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Enhanced anisotropic nature of HgBaCa;Cu,O4, 5
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Reversible magnetization of grain-aligned HgBaCu,0,4, s With the external magnetic fields of 1 T
<Hs= 5 T parallel to thec axis has been measured. The application of the model ofdiahb [Phys. Rev.
Lett. 67, 2371(199)); Phys. Rev. BA3, 2844(1991)] to our data gives the anomalous temperature dependence
of the Ginzburg-Landau paramete(T), i.e., the increase of with T, in the entire reversible region 81 K
<T=< 100 K. This implies that the thermal distortions of the vortices are not negligible even far beland
thus the system is a highly anisotropic. This is supported by the two-dimensional scaling behavior of the
magnetization in the critical region. From the model of Hetoal. we obtained various superconducting
parameters such as the critical fields, the coherence length, and the penetration depth. In particular, the
zero-temperature penetration deptf,(0) is estimated to be 157 nm, which is the smallest of the Hg-based
superconductors. We infer that this is due to the large hole density within the Glade.
[S0163-182608)06909-4

I. INTRODUCTION contribution of the vortex fluctuation effect to the magneti-
zation is relatively small, the magnetization was analyzed
Within the homologous series of using the model of Haet al.”® From this, various thermo-

HgB&aCq,_1Cu,0,, 42+ 5, the value ofT, is known to in- dynamic parameters were obtained. Notably, the zero-
crease with the number of the Cufayersn up ton=3. The  temperature penetration depth,(0), which contains the in-
compound withn=4 (Hg-1234 shows the transition near formation about the charge carrier density, is compared with
T=125 K, which is lower tharT ;=135 K of the compound  those of Hg-based superconductors with diffenent

with n=3 (Hg-1223, but is comparable td.=127 K of the

compound withn=2 (Hg-1212. It is widely accepted that

the charge carrier density within the Cu@lane and the Il. EXPERIMENTAL ASPECTS

interlayer coupling are responsible for determining the tran-

sition temperature of the layered superconductdrsus it is The sample was svnthesized by the solid-state reaction
desirable to elucidate the variation of these factors with re- P y y

. ] method in a high-pressure chamber with a specially designed
;pect ton in Hg pased superconductors. The study of reversgnvil. The technique of the sample preparation is described

could give crucial information for this purpose. elsgwher@.The x—ray—diffraction_ analysis showed the phase
In this paper, we report the experimental results on thdurity to be more than 99%. This co_mpound has a tetragonal
reversible magnetization of grain-aligned Hg-1234 with theSymmetry p4/mmn) with the lattice parameters o&
external magnetic fields parallel to tleaxis. The two di- = 3-8516(2) A andc=18.988(2) A. To obtain the-axis
mensional2D) nature is evidenced by the 2D scaling behav-aligned sample, the method of Farretlal.'® was employed.
ior of the magnetization arourii,(H) and a strong vortex The fine powder of the sample was aligned in commercial
fluctuation effect well belowl .. These characteristics were epoxy(Hardman Ing. with an external magnetic field of 7 T
analyzed quantitatively by the theoretical predictions ofat room temperature. The size of the permanently aligned
Tesnovic et al,>® and Bulaevskii, Ledvij, and Kogah?  sample was approximately 9.5 mm long and 3 mm in diam-
From these analyses the effective interlayer spasing4.6  eter. From the x-ray rocking curve measurement the full
was obtained. However, the physical meaningsds am-  width at half maximum of006) reflection was estimated to
biguous since the value is larger than the length of the crysbe less than 2°. The low-field dc susceptibility measurement
tallographicc axis. To elucidate this we also considered therevealed the transition temperatdrg= 125 K, the transition
model for the critical fluctuations proposed by Koshélev. width AT.= 6K, and the superconducting volume fraction
In the temperature region 81 KT=< 100 K where the Vs=96% of the sample.
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FIG. 1. Temperature dependence of the reversible magnetization |G, 3. Temperature dependence of the sloll d(InH). Solid
47M(T) in the field range 1 T<H= 5 T parallel to thec axis. and dashed lines represent the theoretical curves deduced from the

model of Haoet al. and the BLK model, respectively.
Ill. RESULTS AND DISCUSSION

what diminished, the upward trend a&fis extended to the

. Figure 1 ?hO\.NS the temperature dependence of.thg reVeswer boundary of the reversible temperature region, which
ible magnetization #M(T) in the external magnetic fields

f1T<H<=5T llel h s ForH=1 T th indicates the extensive vortex fluctuation effect. This is in
0 sH= parallel to thec axis. FOrH=1 T, the gy 1 contrast to the case of the Hg-1212 showing 3D super-

lower boundary of the reversible temperature region is about,y,cting nature, where the anomalous behavior is limited
80 K. An intriguing feature in this figure is the existence of only for T/T.= 0.86, as shown in the inset of Fig. 2. Since
.= 0.86, . 2.

