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Abstract We have performed a systematic study of

the general physical properties of (Bi,Pb)2Sr2Ca2

Cu10þy (Bi-2223) powders that were ball milled for

time intervals of up to tm ¼ 210 min. X-ray powder

diffraction diagrams indicate that the phase composi-

tion of the samples seems to be preserved after the ball

milling process, but the average grain size of the

samples decreases appreciably with increasing milling

time tm. For tm ¼ 120 min, the transmission electron

microscopy (TEM) images revealed the presence of

Bi-2223 grains in the form of nanorods with a mean

diameter of dg � 20 nm. The temperature dependence

of the magnetic susceptibility, vðTÞ, showed the

occurrence of superconductivity below Tc � 108 K

in all samples studied and a progressive decrease of the

diamagnetic contribution to vðTÞ with increasing tm.

Such a decrease in the diamagnetic contribution to

vðTÞ is accompanied by an increase of a paramagnetic

contribution that has its origin in a disordered shell of

the milled grains. Increasing tm results in a progressive

increase of the width of disordered shell further

increasing the paramagnetic contribution to vðTÞ that

shows a very small diamagnetic component in samples

subjected to large milling times. We have also found

that the occurrence of oxygen vacancies in the

disordered shell is responsible for a ferromagnetic

contribution to vðTÞ at high temperatures. Such a

shell–core morphology of the milled grains, compris-

ing a superconducting and diamagnetic core and a

disordered and paramagnetic shell, is sufficient for

interpreting the magnetic properties of the samples.

Keywords Ball milling � Bi-2223 superconductor �
Diamagnetic contribution � Magnetic susceptibility �
Nanopowders

Introduction

Studies of nanoparticles (NPs) have become a very

active area of research because of their unique

properties. In particular, the experiments performed

by Ralph et al. (1995), Black et al. (1996) in nanome-

ter-size Al superconducting grains have stimulated a

great number of experimental and theoretical works

(Di Lorenzo et al. 2000; Reich et al. 2003). This is

supported by the fact that the superconducting
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properties are altered when any size of a supercon-

ducting material is reduced to near or less than the

London penetration depth, kLðTÞ, or the coherence

length, nðTÞ. For example, variations of the critical

temperature, Tc (Bose et al. 2005), and the supercon-

ducting pairing correlations (Di Lorenzo et al. 2000;

Von Delft 2001) have been observed in nanosized

superconducting specimens. However, most of the

experimental studies on superconducting powder

specimens were conducted in samples of elemental

superconductors such as Al (Ralph et al. 1995; Black

et al. 1996), Pb (Reich et al. 2003), and Nb (Bose

et al. 2005) mainly due to their simple crystal

structures, and the readiness in obtaining nanoparticles

free of impurities and extra phases. On the other hand,

it is also well known that only few studies on small-

particle size samples have been conducted in the

normal and superconducting properties of high-tem-

perature high-Tc superconducting cuprates. On this

subject, the synthesis and the general physical prop-

erties of La1:85Sr0:15CuO4 nanorods prepared by the

sol–gel template method have been reported Lu et al.

(2007). Also, a systematic study of YBa2Cu3O6þx

(YBCO) nanopowders, prepared by the citrate sol–gel

method, has been conducted by Paturi et al. (2003).

The authors found that the magnetic susceptibility

vðTÞ of the samples strongly varied with the size of the

small particles, as expected from theoretical calcula-

tions (Paturi et al. 2003). More recently, studies

conducted in a large variety of inorganic nanoparticles

have revealed the very common occurrence of room-

temperature ferromagnetism although the materials

are intrinsically nonmagnetic, including here the

superconducting cuprates (Sundaresan and Rao

2009). We also mention that systems comprising

YBCO nanoparticles exhibit a ferromagnetic contri-

bution at room temperature (Sundaresan and Rao

2009; Shipra et al. 2007; Hasanain et al. 2010; Arabi

et al. 2013; Gasmi et al. 2013). Moreover, these

studies also revealed that such a ferromagnetic con-

tribution is preserved at temperatures well below the

mean-field superconducting critical temperature of the

samples (Hasanain et al. 2010; Arabi et al. 2013;

