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Abstract. Pb-doped Hg1−xPbxBa2Ca2Cu3O8+δ superconductors withx = 0.0 to 0.50 and
increment steps of 0.1 have been synthesized. Forx = 0.30, the sample has the highest
superconducting transition temperature,T R=0

c = 135 K (the zero-resistance temperature), and
T onset
c = 143 K (the diamagnetic onset temperature) (results given by Shao H M, Lam C C,

Fung P C W, Wu X S, Du J H,Shen G J, Chow J C L, Ho S L,Hung K C and Yao X X
1995PhysicaC 246 207). The crystal structures of these solid solutions have been investigated
by synchrotron x-ray diffraction (SXRD) and Raman spectroscopy at room temperature. The
lattice parameters decrease with the increase of the content of Pb. From SXRD refinements, one
of the most significant features of this study is that there are great differences between some
of the cation–oxygen bond distances—such as the (Hg/Pb)–O bond distance—of Pb-free and
Pb-doped samples. The impurity phases appearing in our samples are CaHgO2 and BaCuO2,
which are refined together. The content of each phase is determined from the refined scale
factor. Raman studies show that the peaks appearing at 232 cm−1, 671 cm−1, and 632 cm−1 are
due to the impurity phase, and four peaks at the frequencies of 107 cm−1, 477 cm−1, 577 cm−1

and 597 cm−1 are due to the vibrations of oxygen atoms in the superconducting phase. No
Raman peak shift is observed when the laser irradiation power is changed.

1. Introduction

Since the discovery of superconductivity in the mercury-based cuprates [1, 2], three phases
bearing the formula HgBa2Can−1CunO2n+2+δ (Hg-12(n − 1)n), wheren = 1, 2, 3, have
been isolated [3–5]. The 1223 phase HgBa2Ca2Cu3O8+δ (Hg-1223; n = 3) has aTc of
about 135 K under atmospheric pressure and it can even achieve a critical temperature of
Tc = 164 K under high pressure [6]. The structures of these mercury-based cuprates
have been widely studied by x-ray diffraction, neutron powder diffraction and Raman
measurements [7–15]. The crystal structure of this mercury-based compound has a space
group symmetry ofP4/mmm, which is similar to the crystal structures of the Tl-based
compounds Tl(Ba, Sr)2Ca2Cu3O8+δ. The main difference between the crystal structures of
these two types of compound lies in the amount of oxygen deficiency in the Hg–O plane
as compared to that in the Tl–O plane. The former is less than 50%, and the latter almost
1.0. The structure of Hg-1223 (shown in figure 1) is based on the layer sequence

· · · (CuO2)(Ca)(CuO2)(BaO)(HgOδ)(BaO)(CuO2)(Ca)(CuO2) · · ·

0953-8984/97/071451+10$19.50c© 1997 IOP Publishing Ltd 1451
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in which rock-salt blocks of (BaO)(HgOδ)(BaO) alternate with oxygen-deficient perovskite-
like (CuO2)(Ca)(CuO2) blocks.

Recently, there have been several attempts [16–20] to synthesize new Hg-based
compounds using substitution. For example, Isawaet al [16] have studied the effect
of Pb doping in Hg-1223 with contents of Pb up to 20%, and found that it decreased
Tc. Hur et al [17] found that Hg-based Hg0.5Tl0.5Ba2(Ca0.86Sr0.14)2Cu3O8+δ had a Tc
of 132 K, less than that of the pure Hg-1223 compound. However, Daiet al [18] and
Shaoet al [19] have successfully synthesized Tl-doped Hg0.8Tl0.2Ba2Ca2Cu3O8+δ and Pb-
doped Hg0.7Pb0.3Ba2Ca2Cu3O8+δ superconductors, respectively. They found that the critical
temperatures of the Tl- and Pb-doped Hg-1223 superconductors could reach 138 K (zero-
resistance temperature) and 135 K (zero-resistance temperature), respectively. These results
indicate that the superconducting transition temperature of the material with substitution can
be enhanced. The structure of Tl-doped Hg-1223 superconductor has been determined by
neutron powder diffraction [18]. A neutron powder diffraction investigation has also been
carried out on Pb-doped Hg0.7Pb0.3Ba2Ca2Cu3O8+δ. Here, we carry out Pb-substitution
experiments on the Hg-1223 compound. Synchrotron x-ray diffraction measurements are
carried out on Hg1−xPbxBa2Ca2Cu3O8+δ samples at room temperature. Raman spectra of
Hg0.7Pb0.3Ba2Ca2Cu3O8+δ (x = 0.30) for different laser irradiation powers are obtained.
The results of these studies are reported herein.

