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a b s t r a c t

This work studied X-ray powder diffraction (XRD), electrical resistivity and electron paramagnetic res-
onance (EPR) measurements for Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+� (0.0 ≤ x ≤ 0.4) superconducting samples.
XRD analysis and electrical resistivity data showed that the low-content of Ru, x ≤ 0.05, enhanced both the
phase formation and the superconducting transition temperature of (Bi, Pb)-2223 phase. A phase change
from (Bi, Pb)-2223 phase to (Bi, Pb)-2212 phase was reported for x ≥ 0.15. Two EPR lines were observed
eywords:
Bi, Pb)-2223 phase
u-content
PR
urie temperature

for 0.0 ≤ x ≤ 0.075, indicating the presence of both (Bi, Pb)-2223 and (Bi, Pb)-2212 phases. While, one EPR
line was observed for x ≥ 0.15, corresponding to the (Bi, Pb)-2212 phase formation. The number of spins
(N) participating in the resonance and its spin paramagnetic susceptibility (�), for the two phases, were
calculated as a function of both Ru-content and temperature. In addition, we reported the variation of
activation energy (Ea), Curie constant (C), Curie temperature (�) and effective magnetic moment (�) with
Ru-content.
. Introduction

Among the high-temperature superconducting materials
HTSCs), the Bi-2223 phase is considered as the most promising
ne to synthesis tapes and wires for large-scale and high-current
pplications [1]. It is characterized by high superconducting tran-
ition temperature Tc, critical current density Jc and upper critical
agnetic Bc2 of order 110 K, 8000 A/cm2 and 150 T, respectively [2].

remendous works [3–5] were directed towards the preparation
f Bi-2223 phase as a single phase in order to optimize its Tc. The
ormation of Bi-2223 phase strongly depends on the preparation
onditions such as sintering temperature, thermal processing time,
ynthesis atmosphere, precursor compositions and substitution
ith various cations and anions. The best results revealed that the

ormation of Bi-2223 phase was significantly enhanced through
he partial substitution of Bi by Pb [6]. Many methods were carried
ut to prepare (Bi, Pb)-2223 superconducting phase including
onventional solid-state reaction [7], co-precipitation [8], sol–gel
9,10] and micro-emulsion-based techniques [11]. The simplest
ne is the conventional solid-state reaction technique which gives
ood results after optimizing its preparation conditions. The (Bi,
b)-2223 phase is also extremely difficult to prepare as a single
hase as it usually intergrowths with the (Bi, Pb)-2212 phase.

owever, this is due to the high complexity of the reaction and

he small difference in their thermodynamic stabilities [12].It is
ell known that the chemical substitutions or additions play an
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important role for knowing the origin and the structure of HTSCs.
The substitution of Mg in Ca-site showed reduction in both the
intergranular coupling and critical current density for (Bi, Pb)-2223
phase by increasing Mg-content [13]. Terzioglu et al. [14] studied
the effect of Sm substitution in Bi1.6Pb0.4Sr2Ca2−xSmxCu3O10+�
phase. The decrease in the hole carriers concentration resulted in
the suppression of Tc and Jc. A phase change from (Bi, Pb)-2223
phase to (Bi, Pb)-2212 phase was also observed for x ≥ 0.1. Increas-
ing of Cd-content up to 0.04 in Bi1.64Pb0.36Sr2Ca2−xCdxCu3O10+�
phase, with annealing time of 270 h, increased the phase volume
fraction, Tc, Jc and flux pinning energy [15]. A phase change from
(Bi, Pb)-2223 phase to (Bi, Pb)-2212 phase was observed at x ≥ 0.1
due to the formation of weak links. Abou-Aly et al. [16] reported
the enhancement of the phase volume fraction, Tc, flux pinning
energy, Jc and Bc2 in Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+� phase up to
x = 0.05. Beyond which they decreased with further increase in
Ru-content and a phase change from (Bi, Pb)-2223 phase to (Bi,
Pb)-2212 phase was occurred for x ≥ 0.15. On the other hand, the
addition of Gd in Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxO10+� phase decreased
both Tc and Jc [17]. The surface morphology and grain connectivity
were degraded, meanwhile (Bi, Pb)-2223 phase disappeared and
only (Bi, Pb)-2212 phase was observed at x ≥ 0.3. While, the
maximum phase volume fraction, Tc and Jc were reported as a
result of 0.5 wt.% Cr2O3 addition in (Bi, Pb)-2223 phase [18], but
the excessive addition of Cr2O3 degraded the superconductivity of
this phase.
One of the rare techniques used to investigate the properties
of high-temperature superconductors is the electron paramagnetic
resonance (EPR). This is due to the presence of difficulties through
the measurement and the interpretation of the results. These diffi-
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http://www.elsevier.com/locate/jallcom
mailto:rawad64@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.03.160


