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Scaling behavior of activation energy of HgBa2CaCu2O61d thin films
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The scaling behavior of the effective activation energy of high-quality epitaxialc-oriented
HgBa2CaCu2O61d thin films has been studied as functions of temperature and magnetic field. It has been
found that the effective activation energy scales asUe(T,H)5U0(12T/Tc)

mHa with exponentm51.10
60.04 which is similar to that of the Bi2Sr2CaCu2O8 /Tl2Ba2CaCu2O 8 systems, while the field scaling 1/H
~a521! is the same as that of the YBa2Cu3O72d system. Our results suggest the following:~1! The tempera-
ture dependence ofUe is not necessarily correlated with the field dependence, but it might be governed by the
dimensionality of the material, and~2! the field dependence might not be directly associated with the dimen-
sionality of the material.@S0163-1829~97!03837-X#
ch
t

e
n

uc
le

e

fo
e

ee
as

ve
ts
en

i
he
e
k
b

s
-

d
h

e

ux-

r-

it,
e of

-
ic
-
a

as-
m-

ow-

l a

m
s-

the
ions
di-

ems
of

Tl-

nt
The mixed-state flux dynamics in high-Tc superconduct-
ors ~HTS’s! is an interesting and complicated subject. Mu
attention has been focused on the relationship between
dissipative flux motion and the flux pinning mechanism,1–12

but many issues are still unresolved. Since the thermal
ergykT near the superconducting transition of HTS’s is co
siderably higher than that of the conventional supercond
ors, thermally activated flux motion plays an important ro
during the onset of finite resistance, expressed asr
;exp(2Ue /kT) in the superconducting mixed state. Ther
fore, the effective activation energyUe , which measures the
depth of the activation energy well, is a critical parameter
interpretation of the thermally activated flux motion in th
mixed state.

It is generally accepted thatUe scales asUe(T,H);(1
2T/Tc)

mg(H) for HTS’s, whereg(H) describes the field
dependence. Different scaling laws, however, have b
discovered for different HTS systems such
YBa2Cu3O72d ~YBCO!,1–5,8 Bi2Sr2CaCu2O 8 ~Bi-2212!,6–9

and Tl2Ba2CaCu2O 8 ~Tl-2212! ~Bi/Tl-2212 systems in the
following!.10–12 The YBCO system has been found to ha
m51.5– 1.8 andg(H)51/H.2–5,8 The same measuremen
on the Bi/Tl-2212 systems, however, revealed a differ
scaling behavior such asm;1.0 andg(H)51/AH.6–12 One
of the major discrepancies between YBCO and Bi/Tl-2212
the dimensionality of the system which is inferred from t
anisotropy of the electronic band structure. Since the dim
sionality constrains the flux motion, it has been used as a
parameter to understand the observed different scaling
haviors in different HTS’s. YBCO has been regarded a
three-dimensional-like~3D-like! system due to its small ef
fective mass anisotropy@g5Amc /mab55.5 ~Ref. 13!#. On
the other hand, Bi-2212 and Tl-2212 have been considere
be two-dimensional-like~2D-like! systems due to their muc
larger mass anisotropies such asg;55–200~Refs. 14 and
15! andg ;100–300,16 respectively.

Yeshurun and Malozemoff1 and Tinkham2 proposed a
model for the less anisotropic YBCO system. They argu
that for fields greater than 0.2Hc2, the relevant correlation
560163-1829/97/56~13!/7862~4!/$10.00
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length which is perpendicular to the field becomes the fl
line spacinga0 due to collective pinning effect.Ue is, thus,
scaled asUe}Hc

2a0
2jc;(12T/Tc)

3/2/H which is consistent
with the experimental results of YBCO.2–4,8 Nikolo et al.10

used the same approach to explain the (12T/Tc)/AH depen-
dence of the 2D-like Tl-2212 system. According to their a
gument, the vortex length along thec axis scales asa0, the
flux line spacing, at the low-field and high-temperature lim
and therefore the vortex occupies a characteristic volum
j2a0, wherej is the coherence length in theab plane. On the
other hand, the model proposed by Geshkenbeinet al.17 and
later extended by Vinokuret al.18 associated the scaling be
havior of the 2D-like Bi/Tl-2212 systems with the plast
deformation of the flux-line lattice at flux-line-lattice dislo
cations. They regardedUe as the energy required to create
double-link configuration, which scales asUe;f0