2. Experimental details

The powder samples of Hg1−xPbxBa2Ca2Cu3O8+δ were synthesized as described elsewhere
[19, 21]. Briefly, a nominal Ba2Ca2Cu3O7 precursor is prepared firstly. Powders of HgO
(99.9%) and PbO (99.9%) are mixed with the precursor and ground. The cation ratio of
Hg1−xPbx /Ba/Ca/Cu is 1/2/2/3, wherex varies from 0.0 to 0.5 in steps of 0.1. The ground
powder is then pressed into pellets with rectangular dimensions of 2× 4× 20 mm3. The
pressed pellets are sealed together in a vacuum tube. The rapid-annealing technique is
repeated four times as described in reference [19]. To prevent the sputtering of the quartz
lining and production of mercury fragments due to possible explosions, this tube is placed in
a steel container. The whole system is put into a furnace and slowly heated to a temperature
of 850 ◦C (at a rate of∼4 ◦C min−1). This temperature is maintained for ten hours. Then
the system is cooled to 200◦C at the same rate as for the heating process. The samples
are maintained at this temperature for two hours. Finally the whole system is cooled to
room temperature in the furnace. After sintering, some of the samples are annealed in
O2 at 240 ◦C for ten hours. Then the samples are cooled to room temperature in air or
in the furnace. The calcined samples are immediately put into a desiccator for further
measurements.

The synchrotron x-ray diffraction (SXRD) investigation was carried out at room
temperature at the diffraction station at Beijing Synchrotron Radiation Laboratory (BSRL)
for the Hg-1223 and Pb-doped samples. The wavelength used in our experiment was
1.5401 Å. The step-scan diffraction data were collected over the angular range of
4◦ 6 2θ 6 80◦. A 2θ -step size of 0.02◦ and a counting time of 5 s per point were
used. Structural characterization of the pure and Pb-doped Hg-1223 superconductors for
the neutron powder diffraction data and the SXRD data were carried out by Rietveld profile
analysis with the RIETAN software package [22].

The ‘R-factors’ and the ‘goodness of fit’ are used as the numerical criteria of the fit.
The definitions of the ‘R-factors’ and the ‘goodness of fit’ are as follows:
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Figure 1. A schematic representation of the structure of (Hg, Pb)Ba2Ca2Cu3O8+δ .

(i) the patternR-factor:

Rp =
N∑
i=1

|Yoi − Yci |
/ N∑

i=1

|Yoi |

(ii) the weighted patternR-factor:

Rwp =
{ N∑
i=1

wi(|Yoi − Yci |)2
/ N∑

i=1

|Yoi |2
}1/2

(iii) the expectedR-factor:

Rexp =
{
(N − P + C)

/ N∑
i=1

wi |Yoi |
}1/2

(iv) the ‘goodness of fit’:

S = Rwp

Rexp

whereYoi , Yci are the observed and calculated intensities at theith step, respectively,wi is
the weight(=1/Yoi), N is the total number of points,P is the adjusted parameter, andC is
the number of constraints applied. For all systems refined, some refined ‘R-factors’, such
asRp, Rexp, andRwp, are given in table 2. These ‘R-factors’ indicate that the refinement
is good.
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The background is refined. According to RIETAN, the background intensity at theith
step,Yib, can be refined from a refinable background function:

Yib = b0+ b1Zi + b2Z
2
i + b3Z

3
i + b4Z

4
i + b5Z

5
i

Zi = 2θi − θmax − θmin
θmax − θmin .

