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The mixed-state superconducting properties of bulk MgB2 + 2 at.% TiO2 and + 8 at.% SiC, prepared by

the in situ solid state reaction, have been investigated. The analysis on the mixed-state parameters, such as

the upper critical field, the coherence length and the Ginzburg–Landau parameter, proves that the MgB2 +

+ 2 at.% TiO2 is a high-� type-II superconductor in the dirty limit while the MgB2 � 8 at.% SiC corresponds

to that in the moderately clean limit. It was shown that the anisotropic grain-boundary pinning is realized in

the fine-grained doped MgB2 polycrystals rather than the electron scattering one. The field-cooled tempera-

ture dependences of magnetic moment exhibit a transition of the samples to the paramagnetic state at certain

applied magnetic fields, which is treated as manifestation of the paramagnetic Meissner effect. The experi-

mental results are discussed on the base of modern theoretical approaches.

PACS: 74.70.Ad Metals; alloys and binary compounds (including A15, MgB2, etc.);
74.25.Qt Vortex lattices, flux pinning, flux creep;
74.25.Sv Critical currents.

Keywords: pinning, vortex dynamic.

1. Introduction

The superconducting magnesium diboride (MgB2),

with a transition temperature Tc � 39 K [1], has emerged

to be a promising material for high-magnetic-field appli-

cations in a temperature range of liquid hydrogen. The

existence of two conduction bands and two superconduct-

ing gaps [2], due to the interband and intraband scatter-

ing, can lead to a remarkable enhancement in the upper

critical field H c2 [3]. On the other hand, the critical cur-

rent density J c of the bulk MgB2, prepared by the tra-

ditional method, is significantly low compared to the

conventional low-Tc superconductors, owing to a poor

electrical connection between grains and a lack of flux
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pinning centers in the material. It was shown recently that

the essential factors for J c in superconducting MgB2 are

the connectivity and the flux pinning by the grain bound-

aries [4,5]. For example, a detectable increase in the criti-

cal current is observed for the finely crystalline MgB2

films, prepared by different methods [6,7]. Another way

to improve J c is the introduction (or the doping) of

nanosize non-superconducting inclusions in the bulk

MgB2 , including TiO2 and SiC, which play a role of

additional effective pinning centers [8–14].

In real (non-ideal) superconductors, J c is controlled

by the pinning force density, F J Bp c� � � , where B is

magnetic induction, which blocks the vortex motion un-

der the action of the Lorenz force. The F p value is pro-

vided by the pinning mechanism of an individual vortex

at the microstructural imperfections (at low magnetic

fields) [15] and by the elasticity of flux-line lattice with

increasing B significantly [16,17]. The main difficulty in

analyzing the flux pinning mechanism and disappearance

of the non-dissipative current state in polycrystalline bulk

superconductors is connected with the complex micro-

structure and the chemical inhomogeneity, such as the

grain boundaries (GBs), the second-phase inclusions, the

intergranular porosity, the screw and the edge disloca-

tions, and so on. All these defects can play a role of the

pinning centers with different mechanisms of the vor-

tex-defect interaction. Therefore, the elucidation of flux

pinning mechanism in the bulk MgB2 doped with TiO2 or

SiC should be based on careful study of the microstruc-

ture, and analysis of the magnetic field and the tempera-

ture dependences of pinning force density. It was shown

recently that the Ti-doped MgB2 manifests a significantly

improved J c due to the greatly refined MgB2 grains, the

formation of a thin TiB2 layer at the GBs, and the pres-

ence of MgO nanoparticles [12,18,19]. On the other hand,

the predominant mechanism of flux pinning for this com-

pound remains unclear.

