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(Bi-2212) ceramics synthesized via the sol-gel method, focusing on how Pr
substitution alters their paramagnetic response. Magnetic susceptibility (M-T),
inverse susceptibility (//y-T), derivative (dM/dT-T), and magnetization—field (M-
H) measurements were conducted for samples with doping levels x = 0.1, 0.2, and
0.3. Linear fitting of the //y—T curves enabled the determination of the Curie constant
(C), effective magnetic moment (uo;), and Curie-Weiss temperature (Ocw). All
samples exhibited positive Ocy values, indicating weak ferromagnetic correlations
without the formation of long-range magnetic order. Increasing Pr concentration led
to systematic reductions in both C and pu.p; suggesting damping of the Pr magnetic
moments and suppression of superconductivity. M—H measurements further
confirmed a linear, hysteresis-free paramagnetic response across all compositions.
This study provides a systematic experimental evaluation of how Pr substitution
alters key magnetic parameters—such as the Curie constant, effective magnetic
moment, and Curie-Weiss temperature—in Bi-2212 ceramics, offering an original
contribution to understanding the paramagnetic transition behavior in Pr-doped high-
T. systems. Overall, the results demonstrate that Pr incorporation effectively tunes
the magnetic characteristics of Bi-2212 and induces a transition toward enhanced
paramagnetic behavior.

1. Introduction

Doping with rare earth elements stands out as an
effective method to modulate the magnetic

High-temperature ~ superconductors ~ (HTS), properties of Bi-2212. In  particular,
especially the Bi2Sr2CaCu20s+5 (Bi-2212) praseodymium (Pr) doping can significantly
compound, are of great interest in both affect the paramagnetic properties of the material

fundamental research and applied technologies
due to their high critical temperatures and current
carrying capacities [1]. The magnetic properties
of Bi-2212, particularly its paramagnetic
behavior and compliance with the Curie-Weiss
law, are closely linked to the material's
microstructural properties and the presence of
doping elements [2].

by effects such as suppression of magnetic
moments and modification of spin-spin
interactions [3]. The impact of such doping on
parameters such as the Curie constant (C),
effective magnetic moment (ues), and Curie—
Weiss temperature (fcw) have been investigated
in various studies in the literature [4, 5]. In Bi-
2212, Pr*" ions preferentially substitute Ca** sites
located between the CuO: planes, which
effectively alter the hole concentration and local
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spin interactions in the superconducting layers.
This Ca-site substitution is known to suppress
superconductivity and enhance paramagnetic
behavior [5, 6].

Magnetic  susceptibility (y) and
susceptibility ~ (//y)  measurements
fundamental tools for understanding the
magnetic behavior of materials. The data
obtained from these measurements are analyzed
within the framework of the Curie—Weiss law,
providing information about the magnetic
interactions and moment-carrying capacity of the
material [7]. Additionally, dM/dT-T curves and
M-H hysteresis measurements are used to reveal
magnetic phase transitions and field-dependent
magnetization behavior [8]. It should be noted
that pristine Bi-2212 is a high-7¢ superconductor;
however, Pr substitution suppresses its
superconductivity and induces localized
magnetic moments, resulting in a transition from
superconducting to paramagnetic behavior. This
transformation has been reported in -earlier
studies on rare-earth-doped Bi-based cuprates [2,
6].

Iéverse
arc

Several studies have shown that Pr doping in Bi-
based cuprates modifies both the structural and
magnetic properties, leading to reduced hole
concentration and suppression of T¢ [5, 6, 9].
Moreover, anisotropic magnetic behavior and
enhanced paramagnetic response have been
observed in rare-earth—containing layered oxides
[10]. These findings highlight the critical role of
rare-earth substitution in controlling the balance
between superconductivity and magnetism in Bi-
2212 systems, providing a strong motivation for
the present investigation.