7382 A.I. Abou-Aly et al. / Journal of Alloys and Compounds 509 (2011) 7381–7388

4 10 16 22 28 34 40 46 52 58 64 70

2θ (o

R
el

at
iv

e 
in

te
ns

ity

+ Ca2PbO4

x=0.0

x=0.15

x=0.075

x=0.05

+
+(0

02
)H

(0
02

)L (1
11

)H
( 0

01
0 )

H (1
14

)H

(1
15

)H
(1

16
)H

(0
01

2)
H (0
01

3 )
H

(1
19

)H
(2

00
)H

(0
01

4)
H (1
11

1)
H

(0
01

6)
H

(2
08

)L (0
21

2)
H

(2
20

)H
(2

01
2 )

L
(1

11
5)

L

(3
10

)L

(2
01

8 )
H

(3
11

1 )
H

(3
19

)H

(0
02

)L

(1
11

5)
L

(2
01

2)
L

(3
10

)L

(3
15

)L

(3
17

)L

(3
19

)L

(2
20

)L

(2
01

0 )
L

(2
08

)L

(1
01

2)
L(0
01

2 )
L(2

00
)L

(1
17

)L

(0
01

0)
L(1

15
)L

(1
13

)L

(0
08

)L

u3−xR

c
d
m
[
i
s
w
r
t
t
c
E
T
c
w
d
t
a
E
s
t
s
s
A
a
i
o
e
f

s
n
c
o

2

d
x
S
u

Fig. 1. XRD patterns for Bi1.8Pb0.4Sr2Ca2.1C

ulties arise from temperature adjustment, a fixed phase of lock-in
etector spectrometer with respect to the ac phase and probe the
icrowave dissipation as a function of the sweeping magnetic field

19]. However, EPR is potentially a powerful tool in HTSCs for exam-
ning the magnetic origin, and giving the information about the
tructure, the g-value of spin from the resonance field, the line
idth and its intensity, the number of spins participating in the

esonance and the paramagnetic susceptibility via the first deriva-
ive EPR absorption spectra. The EPR signal of HTSCs arises from
he bulk Cu2+ ions with spin S = 1/2 and depends on the preparation
onditions, doping level and samples homogeneity [20]. Therefore,
PR technique is treated as an indication of the degree of purity.
he anisotropic g-factors, gx, gy and gz, for the orthorhombic Co2+

enter on the Cu(1) site in YBa2Cu2.7Co0.3O7−� at room temperature
ere investigated theoretically by Wu et al. [21]. The pronounced
ecrease in the intensity and the remarkable nonlinear increase in
he gy of Co2+ EPR spectra were observed by decreasing the temper-
ture from room temperature to 150 K. Bejjit et al. [22] reported the
PR spectra at different temperatures (4–300 K) for GdBa2Cu3O7
ingle crystal, before and after grinding. The EPR line for single crys-
al, in the normal state, was isotropic and asymmetrical due to the
kin effect. On the contrary, it was characterized by a non-resonant
pectra and the noise in the spectrum in the superconducting state.
fter grinding of the single crystal, the skin effect was eliminated
nd the EPR line became symmetrical. The effect of oxygen-content
n the localized spin moment of Cu2+ ions, from electron spin res-
nance ESR, in Bi2Sr2CaCu2O8+� single crystal was studied by Li
t al. [23]. ESR signals decreased with increasing oxygen-content
rom under-doped to over-doped region.

