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Single crystals of the 121 =2) and 1223(n=3) mercury based cuprates have been grown usip@fas
a flux during the growth. The bismuth cations act as stabilizers of the structures which do not require the use
of a dry box or high pressure. Electron microscopy and coupled energy dispersive spectroscopy analyses
evidence the regularity of the 1212 and 1223 structures with a mercury layer of composition cloggBiyHg
Moreover the structural refinements based on x-ray-diffraction data of these crystals, show at the level of the
[(Hg,Bi)Og4] layer a splitting of the oxygen site around the positigs0). These as-grown superconducting
crystals exhibit critical temperatures of 121 and 130 K for 1212 and 1223, respectively. The irreversibility lines
(IL) and fishtail linegFL) of these crystals are compared to thosé€Hy,Bi)-1201 crystals and grain aligned
Hg-1223 ceramics. These data show that thg §B&, 1223 IL and FL lie above that of HgBig »1212. This
suggests that the anisotropy of 1223 is smaller than that of 1212. The similarity of the FL's location of
isostructural TI-1223 and HgBig 1223 illustrates the role of the structure on the superconducting properties.
[S0163-182696)08246-X

INTRODUCTION the mercury sité. This stabilizer must exhibit a higher va-
lence than HYto allow the oxygen vacancies in thielgOy]

The mercury-based copper oxides form a large family oflayer to be partially filled. Among ten cations that have been
superconductors  with the generic formulation shown to be efficient as stabilizét®ismuth was very attrac-
HgBa,Ca,_1CU,0,p4 5. s With 1<n=<512The two members tive since this cation may play the role of flux during crystal
HgBaCaCuOs.s; (n=2 abbreviated 1212 and 9rowths. This was recent_ly demonstrated by crystal growth
HgBa,CaCl,Og, 5 (N=3 abbreviated 1233 that exhibit ~Of then=1 member HggBi, CUO,, ; (Ref. 7) whose struc-
high T.'s of 125 and 133 K respectivefjare potential can- Ure and magnetic properties were investigated. In the

didates for future applications and from a more fundamentaP"€Sent paper we report on the synthesis, structural and mag-
point of view their discovery should give new data for the netic characterizations of the pgBio Ba,CaCyOs. ; and

understanding of the copper oxides superconductivity. HongO-SBiO-ZBazcaZC%Osﬁ superconducting single crystals,

ever, owing to the two-dimensiond®D) character of the corresponding to the=2 andn=3 members of the series.
superconducting cuprates, their superconducting properties

are anisotropic and oriented materials are required in order to CRYSTAL GROWTH AND STRUCTURAL

study their properties. Unfortunately, three years after their CHARACTERIZATIONS

discover, only two phases have been isolated in single crystal The (Hg,Bi)-1212 andHg,Bi)-1223 single crystals inves-

form HgBaCaCuOg.s (1223 (Ref. 3 and . ; :

HgB&,CaCu,Oy0, 5 (1234 (Ref. 4 which correspond to the tigated here were synthesized from precursor pellets without
n=3 andn=4 members of the mercury series respectively.
No data concerning the physical properties of single-crystals ‘

for the two first members HgB&uO,,; (1201 and

HgBa,CaCuOs, s (1212 have been published to date. In 1% Z:hmo (1:3‘/ o

fact, as described in Ref. 5, bath=1 andn=2 members are 10h 800°C 12h

needed to complete the existing superconducting data—

electronic anisotropy, irreversibility lines, superconducting 700°C

parameters such agy,, He,—in order to understand the role

of the copper layer number on the physical properties.

The synthesis difficulties of the mercury-based cuprates
are linked to the decomposition of HgO and to the great
sensitivity of the precursors to impurities. Two different
ways have been taken to overcome this problem: low-
temperature syntheses to grow Hg-1223 cry3etsl a high- Time
pressure technique to grow Hg-1234 crysfalsthird route
was also investigated in order to stabilize these phases in FIG. 1. Thermal cycle used for |gBig ,-Ba,CaCuyOg, 5 (1212
ceramic form which involved introducing a foreign cation on and Hg, $Big ;Ba,CaCu,0g, 5 (1223 single-crystal growth.