In this study, the magnetic properties of Pr-doped
Bi2Sr2CaCu20s+s (Bi-2212) ceramics
synthesized by the sol-gel method were
systematically investigated. Although previous
studies have reported the suppression of
superconductivity and emergence of
paramagnetism in Pr-doped Bi-based systems [5,
6, 9], a comprehensive and quantitative analysis
of how Pr substitution modifies key magnetic
parameters has not been presented in detail.
Therefore, this work aims to elucidate the
correlation between Pr doping ratio and magnetic
characteristics—such as Curie constant (C),
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effective magnetic moment (uey), and Curie—
Weiss temperature (Ocw)—to provide new
insight into the evolution from superconducting
to paramagnetic behavior in Bi-2212 systems.

2. General Methods

Bi2Sr2CaixPrsCu20s+5  (x 0.1, 0.2, 0.3)
ceramics were synthesized using the sol-gel
method. Analytical grade Bi(NO3)3-5H20,
Sr(NOs)2, PrsO11, Ca(NOs)2:4H20, and
Cu(NO3)2:3H20 (99% purity) were used as
starting precursors. The required amounts of each
reagent were calculated stoichiometrically
according to the nominal formula Bi2Sr2Caj.-
xPrxCu20s+5, where x represents the substitution
ratio of Pr** for Ca®". Thus, the doping levels x =
0.1, 0.2, and 0.3 correspond to 10%, 20%, and
30% Pr replacement at the Ca site, representing
low, medium, and high substitution levels,
respectively. Each nitrate salt was dissolved
separately in a mixed solvent of distilled water,
nitric acid, and diethylene glycol to ensure
complete homogenization, followed by gelation
through controlled heating. The obtained gel was
dried, ground, and calcined at 750 °C for 12 h to
remove residual organics. The resulting powder
was then re-ground, pelletized under 4 tons of
pressure, and sintered at 860 °C for 60 h,
followed by a post-annealing step at 800 °C for
12 h. The final samples are referred to as sample
B (x =0.1), sample C (x = 0.2), and sample D (x
=0.3).

In this study, Pr’* ions were intended to substitute
Ca?" sites located between the CuO2 planes in the
Bi-2212 crystal structure. This site was selected
because Ca-site substitution effectively alters the
charge carrier concentration and spin interactions
within the CuO:2 layers, leading to a more
pronounced paramagnetic behavior. Previous
studies have reported that Pr substitution at Ca
sites strongly suppresses superconductivity in Bi-
2212 by reducing hole concentration in the CuO2
planes [5, 6]. Although Sr-site substitution has
also been observed under certain synthesis
conditions [9], the stoichiometry and synthesis
route used in this work specifically aim at Ca-site
occupancy.
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Magnetic susceptibility (y) is a quantitative
measure of a material's response to an external
magnetic field and is defined as:

X = (1

M
H
where M is the magnetization per unit volume
(emu/cm’), and H is the applied external
magnetic field (Oe or A/m) and is kept constant
in the experiment.

The y—T curve used in this study was obtained
from the M—T (magnetization—temperature) data
measured under a constant magnetic field. For all
samples, the applied external field was fixed at
1000 Oe, and the temperature was scanned
between 10 K and 300 K. Therefore:

M(T)

x(T) =—;

)
According to Eq. (2), the magnetic susceptibility
was calculated by dividing the measured
magnetization value by 4 = 1000 Oe for each
temperature. The obtained y—T curves were used
to analyze the magnitude of the paramagnetic
response and its temperature-dependent change,
depending on the doping ratio.

The 1/y — T graph was obtained by taking the
inverse of the susceptibility values calculated
using Eq. (1). This graph is prepared to evaluate
compliance with the Curie or Curie—Weiss law,
which is widely used, especially in the analysis
of paramagnetic materials. Plotting the inverse
susceptibility against temperature on the
temperature axis on the graph shows that the
system:

To verify its paramagnetic character,
Calculate the effective magnetic moment (uef)
concerning the Curie constant (C) or the slope
of the curve,

Determine the Curie—Weiss temperature (6)
from the point where the curve intersects the
axis.