Gasmi et al. 2013), raising the debate on the possible

coexistence between ferromagnetism and supercon-

ductivity in these superconducting cuprates. However,

there is a certain consensus that the occurrence of

ferromagnetism in cuprate NPs is due to the presence

of oxygen vacancies, mostly at the surface of the NPs,

and their effect on the electron distribution between

the atoms close to the surface (Coey et al. 2005, 2008).

As described above, much of the investigation on the

general properties of nanosized superconducting cuprates

has been conducted on superconducting YBCO, and a

systematic study regarding the particle size effects on the

magnetic properties of Bi1:65Pb0:35Sr2Ca2Cu3O10þd

(Bi-2223) material is still lacking. Thus, we describe

here a systematic investigation of the structural,

microstructural, and magnetic properties of ball milled

powders of the superconducting cuprate Bi-2223. We

have focused on the changes of the physical properties

of tiny Bi-2223 powders caused by the progressive

milling process and particle size reduction. Powders of

single-phase Bi-2223, prepared by the traditional

solid-state reaction method, were then ball milled for

different times of up to 210 min and characterized by

several techniques including X-ray powder diffraction

(XRD), scanning electron microscopy (SEM), and

transmission electron microscopy (TEM), and tem-

perature and magnetic field dependence of the mag-

netic susceptibility vðT;HÞ.

Experimental procedure

Polycrystalline powders of Bi1:65Pb0:35Sr2Ca2

Cu3O10þd (Bi-2223) were prepared from starting

oxides and carbonates Bi2O3, PbO, SrCO3, CaCO3,

and CuO, which were mixed in an atomic ratio of

Bi:Pb:Sr:Ca:Cu (1.65:0.35:2:2:3). The mixture was

first calcined in air at 750 �C for 40 h. Then, the

powder was reground and pressed into pellets of 10

mm in diameter and 2 mm in thickness at a pressure of

120 MPa. These pellets were heat treated at 800 �C in

air for 40 h. Subsequently, the samples were reground,

pressed again, and sintered in air at 845 �C for 40 h.

This step was repeated three times, as described

elsewhere (Muné et al. 2003). The obtained pellets

were crushed using a mortar and pestle, and the

resulting coarse powders were ground in air, at room

temperature in a FRITSCH Planetary Ball Mill

Pulverisette 5. Inside the mill, there is a grinding

bowl (200 ml) of the tungsten carbide. We have used

six grinding balls for the ball milling process: three of

10 mm diameter, and three of 20 mm. During the

experiments, the initial coarse-grained mass of the Bi-

2223 powder was Min � 30 g, the total mass of the

grinding balls was Mb � 85 g, and the rotation
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velocity was x = 200 rpm. After every time interval or

milling time tm, e.g., 120, 135, 150, 165, 175, 180, and

210 min, close to � 1.5 g of the milled powder was

separated for further physical characterizations. We

have varied the ratio of the weight of balls to the mass

of powder or the ball-to-powder ratio (BPR) as 5:1,

6:1, 7:1, 9:1, 14:1, 19:1, and 30:1. We will refer to

these samples as M120, M135, M150, M165, M175,

M180, and M210, respectively, as listed in Table 1.

The pristine powder of the Bi-2223 crystal phase is

termed M0.

The crystal phase evaluation of the powder samples

was carried out using XRD patterns obtained in a

Bruker-AXS D8 Advance diffractometer. These mea-

surements were performed at room temperature using

Cu Ka radiation in the 3� � 2h � 80� range with a

0.05� (2h) step size and 5 s counting time.