Another peculiarity of the dynamic mixed state of

non-ideal superconductors is related to the «paramagnetic

Meissner effect» (PME) or «Wohlleben effect», which

was observed recently in MgB2 [20]. In this case the tem-

perature dependence of the magnetic moment (or the

magnetic susceptibility) reveals a paramagnetic signal at

T Tc� (instead of a diamagnetic one), when the sample

was cooled down in an external magnetic field (the

field-cooling regime) [21–24]. The observed paramag-

netic response is explained by the formation of a system

of multiply connected Josephson junctions (for different

s- and d-wave pairing mechanism) [25–27], which is typi-

cal for granular superconductors, or by the non-uniform

redistribution of the Abrikosov vortices in the sample

upon the heterogenous superconducting transition in an

applied magnetic field [28,29].

In this paper, we present the experimental results for

the bulk MgB2 doped with TiO2 and SiC inclusions. The

predominant mechanism of flux pinning and the observed

evidence for the PME are discussed in detail.

2. Experimental techniques

The samples were prepared by the in-situ solid state re-

action, which was described in detail elsewhere [4]. Me-

chanically alloyed MgB2 + 2 at.% TiO2 (MBTO) and

MgB2 + 8 at.% SiC (MBSC) powders were used for the

sintering. The average grain size of the nanoparticles was

about 30 and 40 nm, for TiO2 and SiC, respectively. The

high-resolution transmission-electron-microscopy

(TEM) and the electron-diffraction (ED) studies were

carried out by using a Philips CM300UT-FEG micro-

scope with a field emission gun operated at 300 kV. The

resolution of microscope was around 0.12 nm. All the

microstructural measurements were performed at room

temperature. The field-cooled (FC) and the zero-field-

cooled (ZFC) temperature dependences of magnetic mo-

ment, and the hysteresis loops [M H( ) ] were measured in

an applied magnetic field along a sample axis, which was

3–4 times longer than the shorter ones, using a Quantum

Design SQUID magnetometer in a temperature range of

2–40 K. The J c was estimated from the M H( ) curves

using the extended Bean model [4,14].

3. Microstructures

Figure 1,a shows the TEM image for MBTO, manifest-

ing the presence of two regions with different microstruc-

tures. The top part (A) corresponds to the coarse-grained

polycrystal with an average grain size of 50–70 nm, while

the bottom one (B) exhibits the relatively fine-grained

microstructure (the grain size is smaller to be 10 nm). The

ED pattern of the sample (see Fig. 1,b) reveals that the

large- and the small-size grains have the same hexagonal

crystal lattice, which is typical for the MgB2 phase. The

moire fringes are also revealed on the TEM images of cer-

tain grains (black arrows in Fig. 1,a), manifesting pres-

ence of the TiB2 phase, which is isostructural to MgB2

but has slightly different crystal lattice parameters. a �

= 0.3086 and 0.303 nm, and c � 0.3523 and 0.323 nm for

MgB2 and TiB2, respectively [12]. It is confirmed by

the local ED pattern taken from the «moire» grain (see

Fig. 1,c), which shows a slight splitting of the Bragg spots

along the ( )*001 direction. In addition, Fig. 1,a exhibits

the well-defined rectangular inclusions (white arrows),

which have a cubic crystal lattice (see the corresponding

local ED pattern in Fig. 1,d), and are identified as the

MgO phase. The average size of these inclusions is about

50 nm. Therefore, the MBTO sample has combined

microstructures composed of the small- and the large-size

MgB2 grains, which can be separated by thin TiB2 inter-
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layers along the c axis, and the MgO inclusions. The ob-

tained results are very close to microstructural data for

MgB2 doped by a pure Ti precipitations [12,18,19].

Figure 2 shows the TEM image for MBSC, indicating

that the sintered sample has also a multi-phase polycrys-

talline microstructure with an average grain size near

200 nm. The ED pattern (see inset (a)) reveals that these

grains have a hexagonal crystal lattice, which is typical

for the MgB2 phase. The moire fringes, similar to MBTO,

are also revealed on the TEM images of certain grains

(denoted by white arrow). Such a type of TEM contrast

can be treated as accumulation of the lattice strain inside

grains or presence of an additional phase, which is iso-

structural to MgB2. Most probably this phase corresponds

to MgB C2� y y and is formed by the partial substitution of

carbon for boron. The black arrows indicate the well-de-

fined rectangular inclusions, which have a cubic crystal

lattice (see the corresponding local ED pattern in the inset

(b)), and is identified as the MgO phase. The average size

of these inclusions is about 50 nm. At the same time, the

sample has regions in a subgrain ( � 10 nm) phase (indi-

cated by A), whose chemical composition is undefined.