Within the scope of magnetic characterization
studies, magnetization-temperature (M-T) data of
the samples were collected under a constant
magnetic field (H = 1000 Oe) in the temperature
range of 10-300 K. These data were derived to
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create a dM/dT curve to analyze the magnetic
response of the system to temperature in more
detail.

For this purpose, the first derivative of the
magnetization concerning temperature for each
temperature point in the M—T7 data was calculated
numerically as follows:

aM - Miyq—M;
AT~ Tiea—T (3)
The dM/dT — T curve obtained here provides
essential information, especially in the following
aspects:

Detection of magnetic transitions: Abrupt
changes in the dM/dT curve, zero crossings, or
maximum and minimum points provide clues
for detecting possible magnetic phase
transitions (e.g., Curie point, spin order,
superconducting transition).

Change in magnetic sensitivity with
temperature: The dM/dT value indicates the
sensitivity of the system's magnetization
response to temperature. A high dM/dT value
means that the magnetization changes rapidly
with temperature.

Parasitic phases or structural irregularities:
Sudden distortions in the curve or second
derivative signals may indicate
inhomogeneous magnetic distributions or
secondary phases within the sample.

Signs of superconductivity: In samples
containing a superconducting phase, a sharp
change in the slope of the dM/dT curve is
expected around the transition temperature
(T%). In this study, such a break of slope was
not observed due to the suppression of
superconductivity by Pr doping.

All magnetic measurements were conducted
using a Vibrating Sample Magnetometer (VSM)
module attached to a Quantum Design Physical
Property Measurement System (PPMS). The M—
T (magnetization—temperature) data were
collected under a constant magnetic field of 1000
Oe within the temperature range of 10-300 K,
while the M—H (magnetization—field) data were
obtained at 10 K in the magnetic field range of
+7 T. The inverse magnetic susceptibility (//y—
T) curves were derived from the experimental M-
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T data by taking the reciprocal of y = M/H. The
dM/dT-T curves were obtained numerically by
applying a finite-difference derivative method to
the M-T dataset. No smoothing, interpolation, or
functional fitting was applied; the results
represent raw experimental data within the
instrument’s sensitivity limits.

2.1. Curie constant (C) and effective magnetic
moment (#.4)

The procedures used to determine the Curie
constant and effective magnetic moment of
samples are detailed below.

1. First, ¢ was calculated from the M—T data,
as previously explained above.
Then, the inverse of the susceptibility was
taken, and the //y—T graph was created.

ii.

iii. According to Curie's law  for
paramagnetic systems:
c__1_T
X=7=,=¢ 4)

Therefore, the 1/¢ values corresponding to the
temperature were calculated, and the //y—T graph
was obtained.

iv.  When the //y — T curve (see Fig. 1b) was
examined, it was observed that the data
was linear in the range of approximately
50-150 K. Linear regression was applied
using the temperature and //y data in this
region.

Slope (m) was calculated by linear
regression:

1=mT+b
X

)

Since the slope (m) as a result of the regression is
equal to //C, the Curie constant was determined
by taking C = 1/m.

vi. The effective magnetic moment was
calculated from the Curie constant with
the following equation:

Hesr = VBC (6)

vii.  Finally, it is worth noting that this method

is valid within the temperature range
where the system complies with the Curie
law.
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2.2. Curie-Weiss temperature (Ocw)

The Curie-Weiss temperature (fcw) is obtained
from the point where the line applied to the linear
region between the reverse magnetic
susceptibility (//y) and the temperature (7)
intersects the T-axis. The Curie-Weiss law is
characterized by the Eq. (7):

C
T—0cw

1 T-0cw

x(T) = Pl

(7)

where C is the Curie constant. According to this
equation, the value at which the straight line cuts
the T-axis on the //y — T graph is Hcw.