Furnace cool
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FIG. 2. ED patterns of HggBig ,Ba,CaCuyOg. 5 (1212, Hgy ¢Big BaCaCusOg. 5 (1223 single-crystal fragmenta): [001]; (b): [100];
(0): [110].

using dry box or high-pressure techniques. Two precursoand then introduced in a vertical furnace to undergo the ther-
pellets, with nominal compositions BaaCyO, (preparation mal cycle described in Fig. 1. Note that the position of the
A) and BaCa,Cu;0, (preparation Brespectively, were pre- tubes with regard to the middle of the furnadet pan is
pared from a well-ground stoichiometric mixture of fundamental to controlling the crystal growth of each struc-
Ba(NO;),, CaO, and CuO by reacting at 920 °C under antural type. Therefore, a little shift of about 10 mm with re-
oxygen flow for 12 h. A stoichiometric amount of yellow gard to this position modifies the nature of the as-grown
HgO and BjO;, according to the ratio 0.8:0.1, was then phase. With this method, a multiphasic sample, with a few
added to each precursor pellet and the mixtures were thotittle droplets of mercury, was obtained for each preparation:
oughly ground. Each powder was placed in an alumina crua brick red matrix ceramic is observed in the upper part of
cible (height 50 mm, inner diameter 5 mnsealed in an the crucible(cold par}, while in the lower partnear the hot
evacuated silica tubéheight 90 mm, inner diameter 9 mm pard clusters of black and shiny platelike crystals of about
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TABLE |. Crystallographic data. (type 1223. No streaks or additional reflections were ob-
served. The EDS analysis performed with a Kevex analyser
Crystal data showed that the cationic composition is consistent from one
Space group P4/mmm(n° 123 cryst_al to the_ other for the same §ample and very close to the
Cell dimensions a=3.8565(3) A nominal ;tqchmmetry. Ip part|_cular, both s_lngle—crystal
c=12.711(1) A types exhibit thg same rat_lo Hg/Bl,.O.75:0.25, S|m|IarIy to the
Volume 189.05(3) A® ratlol obseryed in théHg,Bi)-1201 smgle crystals previously
7z 1 studied which corresponds to the first memher=1) of the
Peate 6.501 g/cr (Hgo_gBiol_g)BaZCaq_1C_ZunOZn+2+5 series_. For the__clarity_ of
_ the text, in the following, the Hg and Bi compositions will be
Intensity measurements corrected to 0.8 and 0.2 respectively.
MMoK o) 0.71073 A A.detailed structural study has bgen performed in prder to
Scan mode -0 confirm both structural models. This work was carried out
Scan width 1.4-0.35 tang simultaneously by hig.h—resglution elgctron microscopy
Slit aperture 1.4tan @ (HREM) and by x-ray diffraction. The smgle crystal x-ray
Max 6 45° data were recorded by means of a four circles CAD 4 Enraf
. Nonius diffractometer at 20 °C, using a graphite monochro-
Measured reflections 544 . o ! . .
) matized Mok radiation(A=0.710 74 A, while HREM im-
Standard reflections 3 .
. . ages were recorded from a TOPCON 02B electron micro-
Reflections width >30 409 : . .
(em-Y 372.7 scope operating at 200 kV and having a resolution of 1.8 A.
K ' The structures of both single-crystal types,
Structure refinement Hgy Big 1212 and HggBip 1223, were refined in the
: space groupP4/mmm(n° 123). The starting positional pa-
Parameters refined 20 rameters were those obtained from powder-neutron-
Absorption correction based on the morphology  giffraction date? The same procedure in both cases was ap-
Program used o XTAL plied for the structure determination. The refinements of both
Computer determination PC structures fit perfectly well with the dat@ell parameters,
Agreement factors difference Fourier synthesis cationic positions reported for the pure mercury single
crystals® Only the results of the HgBi, ~1212 single crys-
tal have therefore been illustrated in Tables I-Ill. The most
300%300%10 um?® were observed. important difference with regard to the bismuth free

