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This study measures the temperature dependence of reversible magnetization of grain-aligned
HgB&aCa geShh 1-CW0; s high-T, superconductor with external magnetic fields parallel to a¢hexis. The
magnetization is field independent®t = 114.5 K, which indicates strong thermal vortex fluctuations. From
the vortex fluctuation model, the lower limit of coherence length along theis £.(0)= 2 and the anisotropy
ratio y< 7.7 has been obtained, which implies that this sample is anisotropic three-dimer{8idnhaliper-
conductor as YBa,Cu;O;_s. These results are supported by good 3D scaling behavior of high-field magneti-
zation aroundT¢(H) as a function of T—T¢(H)]/(TH)?2. The thermodynamic critical fielth (T) and the
Ginzburg-Landau parametar = 114.8 were extracted from the model of Habal. Also, the various ther-
modynamic parameters were obtained: the penetration depth) = 1913 A, coherence lengt,(0) = 13.9
A, and the zero temperature upper critical fielg,(0) = 170.4 T.

I. INTRODUCTION curvesM(T) for various magnetic fields was found Bt =
114.5 K, which indicates the vortex fluctuation effect.

One of the intriguing features of Josephson coupled lay- As a member of the Hg-based superconductors, the struc-
ered superconductors is the existence of the field indeperiure of a Hg-1212 is typical 1212 type structure as Y-123.
dent magnetization point. This peculiar behavior could belhe main difference between Hg-1212 and Y-123 is the oxy-
explained by the vortex fluctuation effect, i.e., the entropyden contents in the rocksalt layers. While the copper perovs-
contribution to the free energy due to thermal distortions ofkitelike blocks of two Cu@planes in Y-123 are separated by
two-dimensional2D) vortex pancakes, suggested by Bulae-2 plane consusfung of CuQ c_halns, the blocks are se_:parated by
vskii, Ledvij, and Kogan(BLK model).! This effect plays HgO layers without -cham in Hg-1212. Th? sp.acuag)e-
an important role in the thermodynamic properties fortWeen two blocks is about 12.7 A which is between
highly anisotropic superconductors. For example, inS=11.7 A_for ¥-123 (a”'SOtFOP'C 3!) a_nd5z1_5 Afo_r Bi- .
Bi,Sr,CaCyOg_ s (Bi-2212), the magnetization significantly 2212(quasi-2D. Therefore, it is quite interesting to investi-
deviates from the prediction of the mean-field theolore- gate the d|mens_|onallty of this_superconductor. With this
over, the Ginzburg-Landau paramet&T) and upper criti- aim, the magnetization data neg¢(H) were analyzed by

Lfield H (T derived f that tization data sh the BLK model and the high-field scaling 1&ihe model of
cal field Hc,(T) derived from that magnetization data Show 15, ot 5167 \yas also applied to obtain the various supercon-

unphysical increase with increasi'ng tgmperature for a broa8ucting parameters such as critical fields(0), Hg(0),
t_emperatur_e range beloW.. The field md_ependent_magn_e- H.,(0), penetration depth (0), coherence length(0), and
tization point has been also observed in three-dimensiongl(T) These values are consistent with the results from scal-
(3D) superconductors such as Y@a50; 5 (Y-123) (Ref.  ing analysis. All three analyses, BLK, Hao and Clem's
3) and YBaCu,Og (Y¥-124).% But, in these superconductors, model, and high field scaling law support the conclusion that
the vortex fluctuation effect is not well investigated quanti-Hg-1212 is an anisotropic three-dimensional superconductor.
tatively. This should be studied in detail. The study of these

effects is important for the understanding of the nature of the Il EXPERIMENTS

layered superconductors.

This paper reports the experimental results on reversible Details on the preparations of Hgf&a, g5 1LLW06- 5
magnetization for grain aligned HgB2a, Sl 1LWLOs_s  are given elsewher®’ The introduction of Sr into the Ca site
(Hg-1212. Field-induced magnetic fluctuations are clearly might increase the stability of the Hg-1212 structure, as ob-
observed neaff.(H), and a crossover of magnetization served in the infinite layered compound. The precursors of
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FIG. 1. x-ray-diffraction pattern ofc-axis grain aligned FIG. 2. Temperature dependence of field-cooled and zero-field-
HYB&,Cap,56510.14C606— cooled magnetization#M(T) for H = 10 Oe parallel tac axis.

