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Vortex phase diagram of HgBa2Ca2Cu3O8¿d thin films from magnetoresistance measurements
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We have investigated the resistive behavior of HgBa2Ca2Cu3O81d thin films from the Arrhenius form
r(T,H)5r0exp(2U0 /T). The effective activation energy,Ue[2d(ln r)/d(1/T)5U02TdU0 /dT, is com-
pared with the model based on thermally activated flux flow~TAFF!, where U0(T,H)5U0(0,H)(1
2T/Tc)

3/2. In a limited temperature region,T* ,T,Tff , r(T) follows the TAFF behavior, and this region is
regarded as the pinned liquid state. In the TAFF region, all curves for the effective activation energy for
different magnetic fields converge onto one line with a scaling factorU0(0,H) proportional to 1/H. The
crossover temperature,Tff , separates TAFF from free flux flow. The intermediate region,Tirr,T,T* , where
Tirr is the temperature of irreversibility, is called the critical state and is between a pinned liquid and a vortex
solid. Finally, based on these analyses, we determine the dynamic vortex phase diagram for different pinning
behaviors of the vortex.
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The vortices within an extremely clean superconduc
can move freely even for a small driving current. Once fl
lines move with velocityv, an electric fieldE5B3(v/c) is
induced, and thereby the power dissipates. However,
material containing structural defects or impurities, t
movement of the vortex can be blocked by such disord
Owing to the vortex pinning effect, the vortex phase diagr
in the H-T plane is divided by the vortex-melting or th
vortex-glass lines. Between the true superconducting vor
solid state andHc2(T), there exists a vortex-liquid state wit
activated or diffusive vortex movement. The activated b
havior originates from thermally activated flux flow~TAFF!
for T,U0 while the diffusive behavior originates from th
free-flux flow ~FF! for T.U0, where the activation energ
U0 is in temperature units. The resistivity due to TAFF h
been studied extensively for high-temperature supercond
ors, such as Bi2Sr2CaCu2O8 ~Bi-2212! ~Ref. 1! and
YBa2Ca3O7 ~YBCO!.2–5

The vortex dynamics between the two very different s
perconductors YBCO and Bi-2212 have shown quite int
esting features. In the case of Bi-2212, due to a strong t
dimensional nature, the TAFF region extends to significan
lower temperatures. In this low-temperature regionU0,
which is proportional toHc

2j3, is a slowly varying function
of temperature. Palstraet al.1,4 measuredr(T) for Bi-2212
and obtained the temperature-independent activation en
U0 in a limited temperature region. On the other hand,
YBCO, the TAFF region is very narrow, and the variation
U0(T) is large for this less anisotropic superconductor. T
study of the transport for the intermediate anisotropic sup
conductor HgBa2Ca2Cu3O81d ~Hg-1223! will be quite inter-
esting because it will provide a bridge between the beha
of a highly anisotropic superconductor and that of a l
anisotropic superconductor.

In this paper, we present an analysis of the activat
energyU0(T,H) for Hg-1223 thin films. Systematic trans
port measurements for Hg-1223 have not yet been repo
due to a lack of high-quality samples. However, we we
PRB 610163-1829/2000/61~17!/11317~4!/$15.00
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able to deposit high-quality thin films, so transport measu
ments and an analysis ofUe based on the TAFF model wer
possible. The analysis showed various behaviors, such a
FF, the TAFF, the critical-state, and the vortex solid beh
iors. At a certain temperatureT5T* , an abrupt increase in
the effective activation energy with decreasing temperat
was observed. In addition, the scaling of the activation
ergy was also obtained. Based on these analyses, the
namic vortex phase diagram of the moderately anisotro
superconductor Hg-1223 was determined.

In the TAFF region, the longitudinal resistivity is repre
sented by the formr5r0exp(2U0 /T). Because it can be
described by lnr.2U0 /T, many studies have assumed th
the slope of the Arrhenius curve is directly equal to the
tivation energyU0, corresponding to the derivative form
2d(ln r)/d(1/T). Generally, however,U0 depends on the
temperature. Thus, the slope of a simple Arrhenius plot d
not correspond to the actual activation energyU0. As the
activation energy is typically proportional toHc

2j3, it can be
represented by

U0~T,H !5U0~0,H !~12T/Tc!
b, ~1!

where the field dependency is included inU0(0,H) andb is
an exponent. Among the several models forU0(T,H), we
will consider two models, one by Tinkham3 and the other by
Yeshurun and Malozemoff.2 According to the former,
U0(t,H)5U0(0,H)(12t2)(12t4)1/2 whereas in the latter
U0(t,H)5U0(0,H)(12t)3/2, where t5T/Tc is a reduced
temperature. Yeshurun and Malozemoff assumed two thin
First, j(T) and Hc(T) are in the clean-limit forms, i.e.,Hc
51.73Hc0(12T/Tc) andj;j0(12T/Tc)

21/2. Second, ifk
is large, thenj3 should be replaced byja0

2, wherea0 is the
flux-lattice spacing. With those assumptions, thenb53/2 is
natural. Once we accept the form ofU0 in Eq. ~1! and define
Ue[2d(ln r)/d(1/T), then
11 317 ©2000 The American Physical Society
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Ue~T,H !5U0~T,H !2TdU0~T,H !/dT ~2!