Several crystals were extracted in each preparation for Blg-12(n—1)n single crystals is observed at the level of the
preliminary x-ray-diffraction study. The Weissenberg pat-mixed layer[(Hg, ¢Bip)Od8]. As mentioned previously, in
terns allowed the quality of crystals to be checked and thé¢he study of(Hg, ¢Big»)-1201 single crystal§,the oxygen
1212 and 1223 structures to be identified in the preparationsite is neither in positioi300) nor in position(330) but it is
A and B respectively. For these as-synthesized single cryssplit around this later position. This structural phenomenon is
tals, magnetization measurements performed with a supeclearly shown in the Fourier map obtained before any refine-
conducting quantum interference devi@QUID) magneto- ments[Fig. 3@)]. Locating this oxygen and refining its po-
meter with uH=10"3 T, showed two distinct sition accurately is not easy by x-ray diffraction but the
superconducting behaviors, below about 1204 and 130 analysis of the difference Fourier map performed during the
K (B) respectively. Fragments of these crystals were themast refinement§Fig. 3(b)] showed several residual electron
studied by electron diffractiofED) with a JEOL 200 Cx density peaks around the theoretical posiii$}0) especially
microscope equipped with an eucentric goniométe0°.  one peak of aboute /A® at (3 0.31 0. Note that the same
The [001], [100], and [110] ED patterns for both single- phenomenon is also observed in single crystals correspond-
crystal types(Fig. 2) evidenced a tetragonal symmetry with ing to the memben=3 of the series.
a=a,~3.8 A andc~12.7 A (type 1212 and c~15.8 A Finally, HREM images were recorded along f160] di-

TABLE Il. Final positional parameter®Rk;=0.052 and their estimated standard deviatidESD).

Atom Site X y z B (A?) T
Hg/Bi la 0.0225) 0 0 1.383) 0.75/0.25
Ba 2h 1/2 1/2 0.21981) 0.873) 1

Ca 1d 1/2 1/2 1/2 0.8W) 1

Cu 1b 0 0 0.37572) 0.477) 1

o(1) 2e 1/2 0 0.3771) 0.94) 1

02 29 0 0 0.1582) 2.044) 1

0(3) 4j 0.334) 0.334) 0 1.0 0.0895)
0’'(3) 4j 0.307) 1/2 0 1.6 0.065)

avalues fixed according to intermediate refinements.
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TABLE llI. General displacement parameter expressid)s

Atom Un Uz Uss U Uis Uas
Hg/Bi 0.0054) Uy 0.00795) —0.0056) 0 0
Ba 0.0643) Uqqg 0.01126) 0 0 0
Ca 0.0061) Uqqg 0.0062) 0 0 0
Cu 0.00126) Uqqg 0.00679) 0 0 0
0(1) 0.0094) - - - - -
0(2) 0.024) - - - - -
0o@3) 0.01 - - - - -
0'(3) 0.01 - - - - -

rection(Fig. 4 and % to confirm the stacking layer mode of In order to characterize the superconducting transitions,
the 1212 and 1223 structures. In the00] image of the M(T) curves were registered under FOT after zero-field
(Hgo ¢Big 2-1223 microcrystal(Fig. 4), the bright dots are cooling. TheT, (onse} of Hgg ¢Big 1223 as-grown crystals
correlated to the zones of high electron densﬂy. We clearlyyas found to be very reproducible from one crystal to the
observe a group of three rows of staggered bright dots coither[T, (onsei=130 K] and the broadness of the transition
related to the BaQHg $Big »)-BaO layers. Three other rows was found to be close th T, (10%—-90%=4 K. One typical

of bright dots, spaced 3.2 A apart, are correlated to the copsyrve is given in Fig. 6. For HgBi, »1212, ten crystals
per layers(arrow headsand are separated by two rows of yere tested exhibiting a constafi (onsei=121 K with a
small grey dots associated with the calcium _Iayésnsnall transition broadness oAT (10%-90%=10 K, i.e., 6 K
a.rrows. In the same way, fragments QH.QO-BB'O-Z).'HH larger than that of the 1223 crystals. One curve is also shown
5|_ngle crystals have k_)een studied. In the image d|sp|la&yed T Fig. 6 and one can notice that internal susceptibilifies
Fig. 5a), recorded with a defocus value close +®250 A, calculated from the relation = xo(1— 7xey), WHETe Yo

cations appear as dark dots while in the second in&ge and » correspond to the external susceptibility and to the