Therefore, the principal difference between MBTO

and MBSC samples is connected with different average

grain sizes of the basic MgB2 phase: 50–70 and 200 nm,

respectively.

4. Experimental results

Figure 3 presents the ZFC (a) and the FC (b) tempera-

ture dependences of the magnetic moment, M T( ), for

MBTO at different applied magnetic fields. It is seen that

the ZFC M T( ) curves demonstrate the diamagnetic be-
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Fig. 1. High-resolution TEM image for MBTO. A and B indi-

cate the regions of coarse- and fine-grained microstructures,

respectively. Black arrows show the moire fringes for stacked

grains. White arrows indicate the MgO inclusions (a).

[0001]-zone-axis selected area ED pattern for the MgB2 grain

(the reflexes are shown) (b). [2-1-10]-zone-axis selected area

ED pattern for stacked MgB2 and TiB2 grains [the (001) re-

flexes are shown] (c). [001]-zone-axis selected area ED pattern

for the MgO inclusion (d).

a

b

A

Fig. 2. High-resolution TEM image for MBSC. White arrow

indicates the moire fringes for the lattice strain or the presence

of an additional phase, which is isostructural to MgB2. Black

arrows mean the MgO inclusions. Inset (a) shows the

[0001]-zone-axis selected area ED pattern for the MgB2 grain

(the reflexes are shown). Inset (b) is the [001]-zone-axis se-

lected area ED pattern for the MgO inclusion.



havior at T Tc� , which is typical for a common supercon-

ductor. In contrast to that, the FC M T( ) dependencies

manifest the transition of the sample in a paramagnetic

state at certain temperatures (indicated by arrows), which

are significantly below Tc . As stated above, the similar

phenomenon have already been observed in the conven-

tional and high-Tc superconductors, and was called by the

PME [24].

Figure 4 displays the same M T( ) dependencies for

MBSC. The sharp change in the ZFC M T( ) slop (indi-

cated by arrow) at the lowest external magnetic field (H �

= 50 mT) is connected probably with the presence of the

carbon reach magnesium diboride phase. The FC M T( )

dependencies also generally manifest the diamagnetic be-

havior, excepting the magnetic field of 7 T. In this case

the paramagnetic response occurs at T � 15 K.

Figures 5,a and 6,a show selected hysteresis loops

taken at different temperatures for MBTO and MBSC, re-

spectively. The magnetic moment jumps (or oscillations)

are observed in the low-field range with decreasing tem-

perature T � 15 K for MBTO while ones are absent up to

T � 5 K for MBSC. This phenomenon is governed by the

flux-jump instability of critical state in type-II supercon-
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Fig. 3. ZFC (a) and FC (b) magnetic moment curves for MBTO

(numbers are the values of applied magnetic field in T). Arrows

in (b) indicate the para-diamagnetic transition. Lines are only

guides to the eyes.
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ductors, and determined by the strong pinning and the

thermomagnetic properties of materials [30,31].

