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.

Magnetization M(T) of grain-aligned HgBa2Ca2Cus0s-r high-T, superconductor
was measured for external magnetic fields parallel to the c-axis. The magnetization is
field independent at T’ = 128 K, which indicates a dominant vortex fluctuation. Except
for this vortex fluctuation region, reversible magnetization could be described by using
the Hao and Clem ’s model, and this model was used to extract thermodynamic critical
field H,(T) = 5877 Oe and Ginzburg-Landau parameter K = 118. We also obtained such
superconducting parameters such as the penetration depth &t,(O) = 206OA, coherence
l e n g t h &b(O) = 18.3, and upper critical field Hcz(0) = 108 T.

PACS. 74.60.E~ - Mixed state, critical fields, and surface sheath.

The London model [l] for high K. type II superconductors has been widely used to
describe reversible magnetization. This model accounts for electromagnetic energy density
Fe,,, for the region outside the vortex core to calculate the free energy. However the core
energy density F,,,, due to suppression of the order parameter in vortex is ignored in
this model. In a high field region, this core effect is important because the increase in
magnetization is mainly associated with F,,,,. Therefore, the London model is valid in
a restricted field region of Hcl << H << Hc2. This model predicts logarithmic behavior of
magnetization (iM( H) N In H). On the contrary, the Abrikosov model [l] is valid at the high
field region (H '_ Hc2). This model is based on the Ginzburg-Landau theory and predicts
M(H) N H at high field region where the order parameter is highly suppressed. The Hao
and Clem’s model [2,3] is an integrated version of above two models and explain reversible
magnetization more reasonably for entire field range of mixed state (H,l 5 H 2 Hc2).
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(4)

Lvhcro Iirl(s) is a modified Bessel function of nth order. The first two terms denote the
contribution of core energy to magnetization. The last term denotes the contribution of
electromagnetic energy.
Two suitable variational parameters foe and Ev to minimize the free energy for arbitrary H and K are approximately written as
f2/_

.

[

‘1’”
K

(5)

1
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for the cases of K > 10 with Q1,n = fi. This model was further extended to include
anisotropy by using the effective-mass tensor.
Figure 1 shows M(T) of Hg1223 for the various external magnetic fields parallel
to the c-axis. The field independent magnetization M’ appears at T* = 128 K, which
indicates a dominant vortex fluctuation [14,15]. This effect is especially important for highly
anisotropic superconductors. In our case, the vortex fluctuation is significantly diminished
with decreasing temperature because Hg1223 is only a moderately anisotropic material with
anisotropy ratio -T 2 9 [15].
For theoret.ical analysis, we chose a set of data {-4nMi,Hi}(i = 1,2, . ..) at a fixed
temperature in range of 110 K 5 T 2 I24 K as shown in the inset of Fig. 2. If the
proper value of IF. is chosen, then -47rM(H) could be scaled to a universal curve with
scaling factor &H;(T), consistent with Eq. (4). 0 ur best fit gives K. = 118 f- 8. Figure
2 shows -4r.21’ = --~KM/~~H,(T) versus H' = H/&H,(T) from the experimental data
and theoretical fitting. All data collapse onto a single curve.
Figure 3 shows II,(T) obtained from the above analysis. This data fit to the BCS
result [16]
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FIG. 1. Temperature dependence of reversible magnetization ?s.k’(T) with the theoret.ical curves
(solid line) for HgBa2Ca&Iu30s_l for HIIc.
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2. The curves of --~TM(H) scaled by JLV,(T). Solid 1’me represents the umversal cur>? of
t h e Hao and Clem’ model xxith K = 118. Inset; Magnetization versus magnet.ic field at
various temperatures.
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FIG. 3. Temperature dependence of thermodynamic critical field H,(T) obtained from the t&oretical fitting. Solid line represents the BCS temperature dependence of H,(T).

which yields H,(O) = 5.877 x lo3 f 52 Oe with T, = 135.7 f 0.2 K.
From these analyses, the theoretical curve of iPI could be obtained. The solid line
of Fig. 1 shows calculated -4nM(T). W‘e note that the experimental data deviates from
the theoretical curve for the temperature range 124 K 5 T < T,. This may originate from
the vortex fluctuation effect, which is important near T, [14]. In the vortex fluctuation
region of 124 K 5 T < T,, the contribution of the distorted vortices to the free energy
should be taken into consideration, however for 110 K 5 T < 124 K, the vortex fluctuation
effect is not important.
According to the relation Hc2(T) = &H,(T), the upper critical field slope (dH,z/
6’57)~, = -1.15 f 0.02 T / K was estimated. The slope can be used to estimate the upper
critical field at T = 0 by using the WHH formula [17] H,z(O) = 0.5758(~l/n)T,(dH,z/dT)~,.
In the dirty limit ~i(0)/~ = 1.20 and in the clean limit ~i(O)/6 = 1.26 [17]. From this
formula, Hc2( 0) is estimated i08.1 ?L 1.6 T for the dirty limit but 113.5 5 1.7 T. for the
clean limit. The &b(O) calculated from Hcp(0) = &/27r&(O) is 17.5 f 0.14 A in the dirty
limit and &b(O) = 2059 f 15p1 is extracted from rc = X/t. The thermodynamic parameters
obtained from this analysis are consistent with scaling results for the high field region [18].
The Hao and Clem ’ model offers not only above useful parameters, but also information for the field-induced suppression of order parameter. Within the framework, the
normalized superfluid density < f2 > [19] is given by
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<f2>=$ Jo aI2 f2(P)Ph

.

(8)

where a is a lattice parameter of the vortex array, a = 1.075(&/H)1/2. In this calculation.
it is assumed that the unit cell of the vortex array is circle. Figure 4 shows t,he reduced
field H/H,2 dependence of < f2 >. The solid line represents the theoretical curve front
Fig. 2. All data follows the universal curve.
Our derived K. = 118 for the Hg1223 is much larger than K. = 57 of Y123 [3]. It
is known that K. is proportional to X/t in the clean limit and X/1 in the dirty limit [20].
As Eilenberger [21] has pointed out, the K. might depend not only on X/t, but also on the
degree of anisotropy in the impurity scattering. In an other sense, K reflects the different
degree of sensitivity of the various magnetic properties of a superconductor to the degree
of nonlocality. Therefore, more detailed theories and experiments are needed to clarify the
difference between the two systems.
In summary, we measured the high magnetic field magnetization for the grain-aligned
HgBa2Ca&u30s_, for field parallel to the c-axis. Using Hao and Clem’s model: we obtained the Ginzburg-Landau parameter K. = 118 and upper critical field slope (aH,2/%‘)7; =
-1.15 T/K, which show the X&O) = 206OA, and tab(O) = ISA. Our derived values are
consistent with the results from the high magnetic field scaling.
This work was financially supported by the Basic Science Research Center at
POSTECH, the Korean Ministry of Education, and the Agency for Defense Development
of Korea.

0.8

.
0
w
0
A

A

A

ml% 0.7

V

110K
112K
114K
116K
118 K
120 K
122 K
124 K

J

7

0.6

FIG. 4. Magnetic field H/H,2 dependence of normalized superfluid density < f2 >. Solid lint
represents the universal curve of the Hao and Clem’ model with K = 118.
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