5(b)] recorded for a focus value close t6500 A, cations o .
appear as bright dots. As described above, we Obser\%emagnetlzanon factor respectively, are close-tb on the
’ low-T side attesting of the good shielding of the crystals. For

groups of three rows characteristic of the ) .
BaO{Hg, Bi, »-BaO layerswhite arrow$ which are sepa- comparison the;(T) curve of a Hg ¢Big 1201 crystal from

rated by only twa(instead of threrows of grey dotgarrow ~ Ref. 7is also given. On can note thif (onse} is lower (75
heads on Fig. b these rows are correlated to the copperK) and that the transition width is largedsT (10%-
layers. 90%=20 K. The T, (onsej's of 121 and 130 K for
Therefore, these two types of sequence can be easily ifd90.eBio1212 and HggBig 1223 crystals, respectively,
terpreted as the stacking modes of the 1223 and 1212 strudere also confirmed from thermoremanent curves.
tures respectively. Note that the layer sequences are highly The crystal growth of 1212 and 1223 single crystals with
regular. Moreover, the even contrast observed at the level gimilar[Hg/Bi] ratios offers a unique opportunity to compare
the intermediate Hg/B| |ayer’ whatever the Viewing direction,their irreversibility |InES(|L) In fact numerous studies have
shows there is no short-range ordering between Hg/Bi anéeported the irreversible properties of these phases for ran-

oxygen/vacancies. dom crystallites of ceramic showing great discrepancies. For
instance, at=T/T,=0.6, the irreversibility field(B;,) of
10
SUPERCONDUCTING PROPERTIES Hg-1212 was found to be 2 (Ref. 9 or 0.4 T." In order to

limit the comparison with ceramics, we will only refer to

For both Hg ¢Biy 1212 and Hg¢Bijy 1223 batches sev- studies ofc-axis aligned materials measured in tHéc ge-
eral crystals with typical dimensions 3800100 um®  ometry.
were extracted and tested in order to check tfigihomo- Two sets of measurements were used in order to deter-
geneities. All the superconducting properties were investimine B;,(t=T/T.) of the crystals. FirsM(B) loops were
gated by dc magnetizatiqgiM) measurement®<u,H<5T) recorded for different temperatures in the range 10-60 K for
with a SQUID magnetometer. The measurements were lim¢Hg,Bi)-1212 and 15-90 K fofHg,Bi)-1223, respectively.
ited to theH|lc geometry which corresponds to supercurrentsTypical plots are given in Fig. 7. For higher temperatures
flowing in theab plane. The sample holder used in the mag-(corresponding t®;,<0.5 T), zfc and fcM(T) curves were
netometer was rigid20 cm and guided by two O rings at its registered in order to determinB;,. An example corre-
ends(at better than 1 mirensuring a maximum deviation of sponding toB=0.03 T for a Hg ¢Bij -1212 crystal is given
0.3° between the magnetic field and the sample holder axisn Fig. 8 to attest the validity of thB,,,, T;, measurements.
For each run of measurements, the crystal was glued with The corresponding irreversibility lines are reported in Fig.
silicon grease in the geometiylic and the quality of the 9 where the IL of(Hg,Bi)-1201 is also shown. When looking
alignment(larger external faces perpendicular to the holderat this latter graph, it is clear that the IL’s of the 1212 phase
axis) was controlled to be less than 1°. The misalignmenties below that of the 1223. Such a shift between the2
between the crystal axis and the magnetic field was found and n=3 members was also observed for thallium cuprate
to be smaller than 2.5°. This small misalignment ensures therystals between TI monolayers, Tﬁﬁ,p%ozﬂ”, and
validity of the magnetization data. Tl bilayers, ThBa,Ca,_;Cu,0,p. 4.1 This clearly demon-
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FIG. 4. [100] HREM image of the HggBig Ba,CaCuOg, 5
(1223 single crystals fragments. The cations are imaged as bright
dots (indicated on the right

showed a crossover from this behavior to a power-law
function® Such a deviation is also observable from our data
with corresponding fields of cross-over around 0.2-0.4 T in
agreement with the value of Soret al® Furthermore, a

