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Thermodynamic parameters of HgBa,Ca;Cu3zOs_, from high-field magnetization
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We have measured the temperature dependence of reversible magnetization of grain-aligned
HgBa;Ca;Cu3Os—_, high-T. superconductors with external magnetic field parallel to the ¢ axis.
Our data show the crossover of the magnetization below the superconducting onset temperature,
which indicates a dominant vortex fluctuation. Except this vortex fluctuation region, reversible mag-
netization data could be described by using Hao and Clem’s model. From the analysis magnetization
curve based on this model, the thermodynamic critical field H.(T) and Ginzburg-Landau parameter
Kk = 118 were extracted. Also, we obtained the superconducting parameters; the penetration depth
Aab(0) = 2060 A, coherence length £,5(0) = 18 A, and the zero-temperature upper critical field

H.(0) = 108 T.

Since the discovery of high-temperature superconduc-
tors in Hg-based copper oxides,! various forms of mercury
cuprate? * have been synthesized. These materials have
the highest transition temperature known for layered
Cu-O materials.

In our previous works,5® we synthesized the high-
purity polycrystalline HgBa;CayCusOg_, superconduc-
tor by the freeze-drying method, investigated the tem-
perature dependence of reversible magnetization for a
grain-aligned sample, and elucidated the vortex fluctu-
ation effect.” Just below T, vortices are thermally dis-
torted due to the weak interlayer coupling and form two-
dimensional pancake vortices.” This feature is reflected
by a crossover of the magnetization M(T) curves at T
= 128 +1 K. But the vortex fluctuation model is based
on the London model®!° for reversible magnetization
of high-« type-II superconductors which is valid in re-
stricted field regions (H.; < H < H.). In a mixed
state of a superconductor, the London model, however,
only accounts for the electromagnetic energy density Fem
for the region outside the vortex core; the core energy
density F.ore due to depression of the order parameter to
zero on the axes is ignored. But the contribution of Fiore
to the magnetization is significant in a high field, because
the increase in magnetization is mainly associated with
F core-11

This paper reports the experimental results on re-
versible magnetization outside vortex fluctuation region
for a grain-aligned HgBa;Ca;Cu3zOg_, sample. We have
analyzed reversible magnetization curves in the range 110
K < T < 124 K by using the model of Hao et al.l?
Since the model of Hao et al. accounts for, in addi-
tion to the electromagnetic energy terms, the core en-
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ergy terms in calculating the free energy, this model offers
more reasonable thermodynamic parameters for magneti-
zation in this temperature region. From this analysis, the
Ginzburg-Landau parameter x and thermodynamic crit-
ical field H.(T), penetration depth A4, coherence length
&ab, and upper critical field at T' = 0 K were obtained.

The sample was synthesized according to the procedure
given in Ref. 5. The Ba;Ca;Cu3zO, precursor material
was mixed with HgO and pressed into a pellet. A pel-
let of nominal composition HgBa,Ca;CuzO, was placed
inside an alumina tube and then inside a thick-walled
quartz tube. The sample was heated for 5 h at 900°C
and then cooled to room temperature. The oxygenation
was carried out in flowing oxygen at 300 °C for 20 h. To
obtain a c-axis-aligned sample, the method of Farrell et
al.’® was employed. The powders were aligned in epoxy
with an external magnetic field of 7 T. The alignment
was confirmed by an x-ray-diffraction (XRD) experiment.
The full width at half maximum (FWHM) of the rocking
curve was less than 1°. The temperature dependence of
the magnetization was measured by using a supercon-
ducting quantum interference device (SQUID) magne-
tometer (MPMS, Quantum Design). We repeated the
measurement in zero-field-cooled and field-cooled con-
ditions at various magnetic fields. Weak temperature-
dependent contributions originated from the epoxy and
the paramagnetic impurities were subtracted from the
observed values by fitting the magnetization curve at
a high-temperature region (200 K < T < 250 K) by
(C/T + Xo)-

The dimensionless Ginzburg-Landau free energy'* per
unit volume over cross-sectional area A in a plane per-
pendicular to the vortices, measured relative to that of
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the Meissner state, can be expressed as

F= / dzp[gu ~ PP+ (V)

1 2
+£2 (a+ EV'y) +b%]. (1)

In this integral, the first two terms represent the core
energy density and the last two terms represent the
electromagnetic energy density. f and ~ are the nor-
malized magnitude and phase of the order parameter
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¥ = ¥ofe?”. In this dimensionless equation, length p,
magnetic field, and free energy are normalized by pene-
tration depth A, v/2H,, and H? /4, respectively, where
H_ is the thermodynamic critical field. Hao et al. assume
for the order parameter a trial function'? as follows:

! = g gyt (2)

where £, and f. are variational parameters representing
the effective core radius of a vortex and the depression in
the order parameter due to the overlapping of vortices,
respectively. The dimensionless magnetization —47w M’ is
given by

, 10
—4rM' = 56_B(F ~B%) . (3)
_ AR 15 (2 1-£2 12 f2(2 + 3Br€2)
T2 [ 2 n(Bn£§ + ) 2+ Br€2 ' (24 Bn£§)2] 2x(2 + Bré2)3
foo 2 1/2) _ Bré&o K& (f2, +2BK)"/?]
ooy Sl UL 280 (f2 +2Br)1/2 ] ’ @

where K, (z) is a modified Bessel function of nth order.
The first two terms denote the core energy contribution
to magnetization. The last term denotes the contribution
of the electromagnetic energy.