Inset: magnetization versus magnetic fieldfat 10 K. The slope
Ba,CuO;,, and Ca_,Sr,CuO, were mixed with HJO and —d4xM/dH = 0.62 is estimated by a least-squares fit to low field
compacted into pellets. The pellets were placed inside afata.
alumina tube to avoid the direct contact with a silica tube,
and then sealed under vacuum. All the above operations wetEl6 K. The superconducting volume fractibnis estimated
done in the argon-filled dry box. The sample was heatedo be 0.62562.5% from the shielding effect, which is also
slowly to 860 °C for 8 h, then sintered at same temperatureonfirmed by the initial slope-d(47=M)/dH = 0.62 in
for 10 h, and then slowly cooled down to room temperatureM (H) curve at 10 K as shown in inset of Fig. 2. With this
for 10 h. The oxygenation was carried out at 350 °C for 8 hpiece of preliminary information, we now proceed to study
in oxygen atmospheres. This compound has a tetragon#he various thermodynamic properties.
symmetry p4/mmm) with lattice parameters af = 3.8584

A andc = 12.6646 A. The structure of this compound con- A. Crossover of magnetization curves

sists of slabs of Cupsquare pyramids separated by rocksalt  pjgre 3 shows temperature dependence of reversible
HgO; and Ca/Sr layers. Four short CudDdistances in the 4 gnetization for various external magnetic fields. The field
plane are 1.931 A, while the fifth @) apical oxygen is 2.81 independent magnetizatiod* appears af* = 114.5 K.

A above the plane. These resultlso are close to those reportgg\e jnset of Fig. 3 shows details Bf(T) near the crossover
previously for HgBaCaCu,Os- 5, suggesting that doping temnerature. The corrected valueMf by volume fraction

the Ca sites with larger Sr atoms does not produce any Si% s 0.08 G.

nificant structural change. To obtafRaxis aligned sample, For the layered superconductors with the high anisotropy
Farrell's methodt was employed. The powders were aligned .. : . .

in €poxy with an extemnal magnetic fied of 7 T. The size of o2 7o fatcte T Tapy SOURES S0 18 P (8
the cylindrical sample is approximately 9.5 mm long and 3should be considered in describing the reversible magnetiza-

mm in diameter. : . L2 . )
The temperature dependence of magnetization was mern properly. If this extra contribution of thermal distortion
& included, then

sured by using a superconducting quantum interference d
vice magnetometefMPMS, Quantum Design The mea-

surement in zero-field-cooled and field-cooled magnetization 0
at various magnetic fields was repeated. Weak temperature- E
dependent contributions originated from the epoxy, and the 5L
paramagnetic impurities were appropriately subtracted from r
the observed values by fitting the magnetization curve at the & .10 E
high temperature region of 200sKT<250 K by C/T+ ;. E ;
& a5t
Ill. RESULTS AND DISCUSSION i
Figure 1 displays the x-ray powder diffraction pattern of 20 F o, o 1z 114 116 118 1207
the grain-aligned Hg-1212. All thehkl) reflections have L2 ) T
zeroh andk values, which indicates-axis alignment of the s A A B L i
grains. The full width at half maximungFWHM) in the 70 80 9 100 110 120 130 140
x-ray rocking curve of(005) is about 1°, which means ex- T(K)

cellent alignment of grains.

Figure 2 shows the temperature dependence of the mag- FIG. 3. Temperature dependence of reversible magnetization
netization for the magnetic fieldl = 10 Oe parallel to the 47M(T) with the theoretical curvessolid line) derived from the
¢ axis. The superconducting transition temperature is aboutodel of Haoet al. Inset: 4rM vs T nearT*.
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bo 7He, kT 16mwkgTx? K- L
MM =552 In - n : I 1
321 Nan(T) eH R agpoRHYe
) I S —— BLK model
_ ~ 10 o3y
wheree = 2.718..., n and a are constants of order unity, T
andR is effective interlayer spacing for a quasi-2D system. X%
Even though a superconductor is an anisotropic 3D system, = 05 L
all expressions are retained. BRt should be replaced by ~©
Cé&.(T), whereC is a numerical factor of the order unity.
The first term on the right-hand side denotes reversible mag- 00 L
netization from the London modél**and the second term is T
g&g/lgellte:'i' from this thermal distortion. The slope 60 70 80 90 100 110 120
nH is
T (K)
A 1-9g(T 2 i
oInH 32772)\§b(T)[ a(m], 2 FIG. 4. Temperature dependence of the slépe 7 InH. Solid

line represents theoretical fitting.