Analysis of the experimental data allows us to estimate

some critical parameters of the sample, which are summa-

rized in Figs. 5,b and 6,b. The upper critical magnetic

field H c2 was determined at a point where the ZFC mag-

netic moment starts to be deviated from the normal-state

linear background. The linear H Tc2( ) approximation was

used for estimation of the upper critical field at T � 0, as

a most preferable for the two-gap disordered supercon-

ductors [32]. More mixed-state parameters can be calcu-

lated from London theory and some Ginzburg–Landau

relations. The magnetic penetration depth, �, was

obtained from � � �M H/ ln 	 
�0
28/ ( ), where 	 � �

� � �2 07 10 15. T·m2 is the magnetic flux. The high-field re-

versible M H( ) branches were used for the analysis. The

reversible magnetic moment is either calculated from the

high-field irreversible branches in increasing (M � ) and

decreasing (M �) fields in the fully penetrated state,

( M � � M � ) /2 or directly measured [33]. The coherence
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length was estimated from 
 	 
( ) [ / ( )] /T H Tc� 0 2
1 22 and

the Ginzburg–Landau parameter as � � 
( ) ( ) / ( )T T T� .

Because H Tc2 2( ) � �H Tc ( ), temperature dependence

of the thermodynamic critical field H c can be estimated,

as well. The first critical field was obtained from expres-

sion H c1 0
24 0 0 08� �[ / ( )](ln . )	 
� � .

For many practical superconductors, including the

MgB2 compound, the critical current can be treated as

zero at the irreversibility magnetic field H irr , which is

lower than H c2 and manifests the transform of M H( ) on a

reversible branch. Because this process is accompanied

by the pinning suppression, just H irr is used, as a rule, for

analysis of the pinning force density versus a reduced

magnetic field, b H H� / irr . The H irr value was deter-

mined by taking the splitting point between ZFC and FC

M T( ) curves and by extrapolating the negative and the

positive M H( ) branches to the reversible point of mag-

netic field. The calculated mixed-state parameters are

summarized in the Table 1. It should be noted that the ob-

tained results are almost coincident with the published

ones for the similar bulk materials or films [10,34,35].

Figures 7,a and 8,a show the J Hc ( ) curves at different

temperatures obtained from the hysteresis magnetization

loops for MBTO and MBSC, respectively. The critical

current density was calculated, based on the extend-

ed Bean model [4,14], using J H M M Vc ( ) [( ) / ]� � �� �

� �2 1 3/ [ ( / )]d d w , where ( )M M� �� is the width of the

hysteresis loop, V is the sample volume, d and w ( )d w�

are the dimensions of the sample perpendicular to the

applied field.

Figures 7,b and 8,b display the pinning force density

versus a reduced magnetic field, b H H� / irr , measured at

different temperatures for MBTO and MBSC, respec-

tively. As a rule the field dependence of F p for type-II su-

perconductors follows a scaling law of F b bp
p q� �( )1

with the maximum at b p p qpeak � �/ ( ), which is deter-

mined by the sample microstructure and the pinning me-

chanism [36]. At the same time, Fig. 7,b shows that for

MBTO the F bp ( ) dependence trends to have a double-

peak shape with decreasing temperature (indicated by ar-

rows). Such a type of F bp ( ) have already been observed

in thick MgB2 films and was explained by two pinning

mechanisms at point and planar defects [37]. It was

shown recently, that the MgB2 doped with SiC demon-

strates the F b Ab bp ( ) ( ).
�

0 5 21� behavior in whole tem-

perature range, where A is a certain numerical factor [4].
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Table 1. The mixed-state superconducting properties of the bulk MgB2 + 2 at.% TiO2 and � 8 at.% SiC.

Samples
Upper critical field

Hc2 0( ) , T

Thermodynamic critical

field, Hc ( )0 , T

First critical

field Hc1( )0 , mT

Magnetic penetration

depth, �( )0 , nm

Coherence length


( )0 , nm

Ginzburg–Landau

parameter, �( )0

MBTO 35 0.84 70 90 3.07 29.1

MBSC 23.8 0.25 11.3 250 3.7 68
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Fig. 7. Magnetic field dependence of the critical current den-

sity for MBTO at different temperatures. Lines are only guides

to the eyes (a). Reduced magnetic field dependence of the pin-

ning force density at 15 and 25 K. Arrows point out the dou-

ble-peak behavior of F bp( ). Solid and dashed lines are the

fitting curves, discussed in text. Inset shows the temperature

dependence of the elementary pinning force, f F Np p� / �

where N� is the vortex numder (b).