The morphology of the grains was observed by

using a JEOL JSM-5800 SEM operating at 25 kV. In

addition to this technique, TEM was also used to gain

further information regarding the morphology of the

powders. The TEM images were obtained on a Philips

CM 200 microscope operating at an accelerating

voltage of 200 kV. From this type of micrography, we

were also able to estimate the average size of the

grains in our samples.

All magnetization measurements were performed

in a commercial Quantum Design SQUID magne-

tometer in powder samples. The magnetization as a

function of temperature M(T) was performed under

both zero-field-cooled (ZFC) and field-cooled (FC)

conditions. The ZFC cycle was performed after

cooling down the sample to 5 K without the

application of any magnetic field. After this step, a

magnetic field of Ha ¼ 50 Oe was applied, and the

data were collected during warming from 5 to 300 K.

Subsequently, the FC measurements were performed

by cooling the sample slowly from 300 K down to 5 K

in the same applied magnetic field Ha. Also, the

magnetization as a function of the applied magnetic

field, M(H), was measured in the range of �70 �H�
70 kOe, at selected temperatures. The magnetic

susceptibility of the samples vðTÞ was obtained from

M(T)/H.

Results and discussion

We start our discussion by displaying in Fig. 1 the ball-

to-powder ratio (BPR) for different values of the

milling time, tm, typically ranging from 0 to 210 min.

The results indicate that the values of BPR remain

essentially unaltered between 0 and 120 min, indicat-

ing that little energy has been transferred to the grains

during the milling time. On the other hand, after tm �
120 min, the ball-to-powder ratio starts to increase

faster with the milling time tm, reaching its highest

value of � 19 for the sample M210. The faster

increase in the BPR versus tm behavior, for tm � 120

min, further indicates that the milling energy is

currently being transferred to the Bi-2223 grains.

Table 1 Relevant parameters of the Bi-2223 samples studied

in this work

Sample tmðminÞ BPR Tmin (K) Mrem

(10�4 emu/g)

M120 120 5:1 20 2.4

M135 135 6:1 25 2.9

M150 150 7:1 30 3.5

M165 165 9:1 35 3.6

M175 175 14:1 40 4.5

M180 180 19:1 45 5.5

M210 210 30:1 92 6.6

tm is the milling time, BPR is the ball-to-powder ratio, Tmin is

the temperature at which the vðTÞ dependence attains a

minimum, and Mrem is the remnant magnetization

Fig. 1 Milling time, tm, dependence of the ball-to-powder

(BPR) ratio of all milled samples in this study. Selected samples

a BM0, b M120, c M175, and d M210 are indicated by arrows

(see Table 1). Line between points is a guide for the eyes
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Under this circumstance, appreciable changes in the

morphology and size of the Bi-2223 grains are

expected. Taking into account these experimental

results, our study is mainly focused on the physical

properties of samples ball milled for milling times tm
� 120 min.

Figure 2 shows the XRD patterns taken on the

starting powder and ball milled samples M0, M120,

M165, M175, and M210. We first mention here that

the starting powder M0 exhibits all the indexed

reflections related to the high-Tc Bi-2223 phase (Muné

et al. 2003). We also mention that the observed Bragg

peaks are sharp, further indicating a high degree of

crystallinity of the material. The unit-cell parameters

were calculated regarding an orthorhombic unit cell,

and the obtained values a ¼ 5.410 Å, b ¼ 5.413 Å,

and c ¼ 37.152 Å are in line with those reported

elsewhere for the same compound (Muné et al. 2003).

As the milling time increases, a clear broadening of the

width of the Bragg peaks is observed as well as an

increase of the background in the patterns, indicating a

decrease in the average grain size of the powders and

an increase in the degree of disorder of the milled

material. Such a behavior is closely related to the

increase of BPR (see Table 1).