The background parametersb0–b5 are refined periodically during the refinement process.
The FWHM parameters for each phase are refined and set as the same. To ensure that
our refinements reach a stable convergence, the refinement is performed according to the
following group order:

(1) scale factors/background function/zero-point shift;
(2) cell parameters;
(3) peak shape/half-width/asymmetry parameter/preferred orientation;
(4) atomic position parameter;
(5) site occupancies;
(6) overall thermal parameters;
(7) isotropic thermal parameters.

Raman measurements are made on Pb-free and Pb-doped(x = 0.30) samples at room
temperature using a 5PEX-1403 in a back-scattering geometry. The spectra are excited with
the 5145Å line (green) of an argon-ion laser focused on the freshly exposed surfaces of the
samples. The sampling area is severalµm2. The detector is a silicon diode array. Usually,
a spectrum is obtained by accumulating about 100 measurements with an acquisition time
of 5 s each.

Superconducting properties are characterized by resistance and magnetic susceptibility
measurements. The standard four-probe technique is used to determine the resistances
of the samples. AC magnetic susceptibility measurements are also carried out using the
mutual-inductance technique with an AC signal of 160 Hz and magnetic field amplitude of
Hm = 0.2 Oe.

Table 1. The calculated lattice parameters (tetragonal structure,a and c in Å) for as-prepared
(Hg1−xPbx )-1223 samples.

x 0.0 0.1 0.2 0.3 0.4 0.5

a 3.8546(4) 3.8499(6) 3.8478(2) 3.8428(3) 3.8417(1) 3.8398(2)
c 15.8424(5) 15.8357(3) 15.8306(7) 15.8237(5) 15.8180(8) 15.8217(9)

3. Results and discussion

The lattice parameters for the as-prepared samples are characterized by SXRD and are
calculated using the least-squares method. The impurity phase reflections are removed
during the calculation. The fitted values are listed in table 1. Thea-axis andc-axis lattice
parameters decrease with the increase of the content of Pb,x. This result indicates that Pb
can replace Hg to form an (Hg, Pb)-1223 solid solution with up to 50% of Pb. On the other
hand, the observed critical temperature [19]Tc of the as-prepared samples varies strongly
with x, increasing from 110 K forx = 0.0 to a maximum ofTc = 130 K atx = 0.30, and
then decreasing withx, for largerx. The relation between thea-axis lattice parameter and
Tc is similar to that for pure mercury-based homologous series superconductors [7].
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Figure 2. Measured and calculated x-ray diffraction intensities (+ and continuous line,
respectively) for the sample of Hg0.7Pb0.3Ba2Ca2Cu3O8.46 at room temperature. The difference
curve (observed− calculated values) is also shown at the bottom of the figure.

The x-ray diffraction patterns for each of the oxygenated Hg1−xPbxBa2Ca2Cu3O8+δ
cuprates show that our sample does contain impurity phases like BaCuO2 and CaHgO2.
However, our samples are essentially single phase—that is, samples for which measurements
are made in this work do not contain any other superconducting phases like Hg-1201 and
Hg-1212. Hence, the x-ray diffraction and neutron powder diffraction data are analysed
using Izumi’s Rietveld structure refinement program RIETAN [22]. This program can
handle a mixture of two or more phases. We assume that the Pb-doped sample has the same
symmetry as the Pb-free sample. The results obtained by Chmaissemet al [8] are used as an
initial model for our Pb-free and Pb-doped Hg-1223 samples. The initial lattice constants
and atomic coordinates for the CaHgO2 and BaCuO2 phases are taken from references
[9] and [23], respectively. The refined results for HgBa2Ca2Cu3O8+δ (SXRD) and for
Hg0.7Pb0.3Ba2Ca2Cu3O8+δ (SXRD and NPD [20]) are summarized in table 1. Figure 2
shows the final observed and calculated SXRD profiles for the Pb-doped sample.