In this work, the EPR results of Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+�
uperconducting phase (0.0 ≤ x ≤ 0.4) were measured in the
ormal-state. The results of EPR were discussed with respect to the
omposition as well as the temperature and correlated with those
btained from XRD and electrical resistivity [16].

. Experimental details
Conventional solid-state reaction technique was used to prepare supercon-
ucting samples of the nominal composition Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+� , with
= 0.0, 0.025, 0.05, 0.075, 0.15, 0.3 and 0.4. The starting materials were Bi2O3, PbO,
rCO3, CaO, CuO and RuO2 (purity ≥ 99.9). The starting powder was crushed man-
ally in an agate mortar, sifted using a 125 �m sieve and subjected to calcinations
)

uxO10+� , with x = 0.0, 0.05, 0.075 and 0.15.

process in air at 820 ◦C for 24 h to remove any remaining volatile materials. After
cooling, the resulting powder was ground, sifted using the same sieve and then
pressed in the form of disc (1.5 cm in diameter and 0.3 cm in thickness). Discs were
sintered in air at 845 ◦C with a heating rate 4 ◦C/min, and held at this temperature for
96 h. Finally the samples were cooled with a rate of 2 ◦C/min to room temperature.

The prepared samples were characterized by XRD using Shimadzu-7000 pow-
der diffractometer with Cu-K� radiation (� = 1.54056 Å) in the range 4◦ ≤ 2� ≤ 70◦ .
The electrical resistivity of the prepared samples was measured by a conventional
four-probe technique from room temperature down to zero resistivity temperature
(To) with a closed cryogenic refrigeration system. The samples used for resistivity
measurements had dimensions of about 1.5 cm × 0.2 cm × 0.3 cm, and the copper
leads to the samples were made using a conductive silver paint. The temperature of
the samples was monitored by a Chromel versus Fe–Au thermocouple and stabilized
with the aid of a temperature controller to within ±0.1 K.

The EPR spectra were performed using a Bruker Elexsys 500 EPR spectrometer
operating at the X-band frequency (≈9.491 GHz) with a field modulation frequency
of 100 kHz. The magnetic field was scanned in the range 500–6500 G and the used
microwave power was 0.64 mW. A powder sample of 100 mg was taken in a quartz
tube for EPR measurements. The EPR spectra of the prepared samples were recorded
at different temperatures (120–290 K). A temperature stability of ±1 K was obtained
using temperature controller (Bruker ER-4131).

3. Results and discussion

Fig. 1 shows the XRD patterns for Bi1.8Pb0.4Sr2Ca2.1Cu3−x
RuxO10+�, with x = 0.0, 0.025, 0.075 and 0.15. It is observed for
x = 0.0 that the most high-intensities peaks belong to a nearly single
tetragonal phase of (Bi, Pb)-2223 with few low-intensities peaks
which belong to (Bi, Pb)-2212 and Ca2PbO4 phases. The (Bi, Pb)-
2223 peaks are indicated by H (h k l), those of (Bi, Pb)-2212 phase
are indicated by L (h k l) and of Ca2PbO4 phase is indicated by (+).
It is found that the intensities of peaks, which correspond to (Bi,
Pb)-2223 phase, are enhanced for low Ru-content, 0.0 < x ≤ 0.05, as
observed in the typical peak of (Bi, Pb)-2223 phase at 2� = 4.77◦.
This indicates that the low Ru-content enhances the formation of
(Bi, Pb)-2223 phase, meaning that Ru is considered as one of the
elements which stabilizes (Bi, Pb)-2223 phase. This peak decreases
at x = 0.075 and the intensities of peaks which belong to (Bi, Pb)-
2212 phase increase. For x ≥ 0.15, (Bi, Pb)-2223 phase patterns

completely disappeared and only those belonging to (Bi, Pb)-2212
and Ca2PbO4 phases predominated. These results show that the
high Ru-content degrades the formation of (Bi, Pb)-2223 phase and
favors the formation of (Bi, Pb)-2212 phase. The volume fraction
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ig. 2. The first derivative EPR absorption spectra of Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+�

ersus the magnetic field at different temperatures.

f (Bi, Pb)-2223, (Bi, Pb)-2212 and Ca2PbO4 phases were calculated
hrough Eqs. (1)–(3), respectively.