In the previous steps, we performed direct linear
regressions on the //y — T data, and the fcw for
each sample can be obtained using Eq. (8).

b

1

;—mT+b=>9€W——; (8)
3. Results and Discussion

The following analyses are based on

experimental magnetization data obtained from
VSM measurements. The y—T7, 1/y—T, dM/dT-T,
and M—H curves discussed below were derived
directly from the measured M-T and M-H
datasets of each sample.

As demonstrated in Fig. 1a, which presents the
temperature-dependent change in magnetic
susceptibility of sample B, it is evident that the
x(T) value exhibits a monotonic decrease within
the temperature range of 10-300 K. The obtained
curve is indicative of a typical paramagnetic
response. It is particularly evident at low
temperatures (10—-60 K), where the susceptibility
exhibits elevated values. Conversely, as the
temperature rises, the y wvalue declines
precipitously, attaining a virtually saturated level
of approximately 300 K. This phenomenon
follows the classical Curie law (y=CT). No
diamagnetic response is observed for the
superconducting transition.

This finding suggests that when Pr doping is
integrated into the superconducting Bi-2212
matrix, it enhances the effectiveness of Pr’* ions
carrying magnetic moments within the system.
Consequently, the superconducting phase is
suppressed. In addition, a significant body of
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research in the relevant literature has reported
that with increasing Pr doping, the
superconductivity in the Bi-2212 system
weakens, and the local magnetic moments
become dominant in the paramagnetic behavior
[5,9, 11].

The present study contributes to this
understanding by providing quantitative
magnetic analysis of how Pr incorporation
affects superconductivity in Bi-2212. While
earlier works primarily demonstrated the
suppression of superconductivity through
resistivity or magnetization onset measurements
[5, 6, 9], the current work systematically
correlates the increase in Pr concentration with
measurable changes in Curie constant (C),
effective magnetic moment (ues), and Curie—
Weiss temperature (fcw). These parameters
collectively reveal that Pr doping not only
weakens the superconducting phase but also
promotes short-range magnetic correlations and
localized spin formation, which dominate the
overall magnetic response.

Consequently, the y-T curve observed in sample
B demonstrates that the system transitions to a
fully paramagnetic state, and Pr doping disrupts
the structural and magnetic continuity of the
superconducting phase, thereby eradicating the
phenomenon of superconductivity.

As demonstrated in Fig. 1b, the //y — T plot was
prepared with the objective of verifying the
paramagnetic character of sample B. The graph
generally shows that the reverse susceptibility
increases linearly with increasing temperature.
This phenomenon can be interpreted as a
paramagnetic response governed by Curie's law,
which states that the magnetic susceptibility of a
substance is directly proportional to its
temperature. It is noteworthy that the region of
observation, which exhibits a nearly linear
relationship between 50 and 200 K, indicates that
the system displays classical paramagnetic
behavior within this temperature range.

However, the slight deviation of the curve after
200 K (departure from linearity) indicates that
weak spin-spin interactions or minor structural
distortions may be effective between the ions
carrying the magnetic moment. Such deviations
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have been associated in the literature with
magnetic disorder, local phase separations, or
inhomogeneous distribution of the magnetic field
within the sample [12].

The fact that the linear region intersects the
positive temperature axis shows that the system
can also be described by the Curie—Weiss law y
= (/(7—6). If we assume that the graph intersects
the axis at a point close to zero, the Curie-Weiss
temperature (¢) is approximately 0 K. This
indicates that the magnetic spin-spin interaction
in the sample is very weak, and the Pr’" ions
behave as isolated paramagnetic centers in the
system [13].

These observations suggest that Pr doping
suppresses superconductivity and leads to the
development of a paramagnetic phase, but this
phase does not tend to form a magnetic order.
This is consistent with studies in the literature,
which show that Pr doping increases the local
moment effect in the Bi-2212 system but does
not induce long-range magnetic order [6, 10].