For the SXRD refinement for the Pb-free sample, three phases are refined together. For
the Hg-1223 phase, full occupation is assumed for all atoms except the partially occupied
oxygen (O(4)) sited at the positions( 1

2,
1
2,

1
2) of the Hg–O layer. The occupancy of O(4)

is refined. To reduce the number of parameters needed in the refinements, three FWHM
parameters,U,V,W , for all of the reflection lines of each phase are assumed as the same.
Each phase is refined independently before they are refined together. During refinements, we
find that if the occupancy of O(4) is varied from 0.30 to 0.36, there is no abnormal behaviour
of any parameter. However, some of the isotropic thermal factors become negative if we
set the occupancy of O(4) larger than 0.36. Also if we set some of the isotropic thermal
factors to be zero, then the refined occupancy of O(4) is larger than 1.0. We conclude that
the occupancy of O(4) in the Hg–O plane is less than 0.36. Full occupation is assumed
for all atoms in BaCuO2 and CaHgO2 refinements. The refined structure parameters for
the Pb-free sample are listed in table 2. Results of neutron powder diffraction refinements
performed without splitting the Ba site [8] are also listed for comparison.
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Table 2. Atomic parameters from SXRD refinements for pure Hg-1223 and for Pb-doped
(Hg, Pb)-1223 samples. Results of neutron powder diffraction refinements for pure Hg-1223 [9]
and for Pb-doped (Hg, Pb)-1223 [20] are also listed.

Pure Hg-1223 Hg-1223 [9] (Hg, Pb)-1223 (Hg, Pb)-1223 [20]

Hg (0, 0, 1
2) B (Å

2
) 1.3(2) 3.9(2) 0.84(6) 0.02(2)

Occupancy 1.0 1.0 0.62(7) 0.618(6)

Pb (0, 0, 1
2) B (Å

2
) 0.9(2) 0.24(4)

Occupancy 0.38 0.382

Ba (1
2 , 1

2 , z) z 0.3245(4) 0.3227(7) 0.3182(8) 0.3167(5)

B (Å
2
) 0.86(6) 2.2(3) 0.18(11) 2.12(8)

Ca (1
2 , 1

2 , z) z 0.1104(8) 0.1046(6) 0.0987(12) 0.0992(2)

B (Å
2
) 0.19(17) 0.0(2) 0.76(9) 0.13(5)

Cu(1) (0, 0, 0) B (Å
2
) 0.78(3) 1.2(2) −0.0(2) 2.86(9)

Cu(2) (0, 0,z) z 0.2004(5) 2021(4) 0.1990(7) 0.1998(4)

B(Å
2
) 1.47(10) 0.6(1) 1.5(4) 1.20(7)

O(1) (1
2 , 0, 0) B (Å

2
) 1.52(24) 0.1(1) 1.52 (fixed) 1.52 (fixed)

O(2) (1
2 , 0, z) z 0.1966(23) 0.195(3) 0.194(2) 0.1928(3)

B (Å
2
) 0.30(27) 0.3(1) 0.30 (fixed) 0.30 (fixed)

O(3) (0, 0,z) z 0.3823(65) 0.3764(5) 0.382(3) 0.3823(5)

B (Å
2
) 1.74(81) 0.9(2) 1.74 (fixed) 1.74 (fixed)

O(4) (1
2 , 1

2 , 1
2) B (Å

2
) 4.22(73) 1.2 (fixed) 4.22 (fixed) 4.22 (fixed)

Occupancy 0.35 (fixed) 0.44(3) 0.46(6) 0.450(2)

a 3.8529(5) 3.8502(1) 3.84575(9) 3.8457(1)
c 15.8513(6) 15.7829(9) 15.8255(6) 15.8252(7)
Rp 12.14 6.44 11.97 10.98
Rwp 14.46 8.15 15.11 8.35
Rexp 6.37 4.95 4.36 3.33