Bi, Pb)-2223(%) =
∑

I2223∑
I2223 +

∑
I2212 +

∑
ICa2PbO4

× 100% (1)

Bi, Pb)-2212(%) =
∑

I2212∑
I2223 +

∑
I2212 +

∑
ICa2PbO4

× 100% (2)

nd

a2PbO4(%) =
∑

ICa2PbO4∑
I2223 +

∑
I2212 +

∑
ICa2PbO4

× 100% (3)

here I is the peak intensity of the present phases. The vol-
me fraction of (Bi, Pb)-2223, (Bi, Pb)-2212 and Ca2PbO4 phases,
s well as the superconducting transition temperature which
as determined from electrical resistivity measurement [16], for
i1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+� are listed in Table 1. The volume

raction of (Bi, Pb)-2223 phase and the superconducting transition
emperature increase as x increases from 0.0 to 0.05, whereas they
ave a reverse trend with further increase in x. The volume frac-
ion of (Bi, Pb)-2212 and Ca2PbO4 phases decrease as x increases
rom 0.0 to 0.05 and then they increase with further increase in x. A
hase change from (Bi, Pb)-2223 phase to (Bi, Pb)-2212 phase was
bserved at x ≥ 0.15 [16]. This phase change might be due to the
istortion between (Bi, Pb)-2223 slabs and the formation of weak

inks at grain boundaries, leading to a gradual decrease in the Tc

hrough the high partial substitution of Cu2+ ions by Ru4+ ions.
Fig. 2 shows the first derivative EPR absorption spectra for

i1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+� at different temperatures T = 290,
40, 200, 160 and 120 K. It is clear that the EPR spectra contain
wo isotropic lines, indicating the formation of both (Bi, Pb)-2223
nd (Bi, Pb)-2212 phases. These lines are labeled by A and B for
Bi, Pb)-2223 and (Bi, Pb)-2212 phases, respectively. Similar results
ere observed by Owens et al. [24] in Bi1.5Pb0.5Sr2Can−1CunO2n+4+�

uperconductors. This behavior is attributed to point defects which
re localized on copper–oxygen complexes at dislocations in the
oundary region between the intergrowth of both (Bi, Pb)-2223
nd (Bi, Pb)-2212 phases. Also, the two isotropic EPR lines A and
are attributed to the outer pyramidal CuO2-planes in the bound-

ry region, which are responsible for the electrical conduction in
oth normal and superconducting states. The linkage between the

u2+ ions allows for the magnetic exchange interaction between
hem in the CuO2-planes. Each isotropic EPR line is symmetric about
ts central position. This symmetric shape indicates the absence
f skin effect, meaning that the powder grain-size is smaller than
Fig. 3. The first derivative EPR absorption spectra of Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+�

versus the magnetic field at different temperatures.

skin-depth [22]. It should be noted that the broadening of line B is
greater than that of line A. This broadening may be attributed to the
magnetic dipolar interactions between Cu2+ ions in CuO2-planes
which are higher in (Bi, Pb)-2212 phase than those in (Bi, Pb)-
2223 phase. Similar EPR spectra, at different temperatures, were
detected for Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+�, (x = 0.025, 0.05 and
0.075) with different intensities and line widths. By increasing Ru-
content, x ≥ 0.15, the EPR line A disappears and only EPR line B
is observed, as shown in Fig. 3 for x = 0.15 at different tempera-
tures (290–120 K). The disappearance of the EPR line A indicates
the complete conversion of (Bi, Pb)-2223 phase to (Bi, Pb)-2212
phase.