As discussed previously, we have found that just

over tm ¼ 120 min, the BPR starts to increase

monotonically with milling time (see Fig. 1). In this

range of milling time, the BPR will have a well-

marked effect on the grain size of the samples, mostly

related to an increase in the milling energy transferred

to the grains. Also, it is remarkable that most of the

Bragg peaks, identified in the starting powder, remain

visible in the X-ray patterns of ball milled samples,

even in the highly amorphized M210 sample (see

Fig. 2e). These results indicate that an appreciable

amount of the Bi-2223 crystal phase seems to be not

altered significantly by the prolonged milling time and

that the tiny grains still comprised large and coherent

regions. Regardless of the occurrence of Bragg peaks

belonging of the Bi-2223 phase in all samples, the

XRD data indicate that a systematic decrease in the

mean size of the grains with increasing milling time

may be accompanied by a continuous increase of a

disordered shell at their surfaces. This is particularly

expected due to the high energy employed during the

milling process. In addition to this, it is also probable

that our samples have a low volume fraction of extra

phases, as the low-Tc Bi-2212 phase for instance. The

peaks of such a phase would be hardly detected due to

the low intensities of their reflections, very high

background of the patterns, and therefore the contin-

uous broadening of the Bragg peaks with increasing

milling time.

The morphology of the powder samples was found

to be greatly altered with increasing milling time. This

may be visualized in the successive SEM images of the

starting powder M0 and samples M120 and M165

displayed in Fig. 3. A careful inspection of the SEM

images indicates that all samples have a broad

distribution of particle size and different morphologies

along the series, i.e., with the progressive increase of

milling time. The starting powder (see Fig. 3a)

comprises platelet-like grains with dimensions of

� 4 lm length and � 0.5 lm thickness. This

platelet-like morphology is typical of Bi-2223 super-

conducting samples and results from the high

anisotropic crystal structure repeatedly found in

superconducting cuprates (Govea-Alcaide et al.

2007). Increasing tm to 120 min results in appreciable

changes in the morphology of the grains, as shown in

the SEM images of the sample M120 displayed in

Fig. 3b. The resulting M120 powder consists of a few

and much smaller platelet-like grains of � 1 lm and a

Fig. 2 X-ray diffraction patterns of samples M0 (a), M120 (b),

M165 (c), M175 (d), and M210 (e). The Bragg reflections

belonging to the Bi-2223 phase are marked by Miller indexes in

(a)
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great number of very thin particles. Increasing further

the milling time to 165 min results in an entirely

different morphology of the Bi-2223 grains, as

displayed in Fig. 3c. The SEM image of sample

M165 clearly shows a very low population of the even

smaller, platelet-like grains, and that the resulting

powder is composed of agglomerates (or clusters)

consisting of very tiny particles. It is expected that the

very tiny particles have a highly disordered surface

due to the high energy employed during the ball

milling process. This is particularly supported by the

very high background observed in the XRD powder

diagrams that increases with increasing milling time

(see Fig. 2). In addition to this, the formation of the

tiny Bi-2223 particles is certainly related to the

fracture of the large � 4 lm grains by different

mechanisms. In this particular case, fracture by a

combination of abrasion, attrition, and/or fragmenta-

tion may be responsible for such a resulting morphol-

ogy (Verkoeijen et al. 2002; Gaffet et al. 1995).

However, taking into account the morphology of the

Bi-2223 grains and the shape of the fine resultant

particles, the first two mechanisms must prevail.

Figure 4 displays a selected TEM image of the

sample M165. As observed in this image, the tiny

particles of this sample have the form of nanorods. We

have found that the nanorods have an average diameter

of dg � 20 nm and a length Lg in the range of 200

� l� 800 nm. The occurrence of nanorod-like grains

seems to be a common feature of ball milled super-

conducting cuprates, as reported elsewhere (Lu et al.

2007). From the images displayed in Figs. 2 and 4, it is

reasonable to infer that both the number and the size of

the Bi-2223 grains have a definite change with

increasing milling time.

