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Two-stage crossover from thermal to quantum flux creep of dilute vortex ensembles in various
high-Tc superconducting thin films
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The thermal-to-quantum flux creep crossover at low vortex densities has been studied in YBa2Cu3O7,
TlBa2CaCu2O72d , and HgBa2CaCu2O61d thin films using ac susceptibility. The crossover temperaturesTcr are
10–11, 17, and 30 K, respectively. Both thermal and quantum flux creep is suppressed as the vortex density is
decreased. We observe a two-stage nature in the crossover behavior which appears to be a general property of
all the three materials studied.
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I. INTRODUCTION

Magnetic vortices in type-II superconductors are one
the few systems in which macroscopic quantum tunne
can occur. This intriguing phenomenon was first reported
high-Tc superconductors~HTS!,1 and although subsequent
observed in conventional superconductors,2–4 its study has
mostly focused on optimally doped Y-123,5–11 oxygen-
deficient Y-123,12,13 and other HTS materials such a
Y12xPrxBa2Cu3O7,

14 YBa2Cu3O8,
11 Bi2Sr2CaCu2O8, and

Bi2Sr2Ca2Cu3O10,
15–17 Tl2Ba2CaCu2O8,

18–20

Tl2Ba2Ca2Cu3O10,
21 Hg0.8Tl0.2Ba2CaCu3O8,

22 and
YBa2Cu3O7/PrBa2Cu3O7 multilayers.23,24 However, to the
best of our knowledge, quantum creep has previously
been studied in either TlBa2CaCu2O72d ~Tl-1212! or
HgBa2CaCu2O61d ~Hg-1212!, which are two of the materials
investigated in this work. These material systems are of
ticularly high technological importance due to their hig
critical temperature, high critical current density, and mod
ate anisotropy.25,26

The low-temperature flux creep behavior can be very
ferent for single crystals and thin films of the sam
material.27 The crossover temperatureTcr , below which
quantum creep effects can be observed, is generally hi
for thin films. Theory also predicts a higherTcr in the case of
single-vortex creep~low fields! compared to creep of flux
bundles, since the tunneling probability decreases with
size of the tunneling object.28 Thin films generally also show
a strong suppression of quantum creep with decreasing fi
whereas a similar anomaly is not observed for single cryst
This difference has been ascribed to differing characteri
pinning sites of thin films and single crystals. In particular
has been argued that the suppression of quantum cree
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B→0 is due to the presence of a limited number of stro
pinning sites that dominate the pinning at low vortex den
ties. Hence, we expect both an increase inTcr and a decrease
in overall creep in our thin film samples with highly dilut
vortex ensembles.

In this work we determine the thermal-to-quantum cro
over temperatures for Y-123, Tl- and Hg-1212 thin films
very low fields~7–140 Oe!. While we findTcr510– 11 K for
Y-123 thin films, in good agreement with previously pu
lished high-field values,Tcr is found to be as high as 17 an
30 K for Tl- and Hg-1212 thin films respectively. Furthe
more, the crossover seems to proceed in two distinct st
and consequently a second temperatureTcr* can be defined
for all three materials. We also find that quantum creep
suppressed down to the lowest accessible fields.

II. THERMAL AND QUANTUM CREEP

The theory of collective flux creep29,30 ~CFC! predicts a
nonlinear current dependence of the flux creep activation
ergy,

U~Jc!5
U0

m F S Jc0

Jc
D m

21G , ~1!

whereJc0 is the original critical current density before flu
creep sets in,Jc is the measured decaying critical curre
density andm is an exponent describing the degree of no
linearity, with values between 1/7 and 5/2 depending on
actual collective flux creep regime. The concept of
temperature- and field-dependentm exponent has been suc
cessfully applied in the analysis of flux creep in Y-123.31–35

It is also well known that a simpler, logarithmic curre
dependence,36 U(Jc)5U0 ln(Jc0 /Jc), which formally corre-
sponds tom50, is often a very good description of exper
©2001 The American Physical Society09-1
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mental data for very anisotropic materials such as, e
Tl2Ba2CaCu2O81x ~Tl-2212! and Bi2Sr2CaCu2O81x
~Bi-2212!.37–41 We have previously shown42–44 that m50
also is a good approximation for Hg-1212 and Tl-1212 th
films.