In order to confirm this phase change, the variation of the first
derivative EPR absorption spectra versus the magnetic field for
Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+�, 0.0 ≤ x ≤ 0.4 is plotted in Fig. 4(a)
and (b) at T = 290 and 120 K, respectively. It is clear that as x
increases from 0.0 to 0.075 the two lines A and B appear, indicat-
ing the presence of both (Bi, Pb)-2223 and (Bi, Pb)-2212 phases.
For x ≥ 0.15 only the line B appears whereas the line A disappears.
This indicates that higher Ru-content could produce a phase change
from (Bi, Pb)-2223 phase to (Bi, Pb)-2212 phase. These results are
consistent with the previous data obtained from XRD and electri-
cal resistivity measurements [16]. It is important to mention that
the ferromagnetic resonance line FMR corresponding to Ru4+ ions
below TN = 133 K, originated from the Ru moments in RuO2 lay-
ers [25], does not appear until x = 0.4. The ferromagnetic order is
caused by an antisymmetric exchange coupling between neighbor-
ing Ru moments. This is induced by a local distortion that breaks
the tetragonal symmetry of RuO6 octahedral. The disappearance of
FMR line confirms the electrical resistivity data [16] which did not
show an upturn in the resistivity data at TN = 133 K. The lines of EPR
spectra show a slight shift as the temperature decreases from room
temperature to 120 K, leading to a slight change in the g-values. The
relative measurements of g-values, for each phase at different tem-
peratures, can be calculated against the standard (CuSO4·5H2O in
this study) of known g-values using Eq. (4) [26]. This equation is
considered as a useful tool in the case of spin concentration mea-
surements and it includes the experimental parameters of the used
sample, subscript y, and standard, subscript std.:

gy − gstd = −By − Bstd

Bstd
gstd (4)

where B is the center-field position of the EPR spectrum. The vari-

ation of g-values for (Bi, Pb)-2223 and (Bi, Pb)-2212 phases with
temperature is shown in Fig. 5(a) and (b), respectively. They have
a slight temperature dependence, which may be related to the
dynamic Jahn–Teller (JT) effect in these compounds [27,28]. The
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Table 1
The variation of volume fraction of (Bi, Pb)-2223, (Bi, Pb)-2212 and Ca2PbO4 phases, Tc and the ratio of both volume fraction and area for (Bi, Pb)-2223 phase to those for (Bi,
Pb)-2212 phase with Ru-content.

x Volume fraction Tc (K) The ratio of (Bi, Pb)-2223 phase
to (Bi, Pb)-2212 phase

(Bi, Pb)-2223 phase (Bi, Pb)-2212 phase Ca2PbO4 phase Volume fraction Area

0.0 86.37 12.59 1.04 103.50 6.86 6.75
0.025 87.95 10.64 1.41 104.75 8.27 8.14
0.05 88.84 10.22 0.94 106.00 8.69 9.17
0.075 73.17 25.57 1.26 99.75 2.86 2.81

3
4
4

c
a
T
C
2
e
i

P
r
t
C
i
s
i
2

F
B

0.15 – 96.92
0.3 – 95.61
0.4 – 95.66

alculated g-values for both (Bi, Pb)-2223 and (Bi, Pb)-2212 phases
re greater than those that were determined by Owens et al. [24].
his is probably due to the different environmental conditions of
u2+ ions. Also, the difference in g-values of Cu2+ ions in (Bi, Pb)-
223 and (Bi, Pb)-2212 phases is attributed to the difference in the
lectronic structure of CuO2-planes, resulting from the difference
n the number of isolating planes between CuO2-planes.