5U0~0,H !~12T/Tc!
bF11

b~T/Tc!

12T/Tc
G . ~3!

This equation reduces to Eq.~1! in the limit T/Tc→0.
High-quality Hg-1223 thin films were grown with Re

doped Ba2Ca2Cu3Ox precursor powder by using pulsed-las
deposition followed by post annealing of Hg. The as-gro
film on ~100! SrTiO3 exhibited a zero-resistance transition
131 K with a narrow transition width of;2 K after oxygen
annealing at 340 °C, as shown in the inset of Fig. 1~a!. From
the magnetization measurement, the critical current den
was estimated to be;106A/cm2 at 77 K in zero field. The
x-ray-diffraction pattern indicated highlyc-axis-oriented thin
films with phase purities more than 95%. The scanni
electron microscopy analysis showed that the surface m

FIG. 1. ~a! Arrhenius plots ofr(T) are shown for various mag
netic fields parallel toc axes of the Hg-1223 thin films. Inset show
the r(T) at H50 T, whereTc5131 K. ~b! The temperature de
pendence of the slope of the Arrhenius curveUe52d(ln r)/
d(1/T) is plotted with open symbols for various fields. The so
lines are calculated by using Eq.~3! with b53/2. The values ofUe

in the limited temperature regionT* ,T,Tff are well described by
the theoretical calculation~solid lines! suggested by Yeshurun an
Malozemoff. The dashed lines represent the calculation done
using Tinkham’s form.T* andTff are explained in the text in detai
n
t

ity

-
r-

phology of the films was well-connected platelike crysta
The details were reported elsewhere.6,7

Figures 1~a! and 1~b! show the Arrhenius plots ofr(T,H)
for external fields from 1 to 9 T and the slope2d(ln r)/
d(1/T) as functions of temperature, respectively. The ext
nal magnetic fields were applied parallel to thec axis of the
thin film. In Fig. 1~a!, one can see that the slope strong
depends on the temperature. This feature is in sharp con
to the case of Bi-2212. As Palstraet al.1,4 reported previ-
ously, for Bi-2212, the slope is nearly constant in the ran
of r;1021–1024 mV cm, meaning the temperature
independent U0. Because Bi-2212 has a strong tw
dimensional nature, the vortex-liquid region is extended s
nificantly to the low-temperature side. Hence, TAF
behavior also appears in the low-temperature region wh
the activation energy is nearly constant becauseU0;Hc

2j3.
On the other hand, Hg-1223 is known to be a relatively le
anisotropic material withg.30250.8,9 Therefore, in order
to describe the resistive behavior of Hg-1223 in the TA
region, the temperature dependence ofU0 should be consid-
ered. A similar feature in the YBCO compounds was
ported by Zeldovet al.5

In Fig. 1~b!, all the experimental curves~open symbols!
show a decrease inUe asT goes belowTc (5131 K), fol-
lowed by an increase as the temperature continues to
crease. However, below a certain temperatureT* , indicated
by the arrow, this increase becomes very rapid. Using pr
ously described theoretical models, we calculatedUe and
compared the result to the experiment. The solid lines in
figure representUe calculated withU0(t,H)5U0(0,H)(1
2t)3/2 suggested by Yeshurun and Malozemoff. The das
lines represent Ue calculated with Tinkham’s form
U0(t,H)5U0(0,H)(12t2)(12t4)1/2. The analyses show
that the Yeshurun-Malozemoff model withb53/2 is more
appropriate for describing the experimental data in the l
ited temperature intervalT* <T<Tff . Tff is the temperature
where flux flow freely. Thus, the deviations of the data fro
the theoretical curves forT.Tff are due to the fact that th
thermal energy exceeds the activation energy. Even tho
the temperature range is different for each fixed magn
field, there surely exists a limited temperature region
which the experimental data will match the results of t
TAFF theory proposed by Yeshurun and Malozemoff. Th
is different from the case of YBCO with a lower anisotrop
ratio, in which Zeldovet al.5 found that Tinkham’s form3

was valid. Based on this analysis, we could classify the m
netoresistance behavior into three different parts:
intermediate-temperature region which is well described
the Yeshurun-Malozemoff model2 ~TAFF! and nearTc ~FF!
and low-temperature regions~critical state! where the data
depart from the Yeshurun-Malozemoff model.