Changes in the morphology of the ball milled

samples certainly have their counterparts in the

magnetic properties of the samples. As far as this

point is concerned, Fig. 5a displays the temperature

dependence of the magnetic susceptibility vðTÞ of the

Fig. 3 SEM images for different milling times of samples: a the

starting powder M0, b M120, and c M165

Fig. 4 TEM image of powders milled for up to tm = 165 min,

also referred to as sample M165. The image shows an expanded

view of the agglomerates or clusters of the tiny Bi-2223 grains
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ball milled samples in the superconducting region, i.e.,

below � 110 K. Diamagnetic contributions to vðTÞ,
indicating the occurrence of superconductivity, are

observed at temperatures below Tc � 108 K in all

samples studied. We first mention that this value of

Tc � 108 K is in excellent agreement with the

superconducting critical temperature reported for

single-phase Bi-2223 samples with large grains (Muné

et al. 2003), further indicating the presence of the Bi-

2223 phase in all milled samples. We have also found

that the diamagnetic signal of the ball milled samples

decreases with increasing tm. Such a successive

decrease in the diamagnetic contribution to vðTÞ can

be understood within the framework of the London

theory. For a superconducting cylinder of infinite

length, with diameter dg less than the London pene-

tration depth k, the magnetic susceptibility vðTÞ in the

superconducting region is given by vðTÞ ¼
�Aðdg=kðTÞÞ2

(Shoenberg 1952), where A is a

constant that takes into account the demagnetization

factor of the grains and the random orientation of the

particles (Paturi et al. 2003). For superconducting

cuprates, typical values of kabð0Þ � 100–200 nm

within the ab-plane and kcð0Þ � 1000–7000 nm along

the c-axis, and for Bi-2223 samples, kabð0Þ� 120 nm,

are frequently found in the literature (Panagopoulos

et al. 1997; Kopelevich et al. 1994). Taking our

results into consideration, dg � kabð0Þ � kcð0Þ, and

as dg decreases systematically with increasing milling

time, a continuous decrease in the diamagnetic

contribution to vðTÞ with tm would be expected, in

good agreement with the data displayed Fig. 5a. In

addition to the decrease of the diamagnetic contribu-

tion to vðTÞ with decreasing grain size, the disordered

surface of the milling grains must be considered. Due

to high energy of the milling process, one would also

expect an increase in the degree of disorder at the

surface of the ball milled grains, which may be

considered as having a shell–core morphology. In such

a morphology, the grains comprise a superconducting

core, composed of the Bi-2223 phase, as supported by

the XRD data, and a surface or shell. Such a surface or

shell is expected to be highly disordered and its width

to increase with increasing milling time. Such a

morphology of the milled grains is sufficient for taking

into account not only the systematic decrease in the

diamagnetic contribution to vðTÞ with increasing

milling time but also other magnetic properties of

the samples, as discussed below.

We have also found that below Tc � 108 K the

magnitude of the diamagnetic contribution to vðTÞ,
displayed in Fig. 5a, increases with decreasing tem-

perature reaching a maximum value at T ¼ Tmin. As

listed in Table 1, Tmin moves toward higher

(a)

(b)

(c)

Fig. 5 Temperature dependence of the magnetic susceptibility

for all samples studied in this work. a vðTÞ curves in the

superconducting region and b in the normal-state region. c The

linear portion of the Curie plot, v�1 versus T
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temperatures with increasing tm, e.g., Tmin � 20 K in

sample M120 and assumes a very high value of � 92

K in sample M210. In addition to this, for temperatures

T � Tmin the magnitude of the diamagnetic signal

decreases. The obtained results also show that, at T = 5

K, samples which were subjected to short milling

times as M120, M135, and M150 still display a robust

diamagnetic signal, i.e., a large superconducting frac-

tion at low temperatures. However, in the ball milled

samples for times greater than tm = 165 min, the vðTÞ
curves exhibit a behavior of interest: the magnetic