In a sinusoidally varying magnetic field,h0 cos 2pft, the
momentary activation energy can be expressed
U(Jc ,T,H)5CkBT with C5 ln(v0 /pRf ), v0 being an at-
tempt velocity andR the radius of the sample.45 Substituting
for U in Eq. ~1! yields the frequency dependence of the cr
cal current density

Jc~T,H, f !5Jc0~T,H !S 11
mCkBT

U0
D 21/m

. ~2!

By defining the dynamical relaxation rateQ5d ln Jc /d ln f,
and substituting Eq.~2! for Jc , one gets for the so-calle
effectiveactivation energy46

Ueff[
kBT

Q
5U01mkBCT. ~3!

In the case ofm50, applicable to the Tl- and Hg-1212 film
below, T/Q is a direct measure of the activation ener
U0 /kB in units of kelvin. At low temperature, neglectin
quantum creep, we hence expect a constant temperatur
dependent value ofT/Q. For m.0, typical for Y-123 thin
films, T/Q contains an additional temperature depend
term which introduces a small linear increase ofT/Q when
plotted vs temperature.

Quantum creep effectively introduces a second relaxa
path for the screening current,Qqc(T). The measured relax
ation can, for simplicity, be regarded as the sum of quan
and thermal contributionsQ(T)5Qth(T)1Qqc(T), where
Qqc(T) has a finite value atT50 and is reduced to zero a
thermal fluctuations take over.T/Q will consequently expe-
rience a gradual decrease as quantum creep sets in and
a plot of T/Q vs T it is thus possible to define a crossov
temperature Tcr below which quantum creep i
observable.12,27 It should be noted that defined in this wa
Tcr marks theonsetof quantum creep effects, which is th
focus of our work. Alternatively one may define the cros
over point as the temperature where quantum creep c
pletely dominatesthe vortex dynamics andQ becomes es-
sentially constant, which happens typically below 1 K.5,16,22

III. FLUX CREEP AS MEASURED BY ac
SUSCEPTIBILITY

The large-amplitude ac susceptibility technique is w
suited for low-field flux creep studies in superconducti
thin films.42,47,48For a thin disk sample in a sufficiently larg
ac field, the critical current density and the measured
phase susceptibility are related by

Jc5F 2x8

1.33x0
G2/32h0

d
, ~4!

where2x0 is the full screening susceptibility in the Meis
ner state, which can be measured at low ac field amplitu
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and d is the sample thickness.49 The dynamical relaxation
rate can hence be determined as a function of temperatur
and dc field from

Q~T,H !5
2

3

d lnux8~T,H, f !u
d ln f

. ~5!

A noncircular sample shape will introduce a small multip
cative term in Eq.~4! that will not survive the logarithmic
differentiation in Eq.~5!, which hence remains valid for an
thin film sample. All films investigated in this work were o
rectangular shape with lateral dimensions of a few mm.

It should be pointed out that the above equations are
tirely based on a Bean critical state formulation of the
response, which is an adequate description formacroscopic
vortex displacement due to large ac amplitudes and low
quencies. Our analysis does not include other possible c
tributions to the frequency dependence, such as, e.g., vo
viscosity and inertia, normal fluid contributions and chang
in the Labusch pinning parameter, which are relevant in
case of very weak ac field amplitudes at rf frequencies
perimposed onto a large dc field background, for whichmi-
croscopicvortex displacements govern the ac response.50–53

However, the validity of Eq.~4! was confirmed following the
procedure in Ref. 42 and the applicability of the critical sta
formalism was further checked by noting that the ratio b
tween the loss maximum value and the full screening susc
tibility, xmax9 /x0, was always in the range 0.24–0.27, which
typical for a critical state with weak flux creep and clear
different from 0.4 which is found in the nonhysteret
regime.51,54,55

IV. EXPERIMENT

Two 50 nm thickc-axis-oriented Y-123 thin films, one on
a SrTiO3 substrate~Y1! and another on a LaAlO3 substrate
~Y2!, were prepared, in the same deposition run, by pul
laser ablation at 750 °C in 200 mTorr O2. The deposition was
followed by anin situ anneal in 600 Torr O2 atmosphere at
430 °C for 30 min.Tc0589.5 K of both films was deter-
mined from usual four-contact resistivity measuremen
Jc(5 K)51.23107 A/cm2 ~Y1! and 1.23106 A/cm2 ~Y2!
was determined from the ac field amplitude that position
the loss maximum at 5 K.49