The dM/dT — T curve of sample B, shown in Fig.
lc, was created by differentiating the M—T data
obtained under a constant magnetic field. The
curve generally shows negative values, and it is
observed that the dM/dT value approaches zero
as the temperature increases. This indicates that
the rate of change in magnetization decreases
with increasing temperature, and the system
progresses toward saturation with a paramagnetic
character.

In the low-temperature region (10-50 K), the
dM/dT value reaches high negative values, such
as —0.25 x 107 emu/cm’ K, indicating that the
system responds to temperature with high
magnetic susceptibility and that the local
magnetic moments of Pr’" ions are pretty active.
The high slope in this region is a reflection of the
typical Curie paramagnetic behavior observed in
Pr-doped Bi-2212 systems in the literature [13].

As the temperature increases (after about 100 K),
the slope of the curve gradually decreases and
reaches dM/dT = 0 at temperatures above 250 K.
This indicates that the system no longer exhibits
a significant change in the magnetization value,
1.e., it has reached a thermodynamically stable
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paramagnetic state. This behavior is typical of
the temperature-proportional resolution of
magnetic moments, which, together with the
compliance with Curie's law, explains [13].

All magnetization measurements were carried
out experimentally using a vibrating sample
magnetometer (VSM, Quantum Design PPMS
platform). The temperature-dependent
magnetization (M-T) data were obtained in the
range of 10-300 K under a constant magnetic
field of 1000 Oe, while the field-dependent
magnetization (M—H) measurements were
performed at 10 K in the field range of £7 T.
These datasets form the basis of the y—7, 1/x-T,
dM/dT-T, and M—H analyses presented in the
Results section.

In addition, the absence of any sharp jumps,
minimums, maximums, or Zero crossing points in
the graph indicates that there is neither a
superconducting transition (7¢) nor a ferro- or
antiferromagnetic phase transition in the system.
This finding confirms that superconductivity is
completely suppressed due to Pr doping, and the
system exhibits paramagnetic properties alone

[6].

Figure 1. (a) Temperature-dependent magnetic
susceptibility (y—7), (b) inverse magnetic
susceptibility (//y—T), and (c) magnetization versus

temperature (dM/dT-T) curves of sample B

The results for sample B (x =0.1) are shown here
as a representative example of the magnetic
response and analytical approach. The
corresponding analyses for samples C (x = 0.2)
and D (x = 0.3) are presented in Figures 2 and 3,
respectively.

To further verify the paramagnetic behavior
identified in the y—7 and dM/dT-T curves of
sample B, inverse susceptibility (//y—7) analyses
were extended to all compositions. This
comparison provides a quantitative evaluation of
how the Curie constant and effective magnetic
moment evolve with increasing Pr concentration.
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Fig. 2a shows the //y—T data of sample B, along
with the linear regression results applied to these
data between 50 and 150 K. The Curie constant
and effective magnetic moment values of the
samples determined using this approach are
given in Table 1.

The values obtained for sample B clearly show
that, after Pr doping, the sample completely lost
its  superconductivity and acquired a
paramagnetic  character. However, it is
noteworthy that the calculated effective magnetic
moment is relatively low. uey= 0.030 us, which
is very small compared to the theoretical
magnetic moment of an ideal Pr’* ion (3.58-3.6
u8). This indicates that the magnetic moments are
either not localized or only a portion of the Pr
ions make a magnetic contribution. It also
suggests that the moments are damped by
interaction with the superconducting matrix or
that some of the Pr ions are located in non-
magnetic phases.

As aresult, the Curie constant C confirms that the
magnetic susceptibility of the system decreases
with temperature in a classical paramagnetic
manner. The effective magnetic moment e
indicates that there are weak local magnetic
moments in the system, and no strong spin-spin
interactions are present. Pr doping suppressed
superconductivity, but no magnetic ordering or
high moment formation was observed.