the crossing point of the magnetization curve§ &tl21 K. ye"yorex fluctuation effect is severe for large anisotropic
As Bulaevskiiet al.” pointed out, in most cuprate SUPercon- ., erials the dominant vortex fluctuations of Hg-1234 is
ductors, the thermal distortions of the vortices out of thej o0y to originate from its strong anisotropic nature
straight stacks results_ In an extra contrlbutl_on to the fre_e For a quantitative analysis of the vortex fluctuation effect
energy of the system, i.e., the vortex fluctuation effect. Thig, Hg-1234, the Bulaevskii-Ledvij-KogaBLK) modef-®

crossing feature is clear evidence of the vortex quctuatioqNas applied. In this model, the contribution of the vortex

effect. fluctuations to the magnetization is given b,

Owing to the vortex fluctuation effect, the reversible mag-_ 5 .
o . Ve =In(16mksT k% adosH\E)ksT/ oS, wheres is the effec-
netization 4rM(T,H) deviates from the prediction of the tive interlayer spacing,, is the flux quantum,e

Ginzburg-LandauGL) theory. Thus the quantities such as _ ; X
the upper critical fieldH,(T) and the GL parametet(T) a,ﬁ};i?ﬁg')':%?&a |if\;)ns)t;a1an(tlno:|)oirger unity. Thus the slope
evaluated by the application of the London model or the rev’ TIVE

model of Haoet al. show an unphysical increase with tem-

. " M bo
perature near the crossing temperatlireT*. The anoma- =————[1-g(T)], 1)
lous temperature dependences of these quantities have been J(INH) 3272\ 2(T)

regarded as a qualitative barometer of the degree of the VOWhereMrev is the reversible magnetization in the frame of

tex fluctuations. . o
Figure 2 shows the GL parameter with respect to the temt-he London model and the fluctuation teg(T) is given by

perature, obtained from the model of Habal. The abrupt 2k
increase ofk with the temperature nedr=100 K is clearly g(M)= BT)\gb(T), 2
demonstrated. Furthermore, even though the rate is some- 0S
Figure 3 shows the temperature dependence of the slope
600 pr—rrr T dM/a(InH) for Hg-1234. The solid line represents our at-
s00 jzz T 3 tempt to fit using Eq(1), assuming the BCS clean linit.
E ok Hg-12i2 . ° ] From this analysis, we obtained=44.6 A and\,,(0)=158
400F « ok o ] = nm. The dashed line represents the theoretical curve from the
N S s ] model of Hacet al,, which deviates somewhat from the data.
i S o E In the BLK model, the temperaturg* is defined as
200 b 5 6 7 8 9 10 ] g(T*)=1 and the magnetization at this temperature is field
; T, ] independent
100 -—— ————————
3 Hg-1234 ] KeT*  pa
o J PRSP E S EIN P TR E— _M(T*)E_M*: |n_’ (3)
70 80 9 100 110 120 130 Séo e
T (K)

wherey is the constant of order unity. The high-field scaling
. ~ s 2’3
FIG. 2. Temperature dependence of the Ginzburg-Landau pdheory on quasi-2D systems proposed byarewicet al:

rameterx(T) extracted from the model of Haat al. Inset: tempera- ~ Predicts the same relation as H) without the In factor,
ture vs the Ginzburg-Landau parameter for Hg-1212. i.e., In(pal\Je)=1. Using M*=0.18 G andT*=121.8 K
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taken from the data, a constant 4af\/e) was estimated to W

be ~ 0.99 usings=44.6 A, which means that both the BLK
model and the high-field scaling theory give the same results,
even though their approaches are different from each other.

It is noteworthy that the effective interlayer spacing
s=44.6 A is much larger than the lattice parameter19 A.
Thus the physical implication of is ambiguous. Recently,
Koshele¥ claimed that the exact scaling formula proposed
by Tesanovicet al. is a good approximation at the critical
region, but the magnetizatiok* at T=T* is beyond the
applicability of the scaling law because the contribution of
the weak fluctuations at higher Landau levels is not negli-
gible. If the weak fluctuations are treated as the Gaussian
approximation, then the field-independent magnetization is
given by

4nM/(TH)'Z (10 G/(KOe)'?)