FIG. 3. (8 Electron density map for thexyO section of
Hgp Big BaCaCuyOg, s (1212. (b) Difference(001) Fourier map
section atz=0.0, observed in HgBig Ba,CaCyOq, s (1212,
showing the splitting of the oxygen around t@O) position

strates thah=3 compounds are better candidates for appli-
cations tham=2, since the former exhibit highdr.'s and
IL’s. However, the(Hg,Bi)-1201 IL lies in between those of
the correspondingHg,Bi)-1212 and 1223 crystals. This pe-
culiar behavior of then=1 member was also observed in the
case of the Tl bilayer cuprates; the properties of mhel
member T}Ba,CuQ; were optimized for crystals exhibiting
an intermediate IL between the=2 andn=3 members?
The same relation is observed for bdttg,Bi) and T}, se-
ries, i-e-vBirr(t)n:3> Birr(t)n:1> Birr(t)nzz-

Although the IL's of 1212 and 1223 are not located at the

same position, their shapes are rather similar. For the highest

fields (B>0.3 T), the IL's can be described by an exponen-
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FIG. 5. [100] HREM image of the HggBij-,Ba,CaCuyOg, s

tial function if we consider the linearity observed in the (1212 single-crystal fragmentsa) The cations are imaged as dark
semilogarithmic plots of Fig. 9. This is in agreement with adots (Focus value—250 A); (b) The cations are imaged as bright
previous report of IL of Hg-1223 aligned powder, which also dots (Focus value-—500 A).
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FIG. 6. T dependence of the internal susceptibility for FIG. 8. zfc and fc curves registered wiB=0.03 T for a
Hgo.8Bio BaCaCuyOg, 5 (1212, Hgy gBio BaCaCus0Og: 5 (1223,  Hgy ¢Big BaCaCyOg. 5 (1212 crystal. Hilc).
and Hg, gBig -Ba,Cu0y,, 5 (1207 crystals.

good agreement with their irreversibility line location is It was reported previously that the existence of'fishtails is
found, B,,=1.7 T atT/T.=0.5 for Hg, Bi,,1223 crystal & general feature of crystals for the superconducting cuprate
againstB;,,=2 T at the same reduced temperature for theifamily (see Ref. 16, and references theyeifhe crystals of
c-axis aligned powder. Finally, the most important resultsuperconducting mercury cuprates corresponding=ta, 2,
concerning the comparison between i8i, 1212 and and 3 confirm this rule. The temperature dependence of the
Hgo.dBip 1223 IL’s deals with the lower location of the Bsp magnetic field, whereBgp corresponds to the second
former in the {,T) plane. Another interesting result is re- peak of the decreasing branch of the hysteresis (sep Fig.
lated to the IL of HggBi, 1223 single crystals which is 7) are reported in Fig. 10 for HgBiy BaCuO,,
quite similar to that ofc-axis aligned powder Hg-1223, re- Hgo Big Ba,CaCyOs, 5 and Hg Big Ba,CaCu;Og, 5 AS
garding their location or shape. This suggests that Bi dopinder Bi(t) lines, the same hierarchy is observed for the2

on the mercury site does not modify significantly the IL lo- andn=3 members, i.eBsg(t)1205>Bst)1212- One can also

cation of Hg-1223. note that theBgH(t) 1,0, line position stands close to that of
However, theM (B) loops registered for the Hg supercon- the 1212_- _ _
ducting cuprates and for powders of cerargiigned or nox The fishtail shapes of th¥(B) loops have been previ-

exhibit very different shapes. From the observation of Fig. 70usly interpretetf via models which imply a softening of the
a fishtail shape is observed for the crystals in a limifed Vvortex lattice such as a 3D melting or more likely a 3D-2D
range but no such feature has been observed in ceramic studecouplingt’ By identifying theBgp values with the cross-
ies. In contrast, at the same temperature, the shapgd¢Bj  over fields of these transitions which all obey the formula,
loops for Hg-1223(c-axis aligned powdé? or random B=Af(t)y %' the electronic anisotropy can be derived.
crystallites®* exhibit decreasing field branches almost field As shown in Fig. 10, the fishtail lines of ljgBi, 1223 and
independent with nearly zero magnitutfe? TI-1223 are close to each other. If one considers))g0)