From a microscopic perspective, the decrease in
Uer With increasing Pr concentration can be
explained by enhanced hybridization between the
Pr** 4f orbitals and the O 2p states in the CuO
planes. This hybridization promotes partial
delocalization of the 4f electrons and leads to the
quenching of the localized Pr magnetic moments.
In addition, strong Pr—O-Cu superexchange
interactions can modify the spin correlations
between Cu®' ions and Pr’* centers, further
weakening the net magnetic response. These
combined effects result in the systematic
reduction of peff and the dominance of short-
range magnetic correlations at higher Pr contents.

The linear trend in the temperature-dependent
reverse magnetic susceptibility (//y—T) data for
sample C in Fig. 2b in the range of 50-150 K
reveals that the system exhibits classical
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paramagnetic behavior under the Curie law. The
Curie constant and effective magnetic moment
values calculated according to the slope value
obtained from the linear regression analysis
applied to this linear region are given in Table 1.
The very low effective magnetic moment
suggests that the magnetic moment of the Pr**
ions in the system is largely suppressed,
indicating that only a limited number of Pr ions
are magnetically active.

According to the literature, the effective
magnetic moment of an ideal Pr’* ion is
theoretically approximately 3.58 uz [14].
However, it has been previously reported by J.L.
Tallon et al. [13] that Pr doping suppresses
superconductivity in the Bi-2212 system while
simultaneously not creating magnetic ordering
but rather remaining in the form of single local
moments. This low pey value observed in sample
C is in good agreement with this literature.

This also indicates that although the magnetic
centers in the system increase as the doping rate
increases, the moments do not correlate with
each other, and the magnetic interaction remains
short-range. Thus, superconductivity —was
suppressed entirely by Pr doping, but it was
replaced by a weak paramagnetic response, not a
ferromagnetic or antiferromagnetic ordering.

When the temperature-dependent reverse
magnetic susceptibility (//y—T) of sample D is
examined in Fig. 2c¢, a strong linear relationship
is observed in the range of 50—150 K. This linear
region indicates that the system exhibits a
classical paramagnetic response, following the
Curie law (y = C/T). The Curie constant and
effective magnetic moment values calculated
using the slope value obtained from linear
regression applied to this curve are presented in
Table 1.

The estimated ues value confirms the existence of
magnetic moment-carrying centers (especially
Pr’" ions) in the system but also indicates that
these moments are suppressed or neutralized to a
significant extent. This experimentally obtained
low puef value indicates that the system does not
exhibit any long-range magnetic ordering (ferro-
or antiferromagnetic) despite being magnetically
active. This also suggests that some of the Pr ions
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are localized in non-magnetic phases or their spin
moments are damped in the superconducting
matrix [14, 15]

These findings were similarly reported in
previous studies by J.L. Tallon et al. [13].
Although the Pr  doping  suppresses
superconductivity, the system exhibits only weak
paramagnetic character, suggesting that the
doping neutralizes not only the carrier density but
also the interaction of magnetic moments.

(b)

14y, (10° Oe.cm’/emu)
/1 {10° Oe.cm™femu)

20 40 60 80 100 120 140 160 180 200 22

100
T(K) T

1y (10° Oe.cm’/emu)

20 4 60 80 1 0 200 220

Figure 2. [/y-T data and the linear regression results
of samples (a) B, (b) C, and (¢) D. Black dots are
raw [/y data, and red dashed lines are linear
regression results in the 50—150 K range

Table 1. Curie constant (C) and effective magnetic
moment (u.y). The effective magnetic moment is
given in terms of Bohr magnetons

Sample C (emu.K/em®.0e) per(us)  Ocw (K)
B 1.11x10* ~0.030 =53.85
C 1.07x10* ~0.029 =50.21
D 1.03x10* ~0.028 =44.65

In this study, Curie-Weiss temperatures (fcw)
were calculated using linear regression analyses
performed on the reverse magnetic susceptibility
(I/x) versus temperature (7) data of Pr-doped
Bi2Sr2CaixPrxCu20s+5  (x 0.1, 0.2, 0.3)
samples, and are presented in Table 1.