The relative intensity as a function of temperature for (Bi,
b)-2223 and (Bi, Pb)-2212 phases is shown in Fig. 6(a) and (b),
espectively. The EPR line intensity increases as the tempera-
ure decreases from room temperature to 120 K. This obeys the
urie–Weiss law for simple paramagnetic centers, indicating the
solated nature of the corresponding Cu2+ ions centers which does
eem to interact significantly with its environment. As Ru-content
ncreases from 0.0 to 0.05, the EPR relative intensity for (Bi, Pb)-
223 phase increases and then it decreases at x = 0.075. On contrary,

ig. 4. The first derivative EPR absorption spectra versus the magnetic field for
i1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+� (0.0 ≤ x ≤ 0.4), at T = 290 K (a) and T = 120 K (b).
.08 66.63 – –

.39 50.50 – –

.34 – – –

the EPR relative intensity for (Bi, Pb)-2212 phase decreases until
x = 0.05 and it increases with further increase in x. This means that
lower content of Ru enhances the unpaired electrons in the CuO2-
planes in (Bi, Pb)-2223 phase and reduces them in (Bi, Pb)-2212
phase. These results are well correlated with the volume fraction
of each phase, indicating a phase change from (Bi, Pb)-2223 phase
to (Bi, Pb)-2212 phase for x ≥ 0.15.

The temperature dependence of the peak-to-peak line width
(�xpp) is shown in Fig. 7(a) and (b) for (Bi, Pb)-2223 and (Bi,
Pb)-2212 phases, respectively. We observe a linear decrease when
the temperature decreases from room temperature to 120 K. This
behavior is quite similar to that observed for the high-temperature
superconductors above the superconducting transition tempera-

ture [22]. The temperature dependence of the peak-to-peak line
width can be fitted by:

�xpp = App + BppT (5)

Fig. 5. The variation of g-values with temperature for different Ru-content for (Bi,
Pb)-2223 phase (a), and (Bi, Pb)-2212 phase (b).
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or (Bi, Pb)-2223 phase (a), and (Bi, Pb)-2212 phase (b).

here App is the residual line width which is closely connected with
he molecular field at the Cu-site and Bpp is the thermal broaden-
ng, corresponding to the Korringa-type interaction between either
u2+ ions or Ru4+ ions with the host conduction carriers through
he exchange interactions Js [29]. The fitting parameters App and
pp are listed in Table 2 with Ru-content for both (Bi, Pb)-2223 and
Bi, Pb)-2212 phases. It is noticed that the value of App decreases
s x increases from 0.0 to 0.05 and then it increases when x = 0.075
or (Bi, Pb)-2223 phase. For (Bi, Pb)-2212 phase, App increases until
= 0.05 and then it decreases with further increase in x. This means

hat the residual line width could depend on the volume fraction for
oth (Bi, Pb)-2223 and (Bi, Pb)-2212 phases. This behavior may be
lso responsible for the relative intensity behavior for each phase
ith increasing Ru-content. The data in Table 2 indicates that the

alue of Bpp increases, for (Bi, Pb)-2223 phase, until x = 0.05 and then
ecreases for x = 0.075. This behavior is quite similar to that of the
ariation of hole density with Ru-content [16]. On the other hand
or (Bi, Pb)-2212 phase, the fitting parameter Bpp shows a decre-

ent in its value as Ru-content increases. The fitting parameter Bpp

s expressed by [30]:

pp =
(

8�2kB

�h

)
[JsN(EF )]2 (6)

here N(EF) is the density of state at the Fermi level, kB is Boltz-
ann’s constant, h is Planck constant and � is the gyromagnetic
atio. Since the density of state is directly proportional to the
umber of carriers, so the value of B1/2

pp is proportional to the
umber of carriers in the CuO2-planes. Increasing the Bpp value
ith increasing Ru-content from 0.0 to 0.05, for (Bi, Pb)-2223 Ta
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ig. 7. The variation of �xppwith T for different Ru-content for (Bi, Pb)-2223 phase
a), and (Bi, Pb)-2212 phase (b).