If we properly normalizeUe(T), all the curves in the
TAFF regime may converge onto one curve; we call this
scaling behavior. This scaling behavior of the effective ac
vation energyUe with the scaling factorU0(0,H) is plotted
in Fig. 2. The scaling ofUe originates from the fact that the
pinning potential has the same nature for different vor
densities and temperatures. All of the experimental val
converge onto the theoretical curve, which provides m
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confidence for the conclusion that the Yeshurun-Malozem
model is a reasonable one for describing the TAFF beha
for Hg-1223.

The scaling factorU0(0,H) as a function of the externa
magnetic field is plotted in Fig. 3. The value ofU0(0,H)
varies systematically inH and is proportional toH2a with
a51.1, as predicted by the Yeshurun-Malozemoff mo
~where,a51). The predicted temperature and field depe
dences ofU0 in the Yeshurun-Malozemoff model are a
confirmed in our experiment. For Bi-2212, similar expe
ments were performed by Palstraet al.1,4 Their values ofa
for ;H2a, with a.1/2 for H,3 T and a.1/3 for H
.3 T, whereH was parallel to thec axis, are quite different
from the predicteda of 1.

On the other hand, for HgBa2CaCu2O61d ,10 the field and
the temperature dependences ofUe(T,H) were Ue(H)
;H21 and UeH;(12T/Tc)

b with b.1.1. Thus, we are
able to confirm that the behavior of the effective activati
energy is associated with the anisotropy of the material.
magnitude of the effective activation energy for Hg-1223,

FIG. 2. The scaling behavior of the effective activation ene
Ue is shown. The scaling factor isU0(0,H) in Eq. ~3!. The solid
lines are calculated scaling curves based on the Yeshu
Malozemoff model.

FIG. 3. The field dependence ofU0(0,H) is plotted with open
circles. The solid line is a fitting curve for;H2a, wherea51.1.
ff
or

l
-

e
s

shown in Fig. 1~b!, is around 103 K, which is between the
value of 102 K for Bi-2212 and the value of 104 K for
YBCO.4 The pinning strength of the Hg-1223 superco
ductor turns out to be between those of Bi-2212 and YBC

From Fig. 1~b! and the analysis of that figure, we are ab
to draw the phase diagram of the vortex states for Hg-12
as shown in Fig. 4. The boundary between TAFF and FF
easily obtained from Fig. 1~b!. At Tff , the activation energy
U0 starts to become comparable to the thermal energyT, and
the TAFF behavior is no longer valid forT.Tff . The theo-
retical boundary, the solid line, is obtained by assum
U0 /T51 and matches relatively well with the experimen
results, the solid circles. This line distinguishes the activa
behavior belowTff from the free flux-flow behavior above
Tff . On the other hand, the effective activation energy beg
to increase abruptly from a certainT* , the solid squares. We
infer thatT* is the crossover temperature from the TAFF
the critical region. A similar behavior was observed for B
2212 by Safaret al.,11 who claimed that it represented
crossover from high-temperature Arrhenius to lo
temperature vortex-glass behavior. Compared withT* for
Bi-2212, T* for Hg-1223 lies at a higher temperature. F
H53 T, for example,T* .0.7Tc for Hg-1223, whileT*
.0.3Tc for Bi-2212.11 Consequently, the TAFF region o
Hg-1223 is narrower than that of Bi-2212. However, th
region is wider than that of YBCO because in the YBC
system, TAFF is difficult to find except at very high curre
levels.4,5 In Fig. 4, the upper critical fieldHc2(T) is roughly
estimated by assuming that the slopedHc2 /dT.22 T/K
near Tc , and Tirr is defined as the temperature where t
resistivity becomes 1029 V cm.

In summary, the vortex dynamics in the superconduct
Hg-1223 thin film was studied by means of resistivity me
surements in the field range of 1 T<H<9 T. It was dem-
onstrated that the vortex phases in the vortex-liquid state
divided into the TAFF and the FF regions. In the TAF

y

n-

FIG. 4. The vortex phase diagram for Hg-1223 thin films. T
calculatedTff is represented by a solid line while the experimenta
determinedTff and T* are represented by solid circles and so
squares, respectively. TheTirr line ~open triangles! is defined by the
criterion thatr51029 V cm at each temperature, where the dash
line is simply a guide line.Hc2 is deduced fromdHc2 /dT.
22 T/K nearTc .
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region, the effective activation energyUe(T,H) was ob-
tained and was well described byU0(T,H);Ha(1
2T/Tc)

b with b51.5. TheUe(T) curves at different exter
nal fields scaled onto a single universal curve with the s
ing parametera521.1. These results are consistent with t
predictions of the Yeshurun-Malozemoff model. An abru
increase inUe with decreasing temperature was observed
V

e

J.
l-

t
t

the lower boundary of the TAFF region. This behavior mig
indicate a crossover in the vortex dynamics from TAFF
critical behavior. Finally, from the above analyses, the vor
phase diagram of Hg-1223 was drawn.
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