Two suitable variational parameters f, and £, to min-
imize the free energy for arbitrary B and « are approxi-
mately written as

f:o=1—[§]4, (5)

2 2 4
B ECHHIGIE
‘EvO K K K
for the cases of k > 10 with k€,0 = /2. This model
was further extended to include anisotropy by using an
effective-mass tensor.

Figure 1 shows the temperature dependence of the re-
versible magnetization of HgBas;Ca;Cu30g_,, for various
external magnetic fields parallel to the ¢ axis. The ob-
vious feature in Fig. 1 is the crossover of magnetization
curves near T = 128 K. As mentioned above, this orig-
inates from the vortex fluctuation effect.®” For a theo-
retical description of our reversible magnetization data,
we choose a set of data {—4nM;, H;} (i = 1,2,...) at a
fixed temperature in temperature range 110 K < T <
124 K as shown in the inset of Fig. 1. If the proper
value of x is chosen, then —4wM(H) curves could be
represented to a universal curve with a scaling factor
V2H,(T), consistent with Eq. (4). Our best fit gives &
= 118 + 8. Figure 2 shows —4nM' = —4rM/\/2H.(T)
versus H' = H/ \/EHC(T) of the experimental data and
theoretical fitting. For each temperature, all data are
collapsed onto a single curve. Figure 3 shows H.(T) ob-

tained from the above analysis versus temperature, and
a fit to the BCS temperature dependence of H.(T),'®

T T
= 17367 |1— —| |1—0. 1—-—
H.(0) 1.73 [ Tc] l 0 2730( Tc)

—0.0949 (1 - %)2] (7)

which yields H.(0) = 5.877 x 10% £ 52 Qe with T, =
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FIG. 1. Temperature dependence of reversible magneti-
zation 47M(T') with the theoretical curves (solid line) for
HgBa>Caz2Cu3O0s-_, for H || c. Inset: magnetization versus
magnetic field at various temperature.
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FIG. 2. The curves of —4wM(H) scaled by v2H.(T).
Solid line represents the universal curve by the model of Hao
et al. with kK = 118.

135.7 + 0.2 K. From a good fit of H.(T') by using Eq. (7),
we expect that the temperature dependence of H.(T') by
BCS theory is valid in our sample. And the theoreti-
cal curves of —4wM (T) are obtained using —47wM(T) =
—4wM'(H)v/2H.(T) and Eq. (7) at constant H. The
solid line of Fig. 1 shows calculated —47w M (T'). We note
that the experimental data deviate from the theoretical
curve for the temperature range 124 K < T < T.. We
conjecture that this is due to the influence of the vor-
tex fluctuation effect, which gets more important as the
temperature increases to near the 7.7 In the vortex fluc-
tuation region 124 K < T < T,, the contribution of the
distortion of the vortices lattice to the free energy should
be considered in order to describe —4w M (H,T) properly.
However, for 110 K < T < 124 K, the vortex fluctuation
effect could be ignored compared with Fe,, and Fiore-
According to the relation H.y(T) = v2xkH.(T), the
upper critical field slope (0H.2/0T)r. = —1.15 £+ 0.02
T/K is estimated. The slope can be used to estimate the
upper critical field at T = 0 by using the formula!®

chZ
or

H_»(0) = 0.5758 [”120)] T, (8)

T.

In the dirty limit »;(0)/x =1.20,'7 while in the clean
limit*® ;(0)/k =1.26. From this formula, HS,(0) is
estimated 108.1 + 1.6 T assuming the dirty limit and
113.5 + 1.7 T assuming the clean limit. And the up-
per critical field is related to the coherence length by

%(0) = ¢o/2m€2,(0). The calculated &,5(0) is 17.5 +
0.14 A in the dirty limit. And Ag(0) = 2059 + 15 A is
extracted from k = A/¢&.
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FIG. 3. Temperature dependence of thermodynamic crit-

ical field H.(T) obtained from the theoretical fitting. Solid
line represents the BCS temperature dependence of H.(T).

In the model of Hao et al., only high-magnetic-field
magnetization is used for the analysis for the tempera-
ture range 110 K < T < 124 K, where the vortex fluctu-
ation effect can be ignored. Comparing our values with
those from the vortex fluctuation analysis,® our kx = 118
and H.(0) = 108 T are, somewhat, larger than those
of the latter analysis. That inconsistency might result
from the uncertainty in subtracting the magnetic impu-
rity background. However, recalling that the model of
Hao et al. is based on high-magnetic-field magnetization
and all carriers are confined at the lowest Landau orbit
in a high magnetic field,'® our values are consistent with
high-magnetic-field scaling results.2®

Our derived x = 118 for HgBa;Ca;Cu30g_, is much
larger than Y-123.12 But it is known that « is propor-
tional to A/ in the clean limit and A/l in the dirty limit.?
As Eilenberger!® pointed out previously, x might depend
not only on A/€, but also on the degree of anisotropy
in the impurity scattering. In another sense, k reflects
the different degree of sensitivity of the various magnetic
properties of a superconductor to the degree of nonlocal-
ity. Therefore, more detailed theories and experiments
are needed to clarify the difference between the two sys-
tems.

In summary, we measured the high-magnetic-field
magnetization for grain-aligned HgBa;Ca;CuzOg_, with
the magnetic field parallel to the c axis. Using the model
of Hao et al., we obtained the Ginzburg-Landau param-
eter x = 118 and upper critical field slope (0H.2/0T)T,
= —1.15 T/K, which show that A,(0) = 2060 A and
&ap(0) = 18 A. Our derived values are consistent with
those from high-magnetic-field scaling results.
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