The solid lines in Fig. 8,b are the same curves with

A � �3 3 10 9. , 1 8 1010. � and 3 4 1010. � N m/ 3 for T � 25, 15

and 5 K, respectively. It is seen that the experimental

curve are excellently coincident with the theoretical one

at T � 25 K, and significantly deviated from its (particu-

larly in the low-field range) at T �15 and 5 K. One can

conclude that the flux pinning mechanism could be

changed with decreasing temperature.

5. Discussions

Analysis of the mixed-state parameters, such as the up-

per critical field, the coherence length and the Ginz-

burg–Landau parameter, allows us to conclude that the

polycrystalline MBTO is a high-� type-II superconductor

in the dirty limit, in contrast to the single-crystalline

MgB2, manifesting the properties typical for a low-� su-

perconductor in the clean limit [14]. The threshold be-

tween moderately clean and moderately dirty limits for

MgB2 is given by 
 0 � l, where 
 0 is the coherence length

resulted from the microscopic theory and l is the electron

mean free path, corresponding to H c2 � 27 T [3], which

is smaller than the upper critical field in the case of

MBTO. At the same time the analysis of the mixed-state

parameters allows us to conclude that the polycrystalline

MBSC belongs to a high-� type-II superconductor in the

moderately clean limit, because the H c2 0( ) � 23.8 T is

slightly smaller than the threshold value.

The following peculiarities of mixed state, which are

observed in MBTO and MBSC, must be discussed in de-

tail. There are the predominant mechanism of flux pin-

ning and the origin of PME.

Flux pinning and vortex dynamics

The pinning force density at low magnetic field (when

the vortex number, N � , is smaller than the number of pin-

ning centers) can be expressed by a direct summation on

vortices, because only the pinning interactions have be

summarized: F f Np p� � , where f p is the elementary

pinning force. Taking into account that N H� 	� / 0, one

can write f dF dHp p H� 	 0 0/ | � and use this expression

for the estimation of f p value from the experimental

F Hp ( ) curves. The obtained results for the elementary

pinning force are represented by the insets in Figs. 7,b

and 8,b for MBTO and MBSC, respectively. It is seen that

f p decrease with increasing temperature for both the

samples and described by an empirical expression f p �

� f tp ( )( )0 1� , where f p ( )0 � 4 7 10 4. � � and 5.0� �10 5 N/m

for MBTO and MBSC, respectively, is the elementary

pinning force at T � 0 and t T Tc� / . The observed linear

temperature dependence of f p will be discussed later.

The vast majority experimental results evidence that

the grain boundaries (GBs) are dominant pinning centers

in the MgB2 superconductors [4,5,38,39]. The most dis-

cussed mechanism for the GB pinning is based on the pos-

sible decrease of a coherence length near GB, due to the

electron scattering [40,41]. The simplified expression for

the electron scattering GB elementary pinning force can

be written as [41] f p ( )0 � 0.115 [Bc
2

00
 �( ) / ], where � 0

is a magnetic constant. The maximum values of f p ( )0 ,
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which were calculated within the framework of this