For the optimally Pb-doped Hg0.7Pb0.3Ba2Ca2Cu3O8+δ (nominal composition) com-
pound, the symmetry of the crystal structure is taken as that of the Pb-free compound.
The initial parameters of each of the phases are taken from the above refinements. During
the refinements, we find that the occupancy of Pb is strongly correlated with the thermal
parameters of the oxygen atoms. To determine the actual Pb content, the thermal parameters
of these atoms are fixed at the values obtained from the SXRD refinements for the pure
Hg-1223 sample. The occupancy of Pb will be larger than 1.0 and the thermal parameters of
oxygen will be negative if we allow the thermal parameters of oxygen to vary together. All
other thermal parameters and atomic positions are allowed to vary, and show no abnormal
behaviour. Like in the refinements for the pure Hg-1223, we have assumed full occupancy
for (Hg1−xPbx), and allowx and the partial oxygen content in the (Hg1−xPbx)–O plane,δ, to
vary. Some isotropic thermal factors will be less than zero if we fixδ < 0.40. The impurity
phases, CaHgO2 and BaCuO2, are contained in the (Hg1−xPbx)-1223 samples. They are
considered as the second and third phases in the refinement processes. The refined structure
parameters for the Pb-doped sample are listed in table 2. Results of the neutron powder
diffraction investigation for the Pb-doped sample [20] are also listed in table 2. Figure 2
shows the SXRD pattern with the calculated profile for Pb-doped Hg-1223.

The impurity phases exist in all samples and are refined. CaHgO2 has anR3̄m symmetry
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with a = 3.584Å, 3.605Å, andc = 18.742Å, 19.054Å for Pb-free and Pb-doped samples,
respectively. The atomic positions are almost the same as those reported by Huanget al
[10]. The BaCuO2 phase has anIm3̄m symmetry witha ∼ 18.254 Å and 17.741Å for Pb-
free and Pb-doped samples, respectively, which are smaller values than those in reference
[23]. The atomic positions are also slightly different from those obtained by Weller and
Lines [23].

The content of each phase can be obtained from the following formula [24]:

Wp = Sp(M�)p
/ 3∑

j

Sj (M�)j

where we assume that all phases are refined for 100% of the specimen,j, p represent the
j th andpth phases,M is the atomic weight of the formula unit,� is the volume of the
unit cell, andS is the refined scale factor, which is obtained from

Yci = Sj
∑
k

|FK |28(12θ)LKPK + Ybi .

Yci and Ybi are the calculated and background intensities, respectively;FK is the
structure factor;8(12θ ) is the reflection profile function; the Lorentz, polarization
and multiplicity factors are contained inLK ; and PK is the Rietveld–Toraya preferred-
orientation function. From the refinements on the Pb-free sample, the scale factors are
(6.73±0.04)×10−4, (2.43±0.26)×10−8 and(4.05±0.07)×10−4 for the Hg-1223, BaCuO2
and CaHgO2 phases, respectively. The weight percentages are then calculated to be as
follows: 70 wt% (Hg-1223), 17 wt% (BaCuO2) and 13 wt% (CaHgO2), respectively. For the
Pb-doped sample(x = 0.30), the scale factors are(3.41±0.02)×10−4, (1.84±0.17)×10−8

and(6.67± 0.08)× 10−4 for the Hg-1223, BaCuO2 and CaHgO2 phases, respectively. The
weight percentages are then calculated to be as follows: 54 wt% (Hg-1223), 17 wt%
(BaCuO2) and 29 wt% (CaHgO2), respectively.

When comparing the above refinements to the neutron powder diffraction refinements
(see table 2), we find that larger errors appear in the SXRD refinements, especially for the
oxygen parameters. The atomic coordinations for the heavy atoms, such as Hg, Pb, Ba,
in the superconducting phase obtained by SXRD refinements are almost the same as those
obtained by NPD refinements. The difference between the atomic parameters obtained in
this work and by Chmaissemet al [8] may be due to the difference between the synthesis
procedures. One reason is the weak x-ray scattering power of the oxygen atoms. Another
probable reason is that there are too many variable parameters in our refinements. The
neutron powder diffraction refinement results are also listed in table 2.