The 200 nm thick Tl-1212 film~T1! was grown on a
LaAlO3(100) substrate using a two-step method reported
detail elsewhere.56 Briefly, off-axis rf sputter deposition of an
amorphous Ba-Ca-Cu-O precursor film was followed by
high-temperature thallination anneal for 10 min at 825 °C
630 TorrO2. X-ray diffraction found these films to be phas
pure and c-axis-oriented. Tc588 K and Jc(5 K)51
3107 A/cm2 was determined using a commercial SQU
magnetometer.

The Hg-1212 thin films were fabricated using a simil
two-step method involving the deposition of 400 nm thi
Hg-free precursor films on SrTiO3 substrates, followed by
annealing in a Hg-vapor atmosphere at 820 °C for 30 m
The higher-quality sample, H1, withTc5120 K and
Jc(5 K)553106 A/cm2 showed mainly (00l ) lines of the
9-2
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TWO-STAGE CROSSOVER FROM THERMAL TO QUANTUM . . . PHYSICAL REVIEW B64 094509
c-axis-oriented Hg-1212 phase with minute traces ofc-axis
Hg-1223. Sample H2@Tc5110 K,Jc(5 K)553106 A/cm2#
showed additional, relatively strong, unidentified impur
lines.

Fundamental frequency sine-wave integrated in-phas
susceptibility measurements,x18(T,Hac, f ), were carried out
using a custom built high-sensitivity ac susceptometer wit
three-coil mutual inductance bridge and a background s
traction scheme.57 ac fields, applied normal to the film plan
with frequencies between 12.7 and 181 Hz, ranged fr
Hac57 – 140 Oe rms (Hac5221/2h0).

V. RESULTS AND DISCUSSION

The frequency dependence ofx8 for sample Y1 at differ-
ent temperatures is shown in Fig. 1. The straight lines are
to a power law x8} f m from which Q5m/1.5 is
determined.47 The good quality of the fit indicates that po
sible self-heating due to hysteretic losses in the sample
negligible. The hysteretic losses deposited in the thin fi
being essentially proportional to the frequency, self-heat
would be more than an order of magnitude stronger at
Hz than at 12.7 Hz leading to a frequency dependent sl
with negative curvature in Fig. 1. We therefore conclude t
any generated heat cannot give rise to the observed re
ation at low temperatures.27,58,59

The low-temperature dependence of the effective act
tion energyT/Q determined in different ac fields is show
for the five samples in Fig. 2. The straight lines emphas
the temperature dependence without the influence of qu
tum creep. The slow linear increase for the two Y-123 th
films corresponds tom values of 0.25 and 1, respectively, a
discussed in Ref. 60. The temperature independent beha
of the Tl- and Hg-1212 samples corresponds tom50.

When the temperature is decreased a clear deviation f
the straight lines is observed asT/Q sharply drops, indica-
tive of the onset of quantum vortex tunneling. We define
crossover temperature,Tcr , from the point of the deviation
and findTcr510– 11 K for the Y-123 films,Tcr517 K for the
Tl-1212 film andTcr530 K for the Hg-1212 films. No de-
tectable field dependence ofTcr is observed in the investi
gated field range. The field independence ofTcr is strong
evidence that the observed drop inT/Q reflects a true chang

FIG. 1. Log-log plot of2x8 vs frequency for sample Y1 in an
ac field of 60 Oe and atT55, 7, 9, 11, 13, 15, 17, and 19 K. Th
straight lines are power law fits to the data.
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in the flux creep mechanism and is not caused by poss
incomplete flux penetration due to the low fields used. A
facts from incomplete flux penetration would set in at a c
tain value ofHac/Jc and should therefore be strongly fie
dependent. We have made the same measurements in
weaker ac fields for which the incomplete flux penetrati
leads to an artificiallyreducedrelaxation rate, i.e., it shows
up as a sharpincrease in T/Q below a certain field-
dependent temperature and not as the drop seen in Fig.