model using the obtained mixed-state superconducting

parameters, turn out to be 1 98 10 4. � � and 2 1 10 5. � � N/m for

MBTO [H c ( )0 � 0.84 T and 
( )0 � 3.07 nm] and MBSC

[ ( )H c 0 � 0.25 T and 
( )0 � 3.7 nm], respectively, that are

twice smaller than the experimental values. This dis-

agreement testifies that the electron scattering GB pin-

ning probably can not be realized perfectly in the such

type of superconductors. It is believable that the electron

scattering GB pinning is greatly suppressed with decreas-

ing the grain size, owing to the complete averaging of the

electron mean free path through the whole grain volume

and disappearance of the coherence length gradient near

GB [40–42]. It is more reasonable to suggest that the vor-

tex pinning in a fine-grained microstructure is governed

by the significant anisotropy of the mixed-state supercon-

ducting parameters and the random orientation of the

adjacent grains. [43] The preference in this case is the

anisotropic GB pinning, which is governed by a signifi-

cant change in the coherence length (or the upper critical

field) at the transition of vortex through the boundary be-

tween adjacent grains. It is known that the coherence

length is different in the ab plane and in the c direction for

the MgB2 single crystal: 
 �
ab c( ) ( )0 0� where � is the

anisotropy coefficient [33]. Therefore, the energy dif-

ference for formation of a vortex in the c and the a-b ori-

ented grains is equal to 
 
 �Bc
2 2

00 2� ( ) / , where �
( )0 �

� �
 
ab c( ) ( )0 0 . The vortex feels the spatial variation of

the potential during its displacement by about the cohe-

rence length, and the elementary pinning force can be

given by

f p Bp ( ) ( / )[ ( ) / ( )]0 2 0 02
0

2
� c � 
 
� �

� � �p Bc( / )[( ) / ( )] ( )2 1 1 02
0� � � 
 ,

where p � 0.22 is the probability for the neighboring

grains to be most randomly oriented and 
( )0 is the exper-

imental (average) coherence length. By using again the

obtained mixed-state parameters and � � 4 [3], it was

found that f p ( )0 � 4.55� �10 4 and 4.9� �10 5 N/m for

MBTO and MBSC, respectively, which are coincident

well with the experiment. Moreover, the linear tempera-

ture dependence of the elementary pinning force, repre-

sented by the insets in Figs. 7,b and 8,b, is an analog to

that for the anisotropy parameter [39]. Therefore, one can

conclude that the anisotropic GB pinning is realized in the

MBTO and MBSC polycrystals rather than the electron

scattering one.

Now let us consider the double-peak behavior of F bp ( )

in MBTO. The microstructural analysis reveals that the

MgO nanoparticles and the isostructural TiB2 phase (see

Fig. 1,a) have a low concentration in this sample and can-

not play an essential role in the pinning process. There-

fore, the double-peak shape of the F bp ( ), represented by

Fig. 7,b, is not explained by the action of two different

pinning mechanisms [37], but is rather governed by pres-

ence of the regions with different sizes of the grains ((A)

and (B) areas in Fig. 1,a). The decrease of grain size leads

to significant suppression of both the electron scattering

and the anisotropic GB pinning. Therefore, the fine- and

the large-grained regions should demonstrate different

pinning interactions. Both the field location and the

height of the peak of F bp ( ) are very sensitive to the ele-

mentary pinning force value. For example, the formation

of weak widely spaced pinning centers results in a small

peak on F bp ( ) at a high b while the strong closely spaced

pins form a large peak at a low b [44]. Figure 7,b shows

that the experimental F bp ( ) dependance can be approxi-

mated by two fitting curves Ab b0 5 21. ( )� (solid line) and

Bb b0 3 21. ( )� (dashed line), where A � 6�10 9 and B �

� �4 5 10 9. N m/ 3 are the fitting parameters. It is concluded

that these empirical expressions describe the flux pinning

in the sample regions with different microstructures.

The similar reason explains the deviation of F bp ( )

from an empirical function b b0 5 21. ( )� with decreasing

temperature for MBSC (see Fig. 8,b). Figure 9 shows the

same experimental curves for the relative pinning force

density with respect to the maximum F p
max value. It is

clearly distinguished that the peak position of the

F F bp p/ ( )max curve is shifted in the low-field range and

its behavior is fitted more exactly by an empirical func-

tion of b b0 3 21. ( )� at T � 25 K. Taking into account, that

the elementary pinning force increases with decreasing

temperature (see inset in Fig. 8,b), the observed modifica-

tion of the F bp ( ) shape is quite expectable.
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Paramagnetic meissner effect

