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Superconductivity in the Mg-doped CuBa2Ca3Cu4O122y system
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Synthesis of CuBa2Ca3Cu4O122y ~Cu-1234! with Mg doping at the Ca sites, hitherto unexplored, is at-
tempted and reported here. Different samples with 5%, 10%, 20%, and 33% Mg~in nominal stoichiometry!
have been prepared in gold capsules under 3.5 GPa pressure and at about 1000 °C temperature using a cubic
anvil-type high-pressure machine. The samples were characterized through x-ray diffractometry, resistivity, dc
susceptibility, and Hall effect measurements. The samples were then aligned along theirc axis under 10 T field
at room temperature. Magnetization~both inHiab andHic! was measured between 120 and 5 K in different
field values up to 5 T. The superconducting anisotropy~defined asjab /jc5Hc2

ab/Hc2
c !, estimated in the revers-

ible magnetization regime, comes out to be about 1.4, and is lower than that of the pristine sample. Improve-
ment in the anisotropy factor obtained has been discussed in light of the observed changes in the lattice
parameters and the hole concentration, emanating from Mg doping in the Cu-site vacancies in charge reservoir
blocks of the 1234 structure.@S0163-1829~98!07538-9#
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I. INTRODUCTION

The emergence of the Hg-based 136 K high-tempera
cuprate superconductor~HTSC! and itsTc enhancement o
156 K has sparked off hectic activity in this area. Since th
many other systems like TlBaCaCuO,~Cu-Tl!BaCaCuO
having a cationic stoichiometry of 1223 and 1234, ha
been generated1–3 to yield a Tc of around 120 K. Most
notably among them is then54 member of the
CuBa2Can21CunO122y family. Besides possessing high crit
cal temperatureTc , high critical current densityJc , and high
irreversibility field H irr , this happens to be the only HTS
material without any toxic components like Hg or Tl.4–8

CuBa2Ca3Cu4O122y ~Cu-1234! is a high-pressure–high
temperature phase exhibiting superconductivity at 118 K
ambient pressure. Superconducting anisotropy for this c
pound is also the least among such HTSC families. Such
anisotropy has its root in the crystal structure of this co
pound itself. Here the superconducting blocks of Ca3Cu4O8
are separated by the conducting CuBa2O42y charge reservoir
blocks instead of the nonconducting TlBa2O3 blocks in the
analogous Tl-1234 superconductor.5–7 The low anisotropy
has been thought to be strongly related to the short super
ducting coupling between such blocks mediated by
conducting~possibly superconducting! charge reservoir lay-
ers. Such a coexistence of low superconducting anisotr
and high critical temperatureTc is not contradictory in
such materials and has already been considered by I
et al.9

From the studies on~Cu, C!-1234 by Iyoet al.10 and the
crystal structure refinement studies carried out on small c
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tals of Cux-1234 and (CuxC12x)-1234 and its higher homo
logues by Akimotoet al.,11 it is concluded that the Cu-site
nonstoichiometry in CuxBa2Can21CunOy compounds and the
presence of the CO3 group in the CuxC12xBa2Can21CunOy
mainly affect the thickness of the charge reservoir layer a
the thickness of the superconducting block is maintained
similar structural and electrical environment. It is therefo
thought in this scenario that Mg occupying the vacant site
the charge reservoir layers and the Ca sites in the super
ducting block would have the desired effect of better int
block coupling of the Ca3Cu4O8 blocks leading to improved
superconducting properties.

In this paper we report an investigation of the dopi
effects of Mg ions in the crystal structure of Cu-1234 a
its superconducting properties. The superconducting ani
ropy factor and both in- and out-of-plane coherence leng
have been determined through upper critical field meas
ments on thec-axis aligned samples. The ensuing resu
have been discussed in the light of the observed chan
in the lattice parameters and the hole density of
samples.

II. EXPERIMENTAL DETAILS

Samples with the nominal composition o
CuBa2(Ca12xMgx)3Cu4O122y ~x50.05, 0.10, 0.20, and
0.33! have been synthesized through the solid-state reac
route with appropriate precursors. The precursors were
pared by calcining the well ground mixtures of BaCO3,
CaCO3, CuO, and MgO~with purity .99.9%! in flowing
oxygen for a total span of 72 h with intermediate grindin
9504 © 1998 The American Physical Society
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FIG. 1. ~a! X-ray diffractograms of various Mg-doped Cu-1234 unaligned samples.s refers to unidentified phase.~b! X-ray diffracto-
grams of various Mg-doped Cu-1234 aligned samples.s refers to unidentified phase.

FIG. 2. ~a!–~d! Resistivity behavior with temperature. Inset shows the diamagnetic transition.
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FIG. 3. ~a!–~d! Magnetization-temperature behavior for different field values inH//ab configuration.

TABLE I. Lattice parameters, carrier concentration, and superconducting parameters for pure and Mg-doped Cu-1234 sam

Sample
Tc

~K!
a

~Å!
c

~Å!
1/eRH

(1021/cm3)
nH

(/CuO2)
Hc2

ab(0)
~T!