response changes from diamagnetic to paramagnetic

contribution with decreasing T. This non-monotonic

behavior of vðTÞ indicates that the above argument,

involving only the London penetration depth and

changes in the dimension of the grains for supporting a

continuous decrease in the diamagnetic contribution to

vðTÞ, seems to be insufficient for explaining all the

features displayed in the vðTÞ curves of Fig. 5a. In fact,

the experimental results strongly suggest that the very

tiny Bi-2223 powders have at least two magnetic

contributions to vðTÞ: (i) a diamagnetic one, arising

from the core of the tiny grains and related to the

superconducting Bi-2223 phase, and (ii) a paramag-

netic contribution arising from the shell or surface of

the grains. These two contributions are believed to

compete with each other in a large range of T: below

� 110 K, the magnitude of vðTÞ is mainly governed

by the diamagnetic contribution of the superconduct-

ing Bi-2223 phase, a feature much more pronounced in

samples subjected to short milling times. This is

particularly evident from the vðTÞ data (see Fig. 5a) of

samples M120, M135, and M150 which comprise a

relatively large volume fraction of the Bi-2223 phase,

i.e., large cores, and a disordered shell with a small

width. In these samples, the continuous milling time is

responsible for a progressive decrease in the dimen-

sions of the grains (or cores) and an increase of the

disordered surface of the grains, or more appropri-

ately, to the shell of the tiny grains. The width of the

disordered surface of the grains increases with milling

time and is expected to add a paramagnetic (PL)

contribution to vðTÞ. This PL contribution increases

with decreasing T and competes with the diamagnetic

one below Tmin � 110 K, as displayed in Fig. 5a. As

the milling time increases further, the large diamag-

netic contribution of the cores (Bi-2223 phase)

decreases not only due to the large London penetration

depth k of the materials but also due to the increase in

the volume fraction of the disordered, paramagnetic

shell of the tiny grains. Assuming that the diamagnetic

contribution is negligible for T � Tc and essentially

constant below Tc, the minimum of vðTÞ at T ¼ Tmin

and the behavior of the diamagnetic contribution as a

function of T can be fully understood when a PL

contribution, arising from the disordered surface of the

tiny grains, that increases with increasing million time

and becomes robust at low T is considered.

We have also measured the magnetic susceptibility

vðTÞ at 50 Oe in the normal-state region, roughly from

110 to 300 K, for all ball milled samples, and the

curves are displayed in Fig. 5b. The results indicate

that the qualitative behavior of all curves, except for

the magnitude of the vðTÞ signal, is very similar: vðTÞ
decreases continuously as the temperature raises,

revealing the features of paramagnetic systems. How-

ever, as shown in Fig. 5c, the behavior of 1=v versus

T curves does not follow the Curie–Weiss law within

the entire range of T investigated. In fact, we have

observed that the T window in which the 1=v versus

T curves follow a linear trend increases with milling

time: it is from 300 to � 215, 185, and 160 K in

samples M120, M175, and M210, respectively, as

displayed in Fig. 5c. This suggests that increasing tm
results in a large range of T in which the 1=v versus

T data follow the Curie–Weiss law, a feature consis-

tent with an increase in the volume fraction of the

paramagnetic contribution to vðTÞ in our samples.

Such a feature is also supported by the progressive

increase in the magnitude of vðTÞ with increasing tm,

as shown in Fig. 5b, and is a consequence of the

decrease in the average grain size and an increase in

the width of the disordered shell of the tiny grains. The

combined results displayed in Fig. 5a, b, and c thus

indicated that at least two magnetic contributions to

vðTÞ data are present in the ball milled samples: (i) a

diamagnetic contribution arising from the core of the

grains, related to the superconducting Bi-2223 phase,

and (ii) a paramagnetic contribution, arising from a

disordered shell of the tiny grains.