Figures 3,b and 4,b display that the paramagnetic re-

sponse appears on the FC M T( ) dependences within a cer-

tain range of applied magnetic field, 0.1 T � �H 2 T, for

MBTO and at H � 7 T for MBSC. Moreover, the transi-

tion from paramagnetic to diamagnetic state is occurred

by a jump with increasing temperature and its the phase

diagram, H TPME ( ), is exactly coincident with the irre-

versibility line, H Tirr ( ) (see Figs. 5,b and 6,b). Therefore,

one can conclude that the vortex trapping is a necessary

requirement for the PME observation in our case. Such a

task has already considered theoretically in the frame-

work of the self-consistent solution of Ginzburg–Landau

equations [29] and Bean model [28]. The both approaches

predict formation of the inhomogeneous («compressive»)

vortex state as the superconductor is cooled down in a

magnetic field across Tc , which introduces the paramag-

netic contribution to the total magnetic moment of sam-

ple. The first approach [29] was developed for a long

superconducting cylinder in a parallel magnetic field. The

model predicts existence of vortices inside the sample in

the metastable state that leads to appearance of the PME.

The metastable states are introduced in a superconductor

by vortex pinning, which is the source of inhomogeneous

distribution of the vortices. According to this model the

paramagnetic states can exist only within a certain range

of magnetic fields and disappear at very low and very

large magnetic fields. Moreover, the jump transitions be-

tween the paramagnetic and the diamagnetic states are

also prognosticated. Therefore, the model demonstrates a

good qualitative agreement with the obtained experimen-

tal data. However, the more detailed numerical analysis

finds out serious contradictions between theory and

experiment. For example, the PME, described by this mo-

del, is possible only for superconductors larger than a par-

ticular size. This size is defined by a dimension parame-

ter: A R H� �� 
 	1 2
0

1 22( / ) / , where R is the sample

radius. According to this, the transition from diamagnetic

to paramagnetic state is expected at A � 1. For our sam-

ples, which have 
R 2 6 20 94 10� � �. m , A � 1 at an applied

magnetic fields H � � �6 8 10 4. Oe, which is greatly smaller

than the magnetic field of earth. Consequently, the theo-

retical model indicates in our case that the PME should be

observed at all employed magnetic fields, which is com-

pletely different from the experiment. The second consi-

deration [28] reveals that M M f a b w/ ( , / )M � , where

M M is the magnetic moment in the Meissner state, a is the

fraction of trapped flux, b is the width of region with the

critical current flowing (the region of «flux compres-

sion»), and w is the sample diameter. According to this

model, the magnetic moment becomes more paramag-

netic with increasing both a and flux compression (de-

creasing b w/ ). In the case of complete flux trapping (a �

= 1) M is always paramagnetic while a pinning-free su-

perconductor (J c � 0) testifies the diamagnetic response

only. However, the following complications do not allow

us to use this model for the interpretation of experimental

results. There are the experimentally nonmeasurable pa-

rameters of a and b in the model, the considered sample

geometry corresponds to a thin plate or disk in the perpen-

dicular magnetic field, and the employment of the Bean

model is for a description on the «compressive» vortex

state.

Taking into account all mentioned above, we suggest a

following explanation of the origin for PME in the poly-

crystalline MBTO and MBSC superconductors. The het-

erogeneous superconducting transition in the external

magnetic field occurs with decreasing temperature due to

a great anisotropy of the upper critical field, which is typi-

cal for the MgB2 compound [33]. The random grain (or

grain group) orientation relative to the external field cre-

ates a significant variety of Tc in the different grains, be-

cause the H Tc2( ) behavior is strongly dependent on the

crystal lattice axis. Figure 10 displays that the grains

(orgrain groups), whose ab planes are oriented parallel to

H become superconducting first (Tc
ab ) while the ones
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with c H| | orientation have the lower critical tempera-