Comparing Pb-doped (Hg1−xPbx)-1223(x = 0.30) to Pb-free Hg-1223, we note that Pb
partially replaces Hg, and the occupancy of oxygen sited in the Hg(Pb)–O plane, O(4),
increases to nearly a half for full occupation(δ = 0.46(6)) for the Pb-doped sample
(x = 0.3). These findings are consistent with the notion that substitution of Pb for Hg
in the 1223 compound stabilizes the necessary fractional oxygen content, and thereby raises
Tc. The partial Pb concentration obtained by the refinement is about 26% larger than that
of the starting stoichiometry. This discrepancy may arise because some amounts of HgO,
CaO, BaO and CuO form other impurities, e.g. CaHgO2 and BaCuO2 during, calcination,
and because of the reduction in the amount of Hg required to form (Hg, Pb)-1223. Similar
results are obtained in the Tl-doped Hg0.80Tl0.20Ba2Ca2Cu3O8+d system [18]. For the Tl-
doped Hg-1223 sample, the refined content of Tl is almost double the nominal value, but
the impurities contained in the Tl-doped sample are CaHgO2 and Ca0.85CuO2 and some
unknown impurity phases.
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Table 3. Selected bond distances from SXRD refinements. Corresponding distances for Tl-
doped Hg-1223 [18] are also listed.

Bond Cu(1)–O(1) Cu(2)–O(2) Cu(2)–O(3) Hg–O(3) Hg–O(4)

Pure Hg-1223 1.9264(1) 1.927(22) 2.883(4) 1.866(11) 2.7244(2)
(Hg, Pb)-1223 1.922 88(2) 1.924(18) 2.896(22) 1.786(19) 2.719 36(3)
(Hg, Tl)-1223 1.924 45(3) 1.924(11) 2.853(9) 1.796(7) 2.721 58(4)

The lattice parameters of the Pb-doped (Hg, Pb)-1223 sample are slightly less than
those of the pure Hg-1223 sample, with da/dTc = −3.6 × 10−4 Å K−1 and dc/dTc =
−1.3 × 10−3 Å K−1. To compare these values quantitatively to the pressure-induced
lattice parameter change, we note that the rate of increase ofTc with pressure for pure
Hg-1223 is about 1.7 K GPa−1, and that the compressibilities along thea- andc-axes are
κa = 2.28× 10−3 GPa−1 andκc = 4.7× 10−3 GPa−1, respectively [10]. From these data,
we estimate that the pressure-induced change inTc will exhibit lattice parameter changes
of dc/dTc = −4.4× 10−2 Å K−1, and da/dTc = −5.09× 10−3 Å K−1. These values are
an order of magnitude larger than those deduced for Pb-substituted samples. Therefore,
the lattice parameter contraction due to partial substitution of Pb for Hg is not sufficient to
account for the observed change inTc. The change inTc may be due to the change of the
carrier concentration for the Pb-doped sample.