In order to gain some insight into the origin of the

paramagnetic contribution to vðTÞ, Fig. 5 displays

hysteresis loops M(H) of samples M165 and M180

measured at room temperature. The results clearly

show the occurrence of magnetic hysteresis in both

samples in the magnetic field range �1�H� 1 kOe

and that the magnetization curves are symmetric at

about zero applied magnetic field, indicating the
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absence of exchange bias. At higher fields, the

magnetization data exhibit a paramagnetic contribu-

tion and no evidence of magnetic saturation up to 70

kOe (see insets in Fig. 6a, b). The absence of

magnetization saturation in applied magnetic fields

as high as 70 kOe indicates that the spins at the surface

of the milled grains are contributing to the magnitude

of vðHÞ, as observed in several families of nanostruc-

tured materials (Sundaresan and Rao 2009). We have

also found that the coercivity Hc � 124 Oe at T = 300

K in sample M180 is greater than Hc � 66 Oe in

sample M165, and therefore a systematic decrease in

Hc with decreasing milling time has been observed.

This is somewhat mirrored in the remnant magnetiza-

tion Mrem for all samples listed in Table 1: Mrem

increases with increasing milling time. This suggests a

certain relationship between the strength of the

ferromagnetic signal and tm, or more appropriately

the BPR.

At first glance, the occurrence of a magnetic

hysteresis in M(H) curves indicates a ferromagnetic

contribution to vðTÞ in the ball milled samples.

However, it is difficult to attribute the ferromagnetic

contribution, extracted from the M(H) curves, to a

genuine ferromagnetic phase in the milled samples

studied here. This is because it is well known that

superconducting samples of copper oxide do not

exhibit long-range ferromagnetic order as well as no

longer ferromagnetic extraphases (Sonier et al. 2010).

In fact, the possibility of a ferromagnetic ordering in

heavily overdoped, not superconducting, Bi-2201

single crystals has been raised due to the occurrence

of a van Hove singularity detected by scanning

tunneling spectroscopy experiments (Piriou et al.

2011). The results indicated ferromagnetic fluctua-

tions in metallic Bi-2201 due to an increase in the

density of states at the Fermi level and a possible

ferromagnetic transition below 2 K (Sonier et al.

2010). We also mention that the CuO planes of

superconducting cuprates may also develop weak

ferromagnetism at the interfaces with ferromagnetic

oxides due to the charge transfer of spin-polarized

electrons from the ferromagnetic thin film which

seems to be not the case here (De Luca et al. 2014).

One may also consider the source of the ferromag-

netic-like contribution to M(T) data to the formation of

CuO nanograins or even CuO nanorods and nanowires

during the milling process. As far as this point is

concerned, the magnetic properties of CuO nanograins

and CuO nanowires, synthesized by the electrical

resistive heating method, may be considered (Souza

et al. 2013). The authors have found a ferromagnetic-

like contribution to M(T) data, for magnetic fields

H[ 5 kOe, in these CuO structures. However, the

magnitude of the magnetic signal found in M(T) at

magnetic fields H[ 5 kOe was, at least, two orders of

magnitude smaller than the ones observed here at 0.5

kOe or even lower. These two features, identified as

arising from tiny CuO structures (Souza et al. 2013),

are hardly seen in the data displayed in Figs. 5 and 6. In

addition to this, the occurrence of either CuO

nanograins or CuO nanowires will be easily detected

by X-ray diffraction due to well-defined Bragg peaks

occurring in the range 30 � 2h� 40�, a feature absent

in our X-ray diffraction data displayed in Fig. 2.

Thus, it is most likely that such a ferromagnetic

contribution has its origin in the disordered and

oxygen-deficient surface of the milled grains. It is

(a)

(b)

Fig. 6 M versus H curves measured in samples M165 (a) and

M180 (b) at T ¼ 300 K (b). The insets display the overall

behavior of these curves in the range �70�H� 70 kOe
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well known that oxygen nonstoichiometry at the

surface of grains in Bi-2223 is not only responsible

for changes in the magnetic properties of the samples

but also for a strong decrease of its superconducting

critical temperature (Govea-Alcaide et al. 2015).

Therefore, disordered surfaces and oxygen nonstoi-

chiometry, as the result of the ball milling process,

may display a charge transfer ferromagnetism in

defect-rich regions of oxide surfaces (Coey et al.