M* kgT* @

= moc T

$0S

wherem,,~ 0.346. From this we obtained a different value .
s=15.4 A, which is between the spacing of the Gu&yers R O - P TN TN S
separated by the Hg-O lay€9.6 A) and the lattice parameter -5 0.0 5 1.0 15 20
c=19 A. This value is close te=15.3 A of Bi,Sr,CaCyOs, (T-Tc(H))/(TH)”z (102 K210
but is significantly larger thas=11.7 A of YBaCu0;.s
This relatively large value of might explain why Hg-1234 FIG. 4. Temperature vs the normalized magnetizafibivi*
has a strong 2D nature. aroundT,. (upper pant and 2D scaling of the fluctuation-induced

Further strong evidence supporting this is that the magnemagnetization #M(T,H) (lower par}. Solid lines represent theo-
tization at the critical region follows the 2D scaling behavior. "etical curves obtained from the exact scaling function proposed by
In the high-field limit, according to Tesovicet al,>® the  Tésanovic

exact scaling function for the 2D system is given by
—47M’'=—47M/\2H(T) vsH' =H/\2H(T) of the ex-

M(H,T) SpoHL, perimental data and the theoretical curve.
T A =x—X*+2, &) The inset of Fig. 5 shows the thermodynamic critical field
HT H.(T) obtained from the model of Haet al. employing

where A is a constant,x=A[T—T.(H)J/(TH)Y2 H., Kayg- The solid and dashed lines re_p_resent the_BCS tempera-
¢ ture dependence d. and the empirical two-fluid modéf,

respectively. The BCS result fod(T) yields H.(0)=1.13

T and T.=126 K. These results as well as various thermo-

dynamic parameters such as the critical figléis.(0) and

H.»(0)] and the characteristic lengths ;,(0) and £,,(0)]

=dH62/dT|TC, ands is the effective interlayer spacing. To

compare the scaling function with the data, it is convenien
to reduce Eq(5) as

M 1
:E{l—r—h+\/m}' (6)

M* . BT
= r 8000 ]
where 7=(T—T*)/(T.,—T*) andh=H/H(T*). The up- o esp .
per part of Fig. 4 shows our attempt to fit the fluctuation- ¢ o ]
induced magnetization using E66) with the experimental & 020p % 4000 H-1234 E
values ofM* andT*. This analysis give§.=124.2 K and L 15 2000 K =102
—dHc,/dT|s =2.4 T/K. The scaled magnetization curves % ; o bty BTKST<TI0K
that are addressed in the different fields are shown in the § 010F 70800 1901101207130 ]
lower part of Fig. 4. The solid line represents the theoretical ~ _i 005 £
curve. =
As mentioned above, the extra free energy due to the ¥ go00pb————4———— - ____]
distortion of vortices should be considered to describe the 0 5 10 15 20
reversible magnetization properly. However, since the vortex H'=H/[22H (T)]
fluctuation effect is less important at low temperatures, the ¢
change ofk(T) well below T, is smaller than that near, . FIG. 5. Magnetization-47M’ = — 47M/2H(T) vs external

We takex,,q=102 as the average value &(T) in the lim-  agnetic fieldH’ = H/\ZH(T). The solid line represents the uni-
ited temperature range of 81&KT= 100 K. Using this fixed  yersal curve derived from the model of Ha al. with «=102.

GL parameter;-47M(H) curves could be represented as ainset: temperature dependence of the thermodynamic critical field
universal curve with the scaling factqf2H(T), consistent H(T). Solid and dashed lines represent the BCS temperature de-
with the model of Hao et al® Figure 5 shows pendence and the two-fluid model, respectively.
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TABLE I. Ginzburg-Landau parameter, critical fields, and char- [ T T T T T ]
acteristic lengths of HgB&aCu,0,¢, s 3.0 F Cu (apial o .
o}
K dHcZ/dTch H(0) Hc(0) Nan(0) £an(0) ﬁ
(TIK) (M (T (nm) R) P
2 4 y
1022 —2.22 1.13° 205° 157°¢ 12.7¢ g 20F e 3
b d f f f =2 i ) ]
—-24 1.06 195 172 13.0 (=) F g0 (apical)
1589 : )
#Hao-Clem model. 15 ; L L | | L
b2D scaling function. 1 2 3 4 5
°BCS temperature dependencettf. n

Two-fluid model.
€BCS clean limit.
'BCS dirty limit.
9BLK model.