where
Y-12318 This large coherence length for out-of-plane means
327%kg ) that the temperature range of 3D behayiar critical region
g(T)= #°R Thap(T). (3) s relatively wide, which can be also confirmed by high-field

scaling analysis. According to Ullaét al.,®> the magnetiza-
For large\ and highT, g(T) is important and the magneti- tion in the critical region shows the scaling behavior as fol-
zation deviates from the standard London behavior ofows:
M~InH. In the BLK model, temperaturé* is defined as

g(T*) = 1, and the magnetization at this temperature is field 47M T=Tc(H) 6
independent (TH)" (TH" /)’ ©)
keT*  7a whereF(x) is the scaling function but which is universal for
-M(T*)=-M*= R In T (4 all materials A is a field and transition temperature indepen-
0 e dent coefficient, ana is 2/3 for a 3D system and 1/2 for a

In quasi-2D systems, the high-field scaling theory proposedD system. Figure 5 shows therf/(TH)" versus the scal-

by by Temnovid*™® predicts the same relation as Eg) ing parameter T—T¢(H))/(TH)" with n = 2/3. For each
without the In factor, i.e., Ma/\/g) = 1. Several groups field, all data is collapsed onto a single curve, consistent with
have shown that thR is the same as the distans®etween EQ- (6). The slope—dHc,/dT = 1.95 T/K nearT, is ob-

two adjacent Cu@blocks for a 2D system such as Bi-2212, t@ined from the above scaling analysis.

Bi,SrLCaCw0;, (Bi-2223,1® and PrCeCuO(Ref. 17

compounds. If the relation Img/\/e) = 1 holds for our case, B. Temperature dependence of¢(T)

the estimateR is 68.5 A. But, comparing witls=12.7 A From reversible magnetization data, several important su-
obtained from x-ray-diffraction data, this value is too large.perconducting parameters can be extracted by applying the
This discordance mlght result from the overestimation Ofmethod deve|0ped by Haet al. at temperatures where ther-
f, due to the demagnetization effect. But, we expect thamal fluctuations can be ignored. In this model, not only elec-
uncertainty off , is small, because the demagnetization fac-

tor of our sample is only about 0.1. The above results lead to

the conclusion that the sample is not close to a quasi-2D &~ ' ' ' LI ' T
system at all. NQ 0oL
Alternatively, theR could be regarded a8¢.(T) assum- [ I
ing an anisotropic 3D system and rewrite E2). as follows: % 05 i
(?M ¢0 kBT'yK % [
dInH 327202 (T)  ¢oChapn(T)’ ® Q':’ 1.0
using the relationé (T) =\ ,,(T)/y«. Figure 4 shows the lj_: 15 F
temperature dependence of the slapéd/o InH. The solid § Tt
line represents our attempts to fit using E5). and theoreti- e L&
cal A(T) assuming the BCS clean limit. From this fit, we ool
obtain yx/C = 88.56,\,,(0) = 1844 A, andC&,(0) = 20 04 02 00 02 04 06 08 10
A [C&(T*) = 102 A]. Also, the value of Inga/\e) is es- (T-T(H)/ATH*® (107 K'/0e*)
timated to be 1.52 different from in the 2D system. Recalling
that C is the order unity, we can conjecture tha{0) is of FIG. 5. Three-dimensional scaling of the magnetization in field

order of~2 A, which is comparable witl§;(0) ~1.4 A for  range of between 1 Tand 5 T.
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FIG. 6. Temperature dependence of Ginzburg-Landau parameter FIG. 8. Temperature dependence _of_thermo_dynamic critical _field
«(T) obtained from the theoretical fitting. H.(T) obtained from the theoretical fitting. Solid and dashed lines

represent the BCS temperature dependendé 6T) and two fluid

tromagnetic energy of vortek,,, but also the core energy model, respectively.

Fcore IS included in the total free energy. This is different
from the London model. The contribution Bf,,. cannot be
ignored for the magnetization at high fields.