Hc2

c (0)
~T!

jab

~Å!
jc

~Å! jab /jc

Cu-1234 117.5 3.856 17.993 5.40 0.36 195 121 16 10 1.6
5% Mg
(x50.05)

116.6 3.855 17.954 7.61 0.50 127 86 19 13.2 1.46

10% Mg
(x50.10)

116.4 3.848 17.907 7.05 0.47 103 74 20 14.2 1.41

20% Mg
(x50.20)

116.8 3.848 17.907 7.86 0.53 115 80 20 14 1.43

33% Mg
(x50.33)

116.6 3.847 17.917 5.19 0.34 110 79 20 14.5 1.38

Standard deviation ina50.000 24 Å.
Standard deviation inc50.001 63 Å.
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FIG. 4. ~a!–~d! Magnetization-temperature behavior for different field values inH//c configuration.
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for powder homogeneity. The precursors were mixed w
small amounts of AgO~0.4 mol fraction! as oxidizer and
AgCO3 ~0.2 mol fraction! for Cu-1234 phase stabilization
The final reaction to realize the 1234 material was carried
at 1000 °C in a gold capsule at 3.5 GPa pressure in a c
anvil-type high-pressure machine~Riken CAP-07!. The
sample was subsequently quenched to ambient temper
before the pressure was released.12 It is worth pointing
out here that even though a very small amount of AgC3
has been added to the precursor before the high-pres
treatment, the final 1234 material realized is not dev
of the oxycarbonate content, however small its fract
may be.

Powder x-ray diffraction~XRD! analysis of the sample
was carried out using a Rigaku RINT 1000 diffractome
with monochromatized CuKa radiation. These samples we
further characterized for their superconductivity through
sistivity ~four-probe technique! and dc susceptibility mea
surements~Quantum Design MPMS SQUID magnetomete!.
Finely ground powders of these materials were mixed w
h

ut
ic

ure

ure
d
n

r

-

h

an epoxy resin~Cemedine EP-007! in a teflon tube and
aligned along thec axis in a field of 10 T for 10 h at room
temperature using the anisotropic normal-state magnetic
ceptibility. The degree ofc-axis alignment is checked
through the intensities of the tetragonal (00l ) peaks of the
diffractograms. Hall coefficient measurements on t
unaligned samples have also been carried out in 2 T field
in the temperature range 300–120 K, to check for the p
sible variation in the hole concentration resulting from M
doping.

III. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the XRD patterns of both th
as-prepared randomly oriented andc-axis aligned samples
with different Mg contents. All the characteristic peaks co
responding to an average tetragonal 1234 structure w
P4/mmmsymmetry could be identified with some uniden
fied minor impurity peaks. A small peak~markedd! corre-
sponding to MgO was also seen in the highest dop
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~33% Mg! sample. While there is not much change in t
a-axis parameter with increasing Mg content~0.02 Å!, a no-
ticeable reduction in thec parameter~0.07 Å! has been ob-
served till x50.10 ~10% Mg!, beyond which it remains
nearly constant. The degree ofc-axis alignment of the doped
samples was checked through the equationP(006)512b,
where

b5~ I 105/I 006!
aligned/~ I 105/I 006!

unaligned

and I 105 and I 006 are the relative intensities of the~105! and
~006! reflections.13 The c-axis alignment was seen to be be
ter than 98% in all the Mg-doped samples.

The resistivity-temperature behavior of the various M
containing samples is provided in the Figs. 2~a!–2~d!. All the
samples exhibit good metallicity with resistivity zero tem
perature around 116 K, closely matching withTc(R50)
5117.5 K of the undoped Cu-1234 material. The diam
netic susceptibility measurements with 10 Oe field also c
roborate these transition temperatures and are shown in
insets of their respective figures. Phase purity of the mat
als is also indicated by the well-defined single diamagn
transition.

The superconducting anisotropy of the cuprate superc
ductors is seen to be related to the anisotropy in their up
and lower critical fieldsHc2 and Hc1 , coherence lengthj,
and the field penetration depthl. The anisotropy parameterg
has been defined as14 g5Hc2

ab/Hc2
c 5jab /jc . dc magnetiza-

tion on thec-axis aligned samples was measured from 120
5 K under several field values ranging from 0.1 to 5
Figs. 3~a!–3~d! and Figs. 4~a!–4~d! depict the magnetization

FIG. 5. ~a! Temperature dependence ofHc2 for 5% and 10% Mg
~x50.05 and 0.10! doped samples inH//ab and H//c configura-
tions. ~b! Temperature dependence ofHc2 for 20% and 33% Mg
~x50.20 and 0.33! doped samples inH//ab and H//c configura-
tions.
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data for theH//ab and H//c configurations, respectively
for the various Mg-doped samples. A linear extrapolati
of the magnetization in reversible regime to th
normal-state phase line gives the relationship betweenTc
and Hc2 . Figures 5~a! and 5~b! give the temperature
dependence ofHc2

ab andHc2
c for samples with 5%, 10% Mg

~x50.05 and 0.10! and for 20%, 33% Mg~x50.20 and
0.33! dopings, respectively. The upper critical fields a
estimated through an extrapolation toT50 using the
Werthamer-Helfand-Hohenberg ~WHH! relation15

Hc2(0)520.69 (dHc2 /dT)Tc
Tc. Table I lists the values of

Hc2
ab(0) andHc2

c (0) for the different samples and are com
pared with those of the pristine sample. The superconduc
anisotropy factorg as determined through the ratio o
Hc2

ab(0)/Hc2
c (0) comes out to be of the order of 1.4

indicating a clear improvement over that of the undop
sample.