FIG. 7. Variation of Hg-Qgica@nd Cu-Qyic, bond lengths with
respect to the number of CyQayersn per unit cell for Hg-based
superconductors: open squares, Ref. 18; filled circles, Ref. 19; open
hexagons, Refs. 20 and 21, filled triangles, Ref. 23; open triangles,
Ref. 22; open circles, Ref. 24; filled hexagons, Ref. 25.
are summarized in Table I. The total errors of the supercon-

ducting parameters presented here from all sources includingrs. The hole density of HgB&a,_1CU,O 105 With
the sample quality and the experimental errors are estimates-o (n=1, 2, and 3, i.e., the fully stoichiometric com-
to be much less than 10%. . pounds, is nearly zero or so small that it falls within the limit
Employing theH(T) and «,,q obtained from the above, of electron localizatio” The oxygen doping into the HgQ
the penetration depth,,(T) was evaluated by using the plane results in the charge transfer from Guganes, and
relation A (T) = [ ¢o/2Ho(T)1¥% as shown in Fig. 6. In this feature is reflected by the shorter Hggfe, bond length.
this figure, the solid and dashed lines show the best fit of the oy Hg-based compounds, the Hgzfdu  bond
BCS clean and dirty limits, respectively. From this analysis,jengtri8-25js known to decrease with as shown in Fig. 7.
Aap(0) was estimated to be 157 nm for the clean limit andas mentioned above, this may imply an increase of the hole
172 nm for the dirty limit. The value af,,(0) for the clean  gensity withn. This is supported by the calculation of the
limit is fairly consistent with 158 nm from the BLK model. glectronic band structure by Gupta and GuptZhey re-
For comparison, the value is plotted in Fig. 6 with earlierported that the values of hole density per a Guge ~0.21
reported valueS™*®for Hg-1201, Hg-1212, and Hg-1223.  hole per Cu@ (5~0.09), ~0.26 hole per CuQ(5~0.22),
It is important to notice thah,,(0) decreases with the 5nq—0.27 hole per CuQ(5~0.35) for Hg-1201, Hg-1212,
number of CuQ layers in the unit celh. SinceX,(0) is  ang Hg-1223, respectively.
proportional to (n},/ng)*?, wheremy, is the electronic ef-  The bond length4 1.72 A) of Hg-1234(Ref. 20 is the
fective mass in theb plane andns is the charge carrier shortest among the known Hg-based superconductors. Re-
density, the decrease i with n reflects an increase of;  calling that the short Hg-Q;.o bond length is caused by the
and/or a decrease of* with n. Itis widely accepted that the |arge charge transfer from the Cy@lanes, we can infer that
hole density is correlated with the bond length between thehe small penetration depth of Hg-1234 is due to the large
Hg and apical oxygen Q;c. in the Hg-based superconduct- hole density within the plane. From this point of view, for
Hg-based superconductors, a decrease in penetration depth
8000 with n can be explained by the same reason.

: 3000 ] It is well known that there is a reasonable correlation
7000 = .. .
E = 2s00f © ] between the transition temperature and the charge carrier
8000 = ,ooF E density within the CuQ@ plane. This explains the variation of
~ so00 b % 3 T. with n up ton=3. However, the fact that Hg-1234 has a
o F & 1500F .
- : 3 lower T (= 125 K) than theT, (= 135 K) of Hg-1223 even
<& 4000 F 100 g though it has the highest hole density suggests that there is a
3000 | P 3 difficulty in inferring the trend inT. from the carrier density
2000 £ T B0 cloan it alone. It is also claimed that the high- superconductivity
= —— BCS-dirty limit can be enhanced by the coupling or tunneling between the
1000 Bt a1 superconducting layef$-%° If one recalls that Hg-1234
60 70 80 90 100 110 120 130 shows a strong 2D nature, the relatively |Gwis inferred to
T(K) originate from the weak interlayer coupling.
FIG. 6. Temperature dependence of the penetration depth
N ap(T) obtained from the model of Haet al. Solid and dashed IV. SUMMARY
lines represent the BCS clean and dirty limits, respectively. The ] )
inset shows the variation of the penetration depgg(0) with re- We found that 2D fluctuations are dominant due to weak

spect to the number of CyQayersn per unit cell for Hg-based interlayer coupling in Hg-1234. The 2D nature of Hg-1234
superconductors: filled symbols, this work; open squares, Ref. 14nduced strong positional fluctuations of the vortices below
open triangles, Ref. 13; open circles, Ref. 15. T. and the reversible magnetization deviated remarkably
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from the prediction of the mean-field theory. Except for thein T from the charge carrier density alone and a number of
temperature region of dominant vortex fluctuations, the magtheories, which assume that the highsuperconductivity is
netization was described approximately using the model oénhanced by the interlayer coupling or the interlayer tunnel-
Hao et al. From this analysis, the various thermodynamicing, should be considered seriously. In this sense, we can
parameters such as the penetration depi{0), the coher- infer that the relatively lowT, of Hg-1234 originates from
ence lengthé,,(0), the Ginzburg-Landau parameter and  the weak interlayer coupling.

the critical field§ H;(0) andH.,(0)] were extracted. In par-

ticular, if the BCS clean limit is assumed,,(0) is esti-

mated to be 157 nm, which is the smallest among the Hg- ACKNOWLEDGMENTS
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