2008; Goya and Rechenberg 1999). Such a ferromag-

netic contribution to vðT ;HÞ has been found in

nanoparticles and thin films of diluted magnetic

oxides and other systems with disordered and nonsto-

ichiometric surfaces, similar to those seen in our

milled materials (Coey et al. 2008; Goya and Rechen-

berg 1999).

In summary and by taking into account all the

experimental results described above, it is reasonable

to infer that the magnetic behavior of the ball milled

Bi-2223 samples may be understood by assuming

three different magnetic contributions to vðTÞ in a

large range of T: (i) a diamagnetic contribution,

associated with a superconducting Bi-2223 phase; (ii)

a paramagnetic contribution, arising from the disor-

dered shell of the milled grains; and (iii) a ferromag-

netic contribution related to the disordered and

oxygen-deficient surface of the grains. These different

contributions to the vðTÞ manifest themselves within

different ranges of temperatures and applied magnetic

fields. At room temperature, for instance, the ferro-

magnetic contribution to vðTÞ is robust in samples

milled for prolonged times and in the low-magnetic

field region (H� 2 kOe). Below � 110 K, the

diamagnetic contribution of the samples milled for

short times dominates the magnetic behavior of vðTÞ.
All these magnetic behaviors are related with the

milling process, i.e., the superconducting, or diamag-

netic contribution to vðTÞ decreases with increasing

milling time or more appropriately to the BPR. The

increase of the milling energy has a definite effect on

the grain size and the surface of the grains (Goya and

Rechenberg 1999). As the grain size decreases, the

diamagnetic contribution to vðTÞ becomes weaker,

and under this circumstance the paramagnetic contri-

bution to vðTÞ, including the ferromagnetic contribu-

tion from the oxygen-deficient surface of the grains,

emerges. The origin of the later contribution seems to

be related to surface defects created during the ball

milling process (Sundaresan and Rao 2009; Goya and

Rechenberg 1999). In the milling process, the surface

of the grains is submitted to extreme conditions,

allowing the formation of oxygen vacancies (Coey

et al. 2008; Goya and Rechenberg 1999). It is

expected that the ball milling process leads to the

occurrence of Bi-2223 nanorods with a shell–core

structure comprising (i) a core of stoichiometric Bi-

2223 phase and (ii) a disordered shell in which its

surface is rich in oxygen vacancies. The results

indicate that the number of defects, as oxygen

vacancies for instance, at the surface of the grains

and likely the width of the shell increase with

increasing BPR.

Conclusions

We have prepared Bi1:65Pb0:35Sr2Ca2Cu3O10þd (Bi-

2223) nanopowders using the high-energy ball milling

technique. The ball milling process does not affect

appreciably the phase content of the samples but has a

well-marked influence in the size and morphology of

the Bi-2223. We have found that the milling process

results in grains with nanorod morphology when

milled for times higher than 120 min and with a ball-

to-powder ratio greater than 5:1. Besides this, the

grains have a shell–core morphology in which the core

comprises the Bi-2223 phase and a disordered, oxy-

gen-deficient shell. The width of the disordered shell is

believed to increase with increasing milling time as

well as its surface oxygen deficiency. This kind of

morphology of the grains has a significant effect on

their magnetic properties. At the first stages of the

milling process, the large grains are reduced to tiny

particles and a well-defined decrease in the diamag-

netic contribution, related to the volume fraction of the

superconducting Bi-2223 phase, to vðTÞ is observed.

Increasing the milling time or the energy transferred to

the grains results in the creation of a disordered shell

and defects, as oxygen vacancies, at its surface. Under

these conditions, the diamagnetic contribution of the

milled grains to vðTÞ decreases continuously giving

rise to a paramagnetic contribution which competes

with the diamagnetic one at low temperatures. We

have also found that at high temperatures or close to

room temperature a ferromagnetic contribution to

vðTÞ is observed and associated with the oxygen

vacancies located at the surface of the grains.
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