ture (Tc
c). Certainly, it is correct only for a case, when

the sample is cooled in the external magnetic field. The

superconducting grains trend to displace the vortices in

the adjacent «bad»-oriented ones. However, this strength

is compensated by the GB pinning force and resulted in a

creation of the «compressive» vortex state. Because the

«compressive» vortex state is characterized by the hetero-

geneous flux distributing, the critical current flowing

must be occurred in such regions. This current has an op-

posite direction relative to the Meissner one and deter-

mines a positive sign of magnetic moment. The total mag-

netic moment can be expressed as a superposition of two

contributions: M M J M JM c� � �( ) ( ), where �M J M( )

and M J c( ) are the diamagnetic (Meissner) and the para-

magnetic (PME) magnetic moments, respectively. The

M J c( ) is directly determined by the pinning force. It is

confirmed by the full coincidence between the H TPME( )

and the H Tirr ( ) experimental curves. Because the pinning

force density demonstrates non-monotonic magnetic field

dependence, the M J c( ) contribution will be also decreas-

ed at low and high external magnetic fields, leading to

disappearance of the PME in these regions. The offered

explanation substantially coincides with the outline of the

considered model [28]. The fundamental differences con-

sist of the nature of heterogeneous superconducting tran-

sition and the origin of the critical Bean state in the sepa-

rated areas of the sample. Therefore, it is concluded that

the paramagnetic Meissner effect in polycrystalline

MBTO and MBSC is governed by the significant aniso-

tropy of the superconducting parameters and the micro-

structural peculiarities rather than the geometry and the

size of sample.

Moreover, such a type of flux heterogeneity is con-

firmed by the unusual behavior of magnetization relax-

ation. Figure 11 displays the time dependences of reduced

magnetic moment at 10 K, which are obtained after cool-

ing down of the samples in an external magnetic field of

1 T followed by the subsequent switching off. The dashed

lines are fitting curves corresponding to the interpolation

formula suggested by the collective vortex creep theory

[45] with a pinning potential height of U 0 � 25 and

17.6 meV, for MBTO and MBSC, respectively. The main

unexpected peculiarity in the M M( ) / ( )� 0 behavior is ap-

pearance of a large magnetic noise at � � 100 s (indicated

by arrow), which can be explained by the intrinsic in-

homogeneity of a superconductor [46]. As aforemention-

ed, the mixed-state inhomogeneity in the external mag-

netic field in our case is governed by the upper critical

field anisotropy.

6. Conclusions

The mixed-state superconducting properties of the

bulk MgB2 + 2 at.% TiO2 and � 8 at.% SiC, prepared by

the in-situ solid state reaction, have been investigated.

The high-resolution TEM study reveals that the samples

have combined microstructures, consisting of the MgB2

phase with an average grain size of 50 and 200 nm, for the

TiO2 and the SiC doping, respectively, and the MgO in-

clusions. The analysis on the mixed-state parameters,

such as the upper critical field, the coherence length and

the Ginzburg–Landau parameter, proves that the MgB2 +

2 at.% TiO2 is a high-� type-II superconductor in the dirty

limit while the MgB2 � 8 at.% SiC corresponds to that in

the moderately clean limit. It was shown that the

anisotropic GB pinning is realized in the fine-grained

doped MgB2 polycrystals rather than the electron scatter-

ing one. In contrast to the ZFC M T( ) curves, which al-

ways manifest the diamagnetic response at T Tc� , the FC

M T( ) dependences exhibit the transition of the sample in

a paramagnetic state at certain magnetic fields. This phe-

nomenon is treated as an evidence for the paramagnetic

Meissner effect. Moreover, the transition from paramag-

netic to diamagnetic state occurs by a jump with increas-

ing temperature and the phase diagram, H TPME( ), is ex-

actly coincident with the irreversibility line, H Tirr ( ). It

was concluded that the observed PME is governed by the

significant anisotropy of the superconducting parameters

and the microstructural peculiarities rather than the

geometry and the size of sample.
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