2a0 /l2

}(12T/Tc)/AH nearTc .
Previous observations imply that the scaling laws are

sociated with the dimensionality of the system and the te
perature scaling and the field scaling are correlated. H
ever, recent studies19,20 on ultrathin YBCO films with a
thickness of 24–200 Å, which is a 2D-like system, revea
different scaling behavior from the above,m51.0– 1.2,
which is consistent with the Bi/Tl-2212 systems andg(H)
52 lnH which is different from the expected 1/AH law.
These results raise the following two questions:~1! Are the
temperature scaling and field scaling always correlated?~2!
What kind of scaling behavior would we expect for a syste
with dimensionality between YBCO and Bi/Tl-2212 sy
tems? Recall that dimensionality here is defined based on
anisotropy of the material. The answers to these quest
would probe the variation of the vortex dynamics as the
mension of the system changes from 2D-like to 3D-like.

Hg-based cuprates such as Hg-1212 provide ideal syst
for understanding this issue because the dimensionality
the Hg-1212 system stays between that of YBCO and Bi/
2212 systems. The effective mass anisotropyg of Hg-1212
was reported to be in the range of 7.7–67 by differe
groups.21,22 The power law indexn of the irreversibility line
7862 © 1997 The American Physical Society
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H irr;(12Tirr /Tc)
n of Hg1212 has been found to be 5/2,23

ranging between that of YBCO (n53/2) and Bi/Tl-2212
(n511/2), which confirms that the anisotropy of the H
1212 system is between that of YBCO and Bi/Ti-221
Moreover, Hg-1212 hasTc;124 K,24 which is much higher
than that of YBCO~;92 K! and Bi/Tl-2212 systems~;90–
110 K!. The higherTc in combination with the moderat
pinning strength provides a wide temperature range for
mixed state making the observation of the thermally a
vated flux motion much easier. Thus the investigation of
scaling behavior of the effective activation energy of H
1212 will bridge the discrepancy between the YBCO a
Bi/Tl-2212 systems.

High-quality epitaxialc-axis-oriented Hg-1212 films wer
prepared on SrTiO3 ~100! substrates by rf magnetron spu
tering. The fabrication process of the films has been
scribed in detail elsewhere.25,26 These films have a midtran
sition temperature of 123 K with 2–3 K transition widths
zero magnetic field. The critical current density at 77 K a
zero field is;106 A/cm2. The thicknesses of the films wer
;800 nm. The samples were patterned by chemical etch
to form a 100-mm-wide and 2-mm-long microbridge. Th
electrical contacts were made by sputtering four;100-nm-
thick Ag pads on the samples which were then anneale
350 °C for 20 min in flowing O2 to ensure low contact resis
tance. A superconducting quantum interference dev
~SQUID! magnetometer was used to apply an external m
netic field of up to 5.5 T in a temperature range of 5–300
In this experiment the magnetic field was always norma
the surface and parallel to thec-axis of the films. The elec-
trical resistivity measurements were carried out by using
standard four-probe dc technique. The typical current den
used for this experiment was;100 A/cm2. The current was
small enough to remain within the linear portion of theI -V
characteristic at all temperatures and fields.

Figure 1 shows the Arrhenius plot of the resistivity
various magnetic fields plotted in a semilogarithmic sca
As shown in Fig. 1, resistivity in a magnetic field decreas
exponentially and the straight lines for low resistivity ind
cate that the dissipation mechanism is thermally activated
finite temperatures, thermally activated flux creep produ
dissipation as follows:

r5r0exp~2Ue /kT!, ~1!

wherer0 is the preexponential factor andk is the Boltzman
constant.Ue is the effective activation energy which gene
ally depends on the temperature and the applied magn
field at a fixed current density such that

Ue~T,H !5U0b~T!g~H !, ~2!

whereU0 is the unperturbed activation energy and the fu
tionsb andg incorporate the temperature and magnetic fi
dependence. It is apparent that the slope of the plots,Ue ,
varies with different magnetic fields.