Our low-field results confirm the well-established cros
over temperature for optimally doped Y-123 thin films. It
noteworthy thatTcr is essentially independent of the critic

FIG. 2. Effective activation energyT/Q vs temperature and a
field for the five samples Y1, Y2, T1, H1, and H2. In each figu
the applied field is lowest for the top curve and increases betw
each following curve beneath it.
9-3
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J. J. ÅKERMAN et al. PHYSICAL REVIEW B 64 094509
current density of the Y-123 thin films, which indicates th
the pinning strength does not control the crossover.Tcr is
considerably higher for the Tl- and Hg-1212 samples, and
the best of our knowledgeTcr530 K is the highest crossove
temperature ever reported for a singlec-axis oriented thin
film, although comparable to values obtained for Y-123
123 multilayers.24

For the scaled crossover temperatureTcr /Tc we find 0.11,
0.19, and 0.25–0.27 for Y-123, Tl-, and Hg-1212, resp
tively, i.e., Y-123 is clearly less susceptible to quantum cre
than Tl- and Hg-1212. It was recently shown that the ir
versibility line of Tl-1212 essentially coincides with that fo
Hg-1212, when plotted against reduced temperat
(1-T/Tc), indicating that the two materials have about t
same anisotropy and similar vortex pinning and cre
behavior.26 In particular, in a field of 4 T the irreversibility
temperature was about 20 and 30 K for Tl- and Hg-12
respectively, i.e., the same general temperature shift as
find for Tcr . It has also been shown43,44 that low-field ther-
mal creep proceeds via dislocations in the dilute vortex
semble in Tl- and Hg-1212 thin films and hence has a pla
nature in these materials. In Y-123, on the other hand,
dilute vortex lattice exhibits collective flux creep via elas
deformations down to the lowest fields.60 The question
whether plastic creep might be more susceptible to quan
processes than elastic creep hence deserves more theo
and experimental attention.

A careful look at the data in Fig. 2 reveals a second ch
acteristic temperature,Tcr* 57, 10, and 16 K, for the three
materials, respectively, where the decrease ofT/Q becomes
significantly steeper. This two-stage crossover is better
preciated in Fig. 3 where we have plotted the tempera
derivative of the data in Figs. 2~a!, 2~c!, and 2~d! normalized
with the relaxation rate atTcr . The data for Y1 and T1 show
a distinct plateau betweenTcr andTcr* , whereas the H1 film
exhibits a more gradual slope change in this interval. We fi
Tcr* /Tcr50.7, 0.59, and 0.53 for the three materials. Althou
we do not have any good explanation for the mechan
behind this second crossover temperature, it appears to
general feature of all the high-Tc thin films studied in this
work, and should warrant more theoretical and experime
investigation.

We finally turn to the field dependence of the low
temperature creep. It is clear from the data in Fig. 2 that
samples exhibit a monotonic increase in the relaxation rat
the field is increased. Although the field dependence
comes gradually weaker at higher fields we do not obse
any saturation in the field range studied. We also note
the low-field relaxation values obtained in this work are co
sistently smaller than what is generally observed for sim
thin film samples at higher fields. The relaxation rate aT
,

s.
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55 K for all samples and fields studied falls in the rangeQ
50.006– 0.01, compared toQ(T→0,H51 T);0.02 of Ref.
27. There is no significant difference between different film
and no important difference between the behavior above
below Tcr or Tcr* .

VI. CONCLUSIONS

We have studied the crossover between thermal and q
tum flux creep at very low vortex densities in thin film
samples of Y-123, Tl-1212, and Hg-1212. The crosso
temperature is found to be as high as 17 and 30 K for the
latter materials and 10–11 K for Y-123, which points to t
possibility of plastic creep being more susceptible to qu
tum processes than is elastic creep. Both quantum and
mal flux creep are found to be suppressed as the vortex
sity is decreased. Our results also reveal an intriguing tw
stage nature of the crossover, which might be a gen
property of all high-Tc materials and hence warrants mo
theoretical and experimental work.
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FIG. 3. Derivative of some of theT/Q data in Fig. 2.~a! T1; ~b!
H1. Inset: same for Y1.
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