Haoet al. assume, for the order parameter, a trial functio
as follows:

ture. This behavior is typical for the Werthamer-Helfand-
Hohenburg’s theor$® It should be noted that the(T) be-
ngins to increase abruptly for temperature ngéar= 100 K
which is about 0.86.. This anomalous behavior is due to
the influence of positional fluctuation of vortices. But, unlike
p the Bi-2212, the temperature region of this anomalous be-
f=———a35fx, (7) havior is significantly narrow, which may imply that vortex
(p™+ &) fluctuation effect is dominant in limited temperature regions

where&, andf.. are variational parameters representing thehearT.. .If the vortex fluctuation effect is.more dominant for
effective core radius of a vortex and the depression in thé2fge anisotropic cases, the narrow region of anomalous be-
order parameter due to overlapping of vortices, respectiveljiavior in thex(T) means that Hg-1212 is a moderately an-
The reversible magnetization can be calculated from thdSotropic superconductor such as Y-1@3ef. 3 and Y-124
Ginzburg-Landau free energy by using this trial function. (Ref. 4) This is consistent with above vortex fluctuation and
For the fitting of the magnetization data by using thehigh field scaling analysis.
model of Hao et al, we choose a set of data
{—4nxM;/f, Hi} (i=1,2,...) at dixed temperature in the C. Theoretical representation of reversible magnetization
temperature range 70KT=<110 K. The details of the fitting with fixed &
procedure were described elsewhét.
The «(T) extracted from the Hao-Clem procedure is
shown in Fig. 6. In the temperature region of 70KI=
100 K, thek(T) weakly increases with decreasing tempera-

For the temperature region of 100K <T,, the extra
free energy due to the distortion of vortices should be con-
sidered in describing the magnetization properly. However,

T T T T T

0.020 ——————————————————] i ]
E 200 | _ 7
- ] 2 e ]
N 0015 x=114.8 ] ol = ;
= 70K <T<100K 5 ! N
f: Hao-Clem O C 50 I ) 1
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2 = |
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= [
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0 10 20 30 40 T

H'=H/[V2H (T)]
FIG. 9. Temperature dependence of lower critical fidld (T)
FIG. 7. The curves of-4wM(H) scaled byy2H.(T). Solid  obtained from the theoretical fitting. Solid and dashed lines repre-

line represents the universal curve of the model of ldaal. with sent the BCS clean and dirty limits, respectively. Inset: external
x = 114.8. field dependence of magnetizatiowrM (H) at T = 70 K.
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LI B I I LY A tuation region,M(T) is well described from the entire re-

6000 / . versible temperature region by the model of Haa@l.

—— BCS-Clean limit
— — BCS-Dirty limit

D. Critical fields and thermodynamic parameters

] Figure 8 showsH (T) vs T obtained from the above
] analysis. Neafl;, the error bar is somewhat large, because
] the vortex fluctuation effect is neglected. The solid and
dashed lines represent the two-fluid médeind the BCS
result?? respectively. These models yiel,(0) = 7911 +
i 10 Oe andT, = 116.1 = 0.1 K for the two-fluid model,
. I ca ] while H,(0) = 8437 = 18 Oe andT. = 116.8*+ 0.1 K
60 70 80 90 100 110 120 for BCS model. According to the relationH,(T)
T(K) = \/EKHC(T), the upper critical field sIope,dQ—|02/dT)TC
=-2.01 T/K, is estimated. This value is fairly consistent
FIG. 10. Temperature dependence of penetration dagfi)  with the above scaling result. The slope can be used to esti-

obtained from the theoretical fitting. Solid and dashed lines repremate the upper critical field & = 0 by using the formul
sent the BCS clean and dirty limits, respectively.
k1(0)
X }TC

