535 K and Tcr,caxis* 515 K.41 We note
however that Tcr* /Tcr50.53– 0.55 for both orientations
c-axis-oriented films have been shown to exhibit a clear fl
creep maximum at a temperatureTcm, whereasQ for the
a-axis-oriented film, studied in this paper, diverges on
proachingTc . As Tcm in c-axis-oriented films has been a
tributed to the onset of important vortex-vortex interactio
which abruptly increases the activation energy, we argue
the linear decrease ofU towards zero atTc5120 K, indicates
that flux creep in thea-axis-oriented film remains single
vortexlike at all temperatures in the field range studied.
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VI. CONCLUSION

We have carried out a detailed low-field flux creep stu
on ana-axis-oriented Hg-1212 thin film. The critical curren
density at helium temperature isJc(4.2 K)55.8
3104 A/cm2, i.e., approximately two orders of magnitud
smaller than forc-axis-oriented Hg-1212 thin films. We find
that the temperature and ac field dependent flux creep
vation energy aboveT545 K, is well described by a mode
for dislocation-mediated flux creep,U(T,Hac)5U0(1
2t4)Hac

21/2, with Tc5120 K andU050.77 eV Oe1/2. As a
consequence vortices separated by about 6mm still cannot be
regarded as isolated. The low value forU0 implies that a
typical vortex jump is only a fraction 0.03 of the averag
lattice constant. BelowTcr545 K, the apparent activation en
ergy U is further reduced because of additional quant
creep, and even more so at the second crossover temper
Tcr* 525 K. At these large vortex separations, intrinsic p
ning does not seem effective.
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