hase, could be attributed to the increase of the number of car-
iers in CuO2-planes as Ru-content increased from 0.0 to 0.05
16]. For (Bi, Pb)-2223 (x = 0.075) and (Bi, Pb)-2212 phases, the
ecrease in the value of Bpp is attributed to the partial substitu-
ion of Cu2+ ions by Ru4+ ions which increases the localization
f charge carriers, and decreases the effective number of the
arriers [31]. Moreover, this behavior is confirmed by the elec-
rical resistivity data [16] which showed a semiconductor-like
ehavior as Ru-content increased. The semiconductor-like behav-

or was discussed according to Anderson impurity model [32].
his model shows that the electronic states near the Fermi sur-
ace are inerrant for a large overlap of the Cu (3d) and O (2p)
ave-functions, but they become localized when this overlap was

educed.
A significant result has been observed when comparing the

atio between the area (A) under the EPR absorption curves of
Bi, Pb)-2223 and (Bi, Pb)-2212 phases with the volume fraction
atio of the same phases, which are nearly equal as shown in
able 1.

The number of spins N participating in the resonance for each
hase can be calculated at different temperatures by comparing the
rea under the absorption curve with that of a standard one, using
he following equation [26].

= Ay(Scany)2Gstd(Bm)std(gstd)2[S(S + 1)]std(Pstd)0.5

std (7)

Astd(Scanstd)2Gy(Bm)y(gy)2[S(S + 1)]y(Py)0.5

here Scan is the magnetic field corresponding to unit length of
he chart, G is the gain, Bm is the modulation field width, S is the
Fig. 8. The relation between log (N) and 1/T for different Ru-content for (Bi, Pb)-2223
phase (a), and (Bi, Pb)-2212 phase (b).

spin of the system in its ground state and P is the power of the
microwave.

The relation between logarithm N for (Bi, Pb)-2223 and (Bi, Pb)-
2212 phases against the reciprocal of absolute temperature for
different Ru-content is shown in Fig. 8(a) and (b), respectively. It
is found that N increases as Ru-content increases from 0.0 to 0.05
and then it decreases at x = 0.075 for (Bi, Pb)-2223 phase. A reverse
trend for the variation of N with Ru-content is observed for (Bi,
Pb)-2212 phase. This behavior is consistent with that observed for
XRD results, which showed a complete phase change from (Bi, Pb)-
2223 phase to (Bi, Pb)-2212 phase at x ≥ 0.15. It is also found that
the number of spins decreases as the temperature increases for
each phase at different Ru-content. A linear relation between log(N)
and 1/T is found as expected from Boltzmann’s law. The activation
energy Ea values for each phase are calculated from the slope of
lines, and listed in Table 2 versus Ru-content. The value of the acti-
vation energy of pure (Bi, Pb)-2223 phase is equal to that obtained
for Bi2−xPbxSr2Ca2Cu3O10+� phase for x = 0.3 [33]. It is found for (Bi,
Pb)-2223 phase that the value of Ea increases for small Ru-content
until x = 0.05 and then it decreases at x = 0.075. This is attributed to
the enhancement in its N values with increasing Ru-content until
x = 0.05. While, the Ea value for (Bi, Pb)-2212 phase decreases as Ru-
content increases until x = 0.05 and then it increases for x ≥ 0.075. It
is attributed to the decrement of the N values for (Bi, Pb)-2212 phase
until x = 0.05, which then increase to be dominated for x ≥ 0.15 [16].

Also, it can be due to the fluctuation of the valence state of Cu2+

ions as a result of the strong phase change from n = 3 phase to
n = 2 phase.
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Fig. 9. The temperature dependence of the paramagnetic susceptibility for different
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[7] H. Maeda, Y. Tanaka, M. Fukutomi, T. Asano, Jpn. J. Appl. Phys. 27 (1988) L209.
u-content for (Bi, Pb)-2223 phase (a), and (Bi, Pb)-2212 phase (b).