Recently, Iyoet al.10 have reported that thec parameter
decreased with increase of the carbon content in
(CuxC12x)-1234 from 18.02 Å forx51 to 17.90 Å for the
x50.5. Akimoto et al.11 have carried out further investiga
tions on the crystal chemistry of small crystals of the co
pounds belonging to the CuxBa2Can21CunOy and
CuxC12xBa2Can21CunOy families withn54,5,6. It was con-
cluded that with increasingx in the carbonless case, thec
parameter decreases. And in the Cu-C case, the Cu contx
decreases together with decrease in thec parameter. More
significantly, the thickness of the charge reservoir blo
~CRB! decreases with increasing Cu-site occupancy in
carbonless case and with increasing C content in the~Cu-C!
case, while the superconducting layer block~SLB! thickness
remained unchanged in both the families withn54 and the
higher homologues ofn55 and 6. The decrease in thec
parameter leading to a shrinkage of the CRB is the gen
scenario where no substitution in SLB is attempted. T
present case of Mg incorporation is seemingly such an
tension. Thec parameter would be expected to reduce
both situations of Mg occupying defect sites~Cu-site vacan-
cies! in the charge reservoir layer and at the perovskite
sites in the superconducting block. Even though M
substitution at the perovskite Y or Ca sites16,17 has been re-
ported in the case of YBa2Cu3O7-d and Bi2Sr2CaCu2Oy , the
observed decrease in the hole density with increase in

FIG. 6. Temperature dependence of (1/eRH) and the hole num-
ber nH(/CuO2).



t

n

y a

ine.
ase

5
he

ami-
of

ss
pling
ma-

.
his
-

PRB 58 9509SUPERCONDUCTIVITY IN THE Mg-DOPED . . .
content in the present case~Fig. 6 and Table I! is the obvious
signature of Mg at the defect sites of CRB and is the m
likely situation. The intersuperconducting block couplin
therefore, is expected to be modified favorably as a re
of the decrease in the CRB thickness in spite of
fact that such a blocking layer has been rendered less
ducting. CRB seemingly resembles the proximity ty
of a superconductor–normal-metal–superconductor junc
~SNS! with the reduction of its size overcompensating t
decrease in carrier density. In such a situation, supercond
ing wave functions of the adjoining SLB would have a bet
overlap, leading eventually to a less superconducting ani
ropy as observed presently.

It is interesting to note from Fig. 6 that the hole conce
tration in the various Mg-doped samples lies in the limits
that of 0% and 30% carbon content 1234 samples, with
oxygenated 5% Mg sample having a high hole density as
of the 30% carbon case, while 0% carbon, 33% Mg ca
correspond to nearly the same lower hole density. App
ently, Mg ions seem to have a stronger affinity to occupy
vacancies in the charge reservoir layer than carbon, at l
in the present heat treatment schedule, making the CRB
conducting. The observed increase in the normal-state re
tivity ~Fig. 2! with increasing dopant content is a clear ma
festation of such an effect. The exact mechanism of how
hole density increases with oxygenation~5% Mg!, however,
is far from clear. It would therefore be worthwhile to dete
mine the hole concentration of the different Mg-doped ox
genated samples and the ensuing effect on the supercon
ing anisotropy to generate a possible relationship betw
them.
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IV. CONCLUSIONS

Samples with 5% to 33% Mg~x50.05 to 0.33! at Ca in
the nominal composition of CuBa2(Ca12xMgx)3Cu4O122y

HTSC material have been synthesized in Au capsules b
high-pressure~3.5 GPa!–high-temperature~1000 °C! reac-
tion process using a cubic anvil-type high-pressure mach
Both a- and c-axis lattice parameters are seen to decre
with Mg incorporation. Hole concentrationnH ~as deter-
mined through Hall measurements! also decreases from 0.
to 0.34 per CuO2 layer for the highest doped sample. T
superconducting anisotropyjab /jc of 1.4 as determined by
the ratio of upper critical field measurements~through mag-
netization inH//ab andH//c! in the c-axis aligned samples
shows an improvement over that~1.6! of the pristine Cu-
1234 material and happens to be the least among such f
lies of HTSC’s. Such a situation is understood in terms
Mg doping in the charge reservoir blocks~making nH
lower and reducing thec parameter!. The reduction
in the intersuperconducting Ca3Cu4O8 block spacing
~shrinkage of the charge reservoir block thickne!
perhaps leads to an enhanced superconducting cou
among them, eventually reducing the anisotropy in these
terials.
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