0.002
> 0.001 b3 1
TN
= E
& 5 oo oo 3 £
©  0.000§° >0 000 g0 g g8 gesdl m
N
= : \
: o1k o 1201 1
—0.001
\ o 1212 \
v 1223 % ¥
—0.002 . L L L L 1 | 1 ! ' 1 L )
0 1 2 3 4 5 0.0 0.1 0.2 03 04 05 0.6 07 0.8 09 1.0
poH(T) t

FIG. 7. Half hysteresis loops registered for a  FIG. 9. Irreversibility lines for crystals of tha=1, 2, and 3
Hgg Big BaCaCusOg. 5 (1223 crystal in theHllc geometry.T members of the HggBigBa,Ca,_1Cu,Osn1 0. 5 Series(t is the
values are labeled on the graph. reduced temperaturg/T,).
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versible magnetization of thigHg,Bi) series of crystals are

'v\ ’ ' T ’T 201‘ now in progress in order to establish their superconducting
\ a5 parameters.
2L \ 9o8Plga| © 1212
\ v 1223 CONCLUSION
o= N A T1=1225 Th A . _—
— \ _ e stabilization of Hg cuprates by Bi substitution has
&0 1 allowed the crystal growth of HgBi, Ba,CaCuyOq, 5
(1212 and Hg ¢Bip ,Ba,CusOg, 5 (1223 phases. These as-
grown crystals exhibiff. of 121 and 130 K for 1212 and
1223 respectively, indicating that after synthesis these crys-
- tals are nearly optimized since optimized HgBaCuyOg, 5
o ; ; : ‘ . : and HgBaCa,Cu;0g., s ceramics exhibif;'s of 125 and 133
0o 01 02 03 04 05 06 07 K respectively. This result differs from that obtained in the
t case of pure mercury HgB@a,Cu;Og, 5 Crystals which ex-

hibit as-grownT's of 105 K2 The magnetic properties study
FIG. 10. Bgg(t) lines corresponding to crystals of te=1, 2,  of both (Hg,Bi) cuprates has allowed a comparison of their

and 3 members of the HgBi, Ba,Ca,—1C,0zn1 2+ 5 SETiES. The  jrreversibility lines: in a reduced temperature scale, one ob-
line of a TI-1223 crystalfrom Ref. 16 is also given. serves that the HgBi, ~1212 IL position lies below that of

Hg, Big »-1223. Moreover the comparison with Hg-1223
values of these phases,,(0)~1500 A for Hg-1223 single c-axis aligned powder shows that the IL of §i8i, 1223 is
crystals® i.e., close to the value of TI-1224,and their simi-  not strongly modified by the Bi introduction on the Hg sites.
lar structuralc parameter§c~15.8 A for both(Hg,Bi)-1223  This result differs from studies of Pb-substituted Hg-1223
and TI-1223 the similar location of theiBgg(t) lines indi-  ceramics for whictB;, was found to be shifted higher by the
cates that their anisotropies are very close. This suggests thatbstitution:®> However, due to the random nature of the
the intrinsic nature of the fishtail is related to the structuresalignment of the latter ceramics, we cannot conclude defini-
whatever the thallium or mercury content. For TI-1223 crys-tively on the difference between the IL location observed for
tals, an anisotropyy=48 was extracted from th®gH(t) Bi and Pb substitution. Finally, the hysteresis loops of the
line'® and thus the anisotropy of KgBiy 1223 may be crystals exhibit fishtail features in largeranges which were
close to this value. Such a value is also close to those estabot observed for ceramics samples. The most remarkable
lished from torque magnetometry on single crystals for Hg{feature deals with the similar location of the fishtail lines for
1223(y=52 Ref. § and for Hg-1234(y=52 Ref. 18. Nev-  TI-1223 and HggBiy 1223 lines which rules out previous
ertheless, it is difficult to discuss the effect of the Gytane  reports performed on ceramics claiming that the anisotropy
number Q) on the y values for our series. Indeed, the ob- of mercury cuprates was lower than that of thallium phases.
served differences in the location of tBgg(t) lines for the
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