In order to determine the field dependence ofUe , the
resistivity of the sample is plotted as a function of invers
.
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magnetic field at several temperatures in the range of 80–
K in Fig. 2. The solid straight lines are the fits of data, whic
suggest thatUe(H);H21 for one order of magnetic fields
and a wide temperature range belowTc . The slope of the
straight lines gives directly the quantityUeH/kT at a given
temperature. The experimental data deviate from the line
ity slightly as T approachesTc , for example atT>110 K,
where other types of flux motion, other than thermally ac
vated flux creep, may become important. We were not a
to fit our data with 1/AH or 2 lnH, which are the reported
scalings for Bi/Tl-2212 and ultrathin YBCO films, respec
tively.

FIG. 1. Arrhenius plot of resistive transition at various magne
fields applied parallel to thec axis of the film.

FIG. 2. Field dependence ofUe at several temperatures in th
range 80–120 K. The solid lines are the fits of the data indicat
Ue(H);1/H.
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The temperature dependence ofUe at a fixed field is not
universal in the whole temperature range belowTc . At tem-
peratures much lower thanTc , the temperature dependenc
of Ue is approximately (12T/Tc), which is the linear part of
the slope of the Arrhenius plot of Fig. 1. A different scalin
law is implied by the curvature of the slope at high temper
ture nearTc . If we assume a general power law for th
temperature dependence ofUe(T);(12T/Tc)

m, the tem-
perature dependence ofUe can be extracted by plotting the
productUeH vs (12T/Tc) andm51.1060.04 has been ob-
tained for a temperature range of 0.98Tc– 0.6Tc as shown in
Fig. 3. This number is very close to the reported value for t
2D-like Bi-2212/Tl-2212 and the ultrathin YBCO systems.

Contrary to what was previously believed,1,2,10,17,18our
experiments show that the temperature scaling and the fi
scaling are not necessarily correlated, sincem51.1, an ex-
pected 2D-like behavior, andg(H)51/H, an expected 3D-
like behavior, occur simultaneously in Hg-1212. Since H
1212 has an anisotropy between that of YBCO and that
Bi/Tl-2212 systems, our observation ofm51.1, which sits
betweenm51.5– 1.8 of YBCO andm51.0 of Bi/Tl-2212,

FIG. 3. Power law temperature dependence ofUe plotted as the
product UeH. A linear regression~solid line! gives Ue(T)
;(12T/Tc)

1.1060.04 in this regime.
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suggests that the temperature scaling law is governed by
dimensionality of the material. This argument is consist
with our recent experimental results that the exponentm in-
creases from 1.10 to 1.75 as the inter-CuO2 plane coupling is
improved by c-axis-aligned columnar defects.27 Since m
51.1 is close tom51 of the highly anisotropic system, Hg
1212 is possibly regarded as a 2D-like system. If the te
perature scaling and the field scaling were necessarily co
lated as discussed in the theories,1,2,10,17,18the 1/H law of
Hg-1212 films could not be expected for a 2D-like syste
Therefore, combined with the 1/AH dependence of the
Bi/Tl-2212 systems and the2 lnH dependence of the ultra
thin YBCO films, our experiments suggest that the field sc
ing behavior might not be directly associated with the dim
sionality of the material. This poses a serious question to
existing theories because most of them predict a correl
temperature and field scaling law in the effective activat
energy.

In conclusion, the activation energy of high-quality ep
taxial c-axis-oriented Hg-1212 thin films has been studied
terms of the thermally activated flux creep model. We ha
found that the effective activation energy can be descri
by the scaling law

Ue~T,H !5U0~12T/Tc!
mHa. ~3!

The exponent of the temperature scaling is found to bem
51.1060.04 from nearTc to 0.6Tc , indicating that the tem-
perature scaling is very similar to that of the Bi-2212/T
2212 systems, while the field scaling law 1/H ~a521! for an
order of magnetic fields is the same with that of the 3D-l
YBCO system. Our results suggest the following:~1! The
temperature dependence ofUe is not necessarily correlate
with the field dependence, but it might be governed by
dimensionality of the material, and~2! the field dependence
might not be directly correlated with the dimensionality
the material.
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