The fact that all the obtained temperature values
are positive indicates that the doped systems
exhibit dominant ferromagnetic correlations in
the low-temperature region. However, these
ferromagnetic correlations are not strong enough
to produce long-range magnetic order; the
system  generally continues to  exhibit
paramagnetic properties.
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Positive cw values have also been reported in
some studies on similar structures. The magnetic
effect of rare-earth doping in the Bi-2212 system
was studied by Lee et al., who stated that the
positive Curie-Weiss temperatures are based on
spin-spin correlations [2].

In this context, the decrease in the Ocw value as
the doping ratio increases indicates that the
ferromagnetic correlations in the system are
weakened, and the magnetic interactions are
increasingly suppressed. This suggests that Pr
doping affects not only the carrier density but
also the spin-level interactions, creating
magnetic distortion and moment quenching. This
trend is also consistent with the decreasing
effective magnetic moment values.

M-H (Magnetization—-Magnetic Field) curves are
a powerful tool, especially for determining the
behavior and characteristic parameters of
magnetic materials. Different information can be
obtained from these curves for both
superconducting and paramagnetic systems.
Table 2 details the main parameters that can be
determined from the M—H curves for Pr-doped
Bi-2212 derivatives.

Table 2. Parameters that can be determined from M—
H Curves

Explanation

The remaining

magnetization in  the

system when A = 0. Only if

there is a magnetic order; in

paramagnetic systems, it is

usually approximately

Zero.

Parameter
Remanent Magnetization
(M)

The value of the reverse
field at the point where M =
0. It is significant in
ferro/antiferromagnetic or
superparamagnetic
systems. It is minimal in
paramagnetic systems.

Coercive Field (H.)

Maximum magnetization
(M max)

Saturation magnetization at
maximum applied H field.
In paramagnetic systems,
saturation does not occur,
resulting in a linear
response.

Slope  (dM/dH) X
(magnetic  susceptibility).
Derived from the slope at
the beginning of the field.

Magnetic

()

permeability
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While the [1/—T analysis confirms the
paramagnetic nature of all samples, the M—H
measurements provide a complementary view by
examining how the magnetization responds to
the applied magnetic field. These field-
dependent curves offer additional insight into the
magnetic reversibility and the absence of long-
range ordering in Pr-doped Bi-2212. The
parameters given in Table 2 were determined
from the M-H curves of the samples. In Fig. 3a,
the M—H curve of sample B exhibits a typical
paramagnetic behavior with a linear and
hysteresis-free character up to H = +7 T. The
absence of coercive field and remanent
magnetization indicates that the system does not
contain any ferromagnetic or antiferromagnetic
ordering, and the magnetic moments are aligned
linearly and reversibly with the applied field.
This finding is also consistent with the Curie-
type behavior obtained from the M—T curves. At
the highest applied field, around ~7 T, Mmax is =
3.2 emu/g. However, it should be noted that the
curve has not yet reached saturation, a typical
feature of paramagnetic systems.

In Fig. 3b, the M—H curve of sample C exhibits a
symmetric and linear structure, showing a strong
paramagnetic response. The fact that the
remanent magnetization and coercive field are
almost negligible indicates that the system does
not retain a magnetic memory, and the magnetic
moments are aligned solely in response to the
applied field.

Both the Mmax value and the dM/dH slope (y) are
larger for sample C compared to sample B. This
may suggest that increasing the Pr doping results
in a slight increase in the number of
paramagnetic centers in the system or a more
effective spin alignment. These observations also
support the findings of Curie-type behavior and
low effective magnetic moment obtained from
temperature-dependent y(7) analyses.