The paramagnetic susceptibility � is calculated for each phase
t different temperatures using the following equation [34]:

= Ng2ˇ2J(J + 1)
3kBT

(8)

here ˇ is the Bohr magneton and J is total angular momentum.
ig. 9(a) and (b) shows the temperature dependence of the param-
gnetic susceptibility at different Ru-content for (Bi, Pb)-2223 and
Bi, Pb)-2212 phases, respectively. The paramagnetic susceptibility
s inversely proportional to the temperature and similar behavior
f � is observed for each phase with increasing Ru-content, where
is directly proportional to N according to Eq. (8). The �-T curves

re well fitted according to Curie–Weiss law, using the following
quation:

= �o + C

T − �
(9)

here �o is the temperature independent susceptibility, C is the
urie constant and � is the Curie temperature. All the curves are
ell fitted to Eq. (9) in the temperature range from 120 to 290 K.

he best fitting parameters for each phase are listed in Table 2. The
isted values of C and � for pure (Bi, Pb)-2223 and (Bi, Pb)-2212

hases are nearly equal to those reported for Bi-2223 and Bi-2212
hases, respectively [35]. Also, a similar behavior of C and � as that
or N and � is observed for each phase with increasing Ru-content.

[
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The calculated effective magnetic moment �cal. is obtained from
the following equation:

C = N�2
cal.

3kB
(10)

The values of �cal. for each phase are listed in Table 2 versus differ-
ent Ru-content. The theoretical magnetic moment, �theo., for each
phase at different Ru-content can be calculated through the follow-
ing expression [36]:

x�2
theo. = x1�2

Cu2+ + x2�2
Ru4+ , (11)

where x1 and x2 (x1 + x2 = x) are the equivalent molar concentration
of Cu2+ and Ru4+ ions, respectively. The effective magnetic moment
value of Cu2+ ions (S = 1/2) is 1.73 �B [37] and of Ru4+ ions (S = 1) is
2.83 �B [38]. The values of �theo., for each phase, are also listed in
Table 2 versus Ru-content, which are comparable to the �cal. val-
ues. It is noticed that �cal., for each phase, increases as Ru-content
increases. One can say that the partial replacement of Cu2+ions by
Ru4+ ions in CuO2-planes yields an increase in the scattering of the
induced magnetic moment of Cu atoms having Ru neighbor. The
effective magnetic moment for (Bi, Pb)-2223 phase substituted by
Fe [39] is higher than that substituted by Ru, at the same con-
tent x = 0.05. This means that Fe-substitutions are more effective
than Ru-substitutions to increase the scattering of that induced
magnetic moment of Cu atoms. This is because the effective mag-
netic moment of Fe5+ ions (5.9 �B) is higher than that of Ru4+ ions
(2.83 �B).

4. Conclusions

The EPR spectra of Cu2+ ions in Bi1.8Pb0.4Sr2Ca2.1Cu3−xRuxO10+�
(0.0 ≤ x ≤ 0.4) were measured from room temperature down to
120 K. The EPR spectra, for 0.0 ≤ x ≤ 0.075, showed two lines, indi-
cating the formation of both (Bi, Pb)-2223 and (Bi, Pb)-2212 phases.
Only one line, corresponding to (Bi, Pb)-2212 phase, appeared for
x ≥ 0.15. This could be attributed to the phase change from (Bi,
Pb)-2223 phase to (Bi, Pb)-2212 phase which was confirmed by
our previous work through XRD and electrical resistivity measure-
ments. The g-values for both phases showed a slight decrement
as the temperature decreased from room temperature to 120 K. A
correlation between the fitting parameters, determined from the
temperature dependence of the peak-to-peak line width, and both
of the volume fraction of the two phases and the carriers den-
sity, determined from the XRD and the electrical resistivity, was
observed. For (Bi, Pb)-2223 phase, both number of spins N and
activation energy Ea increased as x increased from 0.0 to 0.05 fol-
lowed by a decrease in their values with further increase in x. A
reverse trend for the variation of both N and Ea with x was found
for (Bi, Pb)-2212 phase. The effective magnetic moment increased
as x increased for both phases, indicating that the partial replace-
ment of Cu2+ ions by Ru4+ ions caused an increase in the scattering
of the induced magnetic moment of Cu atoms having Ru neighbor.
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