Table 3 also lists several selected bond distances for pure Hg-1223, Pb-doped Hg-1223
and Tl-doped Hg-1223 [18] at room temperature. For the pure Hg-1223 compound, the
in-plane Cu–O bond distance is almost identical for the two different kinds of (CuO2) layer.
A comparison with other members of the homologous series shows that this bond length is
strongly dependent on the oxidation state of copper, varies from compound to compound,
and changes with the oxygen content in the same compound. Thus if we consider the
compositions corresponding to the optimum value ofTc in each case, this separation is
about 1.942Å in Hg-1201 [3], 1.926Å in Hg-1212 [4] and 1.926Å in Hg-1223 (this
work), i.e. it decreases with increasing oxidation of the copper atoms. The same behaviour
is observed for different oxygen contents in the same compound. In Hg-1212, the in-plane
Cu–O separation is 1.9263(1)̊A and 1.972(1)Å for δ = 0.35 and 0.28, respectively [4],
and 1.9290Å for δ = 0.22 [11]. The apical Cu–O distance, involving the copper atoms
with pyramidal coordination, is very large (2.883Å) when compared to the values for other
layered copper oxide superconductors. Typical values are 2.32Å for YBCO [25] and 2.41Å
for LSCO [26]. For the Pb-doped (Hg, Pb)-1223 sample, the in-plane Cu–O bond distance
is not the same, the Cu(1)–O(1) bond distance (1.9228Å) is smaller than that of Cu(2)–O(2)
(1.926Å), and also smaller than that for the pure Hg-1223 sample. The apical Cu(2)–O(3)
bond distance (3.076̊A) is much larger than that for the pure Hg-1223 sample. On the other
hand, the (Hg/Pb)–O(3) bond distance for the Pb-doped sample (1.785(7)Å) is smaller than
that for the pure sample (1.866(4)Å), but the (Hg/Pb)–O(4) bond distances are almost the
same for those two samples. From these differences, we deduce that the increase ofTc
may also be related to three kinds of bond distance: the in-plane Cu(2)–O(2), the apical
Cu(2)–O(3), and the two fold dumbbell Hg–O(3).

That the bond distance of (Hg/Pb)–O(3) in the Pb-doped sample is shorter than that of
Hg–O(3) in the Pb-free sample is also proved from the Raman measurement. Raman spectra
of Hg0.7Pb0.3Ba2Ca2Cu3O8+δ for different laser irradiation powers are shown in figure 3.
Eight peaks at the frequencies of 107 cm−1, 116 cm−1, 232 cm−1, 477 cm−1, 578 cm−1,
597 cm−1, 632 cm−1 and 671 cm−1 are observed. The 590 cm−1 band is assigned to the
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Figure 3. Raman spectra of Hg0.7Pb0.3Ba2Ca2Cu3O8.46 at room temperature for different laser
irradiation powers: (a) 100µW; (b) 250µW.

O(3) A1g mode by Yanget al [13], Renet al [14] and Changet al [15]. The Raman peak
appearing at 597 cm−1 for the Pb-doped sample is higher than that appearing at 585 cm−1

[13] and 586 cm−1 [15]. This result indicates that the (Hg/Pb)–O(3) bond distance in the
Pb-doped sample is less than that in the Pb-free sample. The peak at 578 cm−1 for the
Pb-doped sample is just the same as those obtained by Yanget al [13] (574 cm−1) and by
Changet al [15] (576 cm−1) for pure Hg-1223. This peak can be attributed to the motion
of the O(4) (oxygen in (HgOδ)) Eu mode [1]. However, Yanget al [13] assigned this peak
to the O(2) A1g mode. The peak at 107 cm−1 is observed at high laser radiation power.
The Ba–O bond length in (Hg, Pb)-1223 is longer than that in pure Hg-1223. Yanget al
[13] assigned a peak at 92 cm−1 to the Ba A1g mode. This peak may correspond a Ba A1g

mode or an impurity peak. The peak at the frequency of 477 cm−1 is similar to the peak in
pure Hg-1223 [13] (479 cm−1), which is assigned to O(3) Eg mode. The peak at 116 cm−1

is the Ar+ plasma line of the laser beam. The Raman peaks at 232 cm−1 and 671 cm−1

are due to the CaHgO2 [13]. The peak at the frequency of 632 cm−1 is due to the BaCuO2
phase [13]. The Raman peak positions are not shifted when the laser irradiation power is
changed (see figure 3).

4. Conclusion

In summary, Hg in the Hg-1223 superconductor can be partially substituted for with Pb,
resulting in an increase ofTc. Moreover, the lattice parametersa and c decrease with the
increase of the Pb content. The changes in lattice parameters caused by such a chemical
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substitution are too weak to account for the change inTc by mimicking the effect of pressure.
The Raman spectra are also measured for the Pb-doped sample. The spectrum shows peaks
at 578 cm−1 and 597 cm−1, which proves the subtlety of the structure change due to the
Pb doping of the Hg-1223 superconductor.
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