K

dH,,
dT

as mentioned above, the vortex fluctuation effect could be H02(0)=0.575% ®
ignored comparing withF.,, and F., at the temperature
range of 70 K<T= 100 K. If we take thec,, = 114.8asthe | the dirty limit, «,(0)/x =1.20, while in the clean limit,
average value o&(T) in the limited temperature range of 70 x1(0)/x =1.262° From this formula,H,(0) is estimated
K<T=<100 K, then—47M(H) curves could be represented 17q 4 T[£.(0) = 13.9 A] assuming the clean limit, and
to an u_niversal curve with scaling factQ/éHc(T), consis- 1623 T €.p(0) = 14.2 R) assuming the dirty limit.
tent with the model of Haoetal. Figure 7 shows The lower critical fieldH;(T) could be obtained from
—47M’ = —47M/\2H(T) versus H'=H/\2H(T) of  the model of Hacet al.
experimental data and theoretical fitting. For each tempera-
ture, all data is collapsed onto a single curve. 550 1 Ko(&,0)
From these results, the theoretical curves—cf7M (T) Hea(T)=V2H(T) 3 Tae’ 2/E.oKe(E0) )’
are obtained using-47M(T)=—47M’(H)2H(T) at vOTLLSv0
constantH. The solid line of Fig. 1 shows calculated whereK,(x) is a modified Bessel function afth order. Fig-
—47M(T). Except for the dominant region of vortex fluc- ure 9 shows the temperature dependenceédgf(T). The

Te

(€)

TABLE |. Thermodynamic parameters of Hg& geSlh 1L W0 s, YBa,Cu0, 5, and
Bi,Sr,CaCyOg_ 5.
Hg-1212 Y-123 Bi-2212
K 114.8 57+ 5 (Ref. 7 < 185+ 11 (Ref. 23
72 (Ref. 24
—dHe /dT|r_ (T/K) 2.01 1.65+ 0.23(Ref. 7) 2.5+ 0.2 (Ref. 23
1.95 (scaling 1.9 (Ref. 3
Hc,(0) (T) 170.4 112 (Ref. 7 158 + 13 (Ref. 23
162.% 86 (Ref. 25
H.(0) (O®) 234
199
H.(0) (Oe 8437+ 18 1.10x 10* (Ref. 7
1.18 X 10* (Ref. 29
Nan(0) (A) 1913% 1310+ 30 (Ref. 24 < 2630+ 160 (Ref. 23
2130
1844 (BLK)
£0(0) (A) 13.¢ 17.2+ 1.2(Ref. 7) 20.4 (Ref. 26
14.2 18.1+ 1 (Ref. 29 21.4(Ref. 25
13.6 + 0.8 (Ref. 18 0.37 (Ref. 26
£:(0) (A) > 2 (BLK) 1.23+ 0.19(Ref. 18 0.4 (Ref. 25
¥ < 7.7 (BLK) = 5 (Ref. 27 = 55 (Ref. 28
In(nal/e) 1.52 (BLK) 1 (Ref. 19

3BCS clean limit.
bBCS dirty limit.
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solid and dashed lines represent the BCS clean and dirtields parallel to the axis. Clear evidence of vortex fluctua-

limits, respectively. In the clean limitd.,(0) is 234 Oe, tion was observed, i.e., a field independent magnetization.

while in the dirty limit,H,(0) is 199 Oe. More specifically, From the BLK model and the model of Hat al,, y«x/C =

the computedH,; at T = 70 K is 163 Oe. This value is 88.6 andx = 114.8 were obtained. The upper limit of the

consistent with the flux entry fieltH.(=H.)= 170 Oe anisotropy ratio was estimated to be 7.7, which means that

which is estimated from th&1(H) curve as shown in the Hg-1212 can be described by Ginzburg-Landau functional

inset of Fig. 9. with anisotropic masses. The confident evidence supporting
The penetration depth(T) is evaluated by using the re- to be 3D system can be found from that the high-field mag-

lation \ = k(¢po/27mH )Y as shown in Fig. 10. The solid netization at critical region follows 3D scaling law. In the

and dashed lines show the best fit of BCS clean and dirtyemperature range of 70KT=<100 K, the reversible mag-

limits, respectively. The data fits the clean limit better thannetization is well described by variational approaches of Hao

the dirty limit. From the fitting resultsy ,,(0) is estimated to et al. From the fits of the model of Haet al., we obtained

be 1913 A assuming the clean limit, and 2130 A assumingarious superconducting parameters. These derived values

the dirty limit. The value for clean limit is consistent with are consistent with those from 3D high-field scaling results

that from vortex fluctuation analysis. These results are sumand 3D vortex fluctuation analysis.

marized in Table | with parameters of Y-123 and Bi-2212 for

the comparison. The total errors of our superconducting pa-

rameters from all sources including the sample quality and ACKNOWLEDGMENTS

the experimental errors are estimated to be less than 20%. ) o ] )
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