Sample D, shown in Fig. 3¢, exhibits classical
paramagnetic behavior, similar to other Pr-doped
Bi-2212 samples. However, the very shallow
slope of the M—H curve and the very low
maximum magnetization (0.05 emu/g) indicate
that the magnetic moments are further
suppressed with the increase of the doping ratio.
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This low susceptibility is also consistent with the
low Curie constant and effective magnetic
moment values obtained previously from M-T
curves and inverse susceptibility analysis. As a
result, sample D behaves as a weak, linear, and
reversible paramagnetic system, and the
suppressive effect of Pr doping on the magnetic
properties becomes evident. Similar linear and
reversible M-H characteristics have been
reported in rare-earth—doped manganites and
cuprates, confirming the dominance of
paramagnetic behavior without significant
hysteresis or coercivity [3, 4, 10].

As a result, while the M—H curves reveal that all
of the samples B, C, and D exhibit paramagnetic
character, it is observed that both the magnetic
susceptibility (y) and maximum magnetization
(Mmax) values decrease significantly as the Pr
doping ratio increases, indicating that the doping
is effective in suppressing the magnetic
moments.

o)

(c)D

Overall, the consistency among y—7, 1/yx-T,
dM/dT-T, and M-H results confirms that Pr
doping systematically suppresses
superconductivity while enhancing paramagnetic
contributions. The next section summarizes these
observations and their broader implications.

4. Conclusion

In this study, the focus was on the magnetic
properties of Pr-doped Bi2Sr2CaCu20s+5 (Bi-
2212) ceramics, which were synthesized by the
sol-gel method. The experimental program
involved measuring temperature-dependent
magnetization (M-T7), reverse magnetic
susceptibility (I/y-T), dM/dT-T derivative
curves, and M—H hysteresis measurements. The
samples used were B (x = 0.1), C (x =0.2), and
D (x = 0.3), with different Pr ratios.

Samples B, C, and D exhibited distinct
paramagnetic behaviors, as evidenced by
analyses performed following the Curie—Weiss
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law. The calculated Curie constants for these
samples were determined to be 1.11 x 10 emu
K/cm? Oe, 1.07 x 10* emu K/cm? Oe, and 1.03 x
10 emu K/cm? Oe, respectively. The values thus
obtained indicate a gradual decrease in the
magnetic polarizability of the materials as the Pr
doping ratio increases.

The Curie—Weiss temperature (6cw) was
determined to be 53.85 K, 50.21 K, and 44.65 K
for samples B, C, and D, respectively. These
positive values indicate the predominance of
short-range ferromagnetic interactions in the
doped samples. This finding suggests a positive
correlation between magnetic moment carrier
centers, particularly at low temperatures.

The dM/dT-T derivative curves demonstrated
that the magnetic transitions shifted along the
temperature axis, contingent on the doping ratio,
and became more damped. This finding suggests
that Pr doping compromises the spin ordering
and affects the magnetic homogeneity of the
system.

In the evaluation of M—H curves, it was observed
that both the saturation magnetization and
magnetization cycle weakened with increasing
doping rates. This finding suggests that Pr ions
contribute to spin dilution within the system,
thereby suppressing the magnetization that forms
under the influence of the magnetic field.

It was determined that the paramagnetic nature of
Bi-2212 ceramics became more pronounced as
the Pr doping ratio increased.

The magnetic characterization carried out in this
study provides valuable insights for engineering
applications that require precise control of
magnetic and electronic states. Understanding
the transition from superconductivity to
paramagnetism in Pr-doped Bi-2212 systems is
particularly relevant for the development of
spintronic materials, magnetic sensors, and low-
temperature functional devices. The tunability of
magnetic  response  through  rare-earth
substitution makes these materials promising
candidates for future multifunctional electronic
systems.

Consequently, parameters such as the Curie
constant, effective magnetic moment, and Curie—
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Weiss temperature underwent systematic
alteration. These results indicate that Pr doping
plays a significant regulatory role in magnetic
behavior and that these materials have potential  [3]
applications in spintronics, sensors, and low-
temperature devices.
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