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High field pinning centers in MgB2 doped with 2 at. % carbon under a low and a high hot isostatic

pressures have been investigated by transport measurements. The field dependence of the transport

critical current density was analyzed within the different pinning mechanisms: surface pinning,

point pinning, and pinning due to spatial variation in the Ginzburg-Landau parameter (Dj pinning).

Research indicates that a pressure of 1 GPa allows similar pinning centers to Dj pinning centers to

be obtained. This pinning is very important, because it makes it possible to increase the critical

current density in high magnetic fields at 20 K and 25 K. Our results indicate that the dTc and

dl pinning mechanisms, which are due to a spatial variation in the critical temperature (Tc) and the

mean free path, l, respectively, create dislocations. The high density of dislocations with inhomoge-

neous distribution in the structure of the superconducting material creates the dl pinning mecha-

nism. The low density of dislocations with inhomogeneous distribution creates the dTc pinning

mechanism. Research indicates that the hot isostatic pressure process makes it possible to obtain a

high dislocation density with a homogeneous distribution. This allows us to obtain the dTc pinning

mechanism in MgB2 wires. In addition, a high pressure increases the crossover field from the single

vortex to the small vortex bundle regime (Bsb) and improves the dTc pinning mechanism. Our

research has proved that a high pressure significantly increases the crossover field from the small

bundle to the thermal regime (Bth), with only a modest decrease in Tc of 1.5 K, decreases the

thermal fluctuations, increases the irreversibility magnetic field (Birr) and the upper critical

field (Bc2) in the temperature range from 4.2 K to 25 K, and reduces Birr and Bc2 above 25 K.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962399]

I. INTRODUCTION

In a superconducting material in the mixed state, vorti-

ces appear. The Lorentz force causes motion of these vorti-

ces, which, in turn, reduce the critical current density (Jc).

These vortices can be anchored by using pinning centers,

leading to an increase in Jc. The pinning centers create nor-

mal conducting areas, weak superconducting areas, and

inclusions. Livingston1 and Wang et al.2 identified four types

of pinning centers: volume pinning centers (e.g., big voids),

surface pinning centers (grain boundaries), point pinning

centers (e.g., precipitates with sizes near the coherence

length), and line pinning centers (dislocations). The critical

current density in the superconducting ceramic materials

also depends on the connections between the grains.

Currently, we have several models for analyzing the

dominant pinning mechanism, e.g., Dew-Hughes,3 identifica-

tion of the dTc and dl pinning mechanisms,4 and Higuchi

et al.5 Dew-Hughes proposed several formulas for various

pinning mechanisms, e.g., point (h(1 � h)2—e.g., precipi-

tates and voids of about the coherence length in size and dis-

locations), surface (h0.5(1 � h)2—grain boundaries), and

volume (h0(1 � h)2—large voids and precipitates), where h
is the magnetic field normalized by the irreversibility field

(Birr). Research indicates that the dislocations create high

field pinning centers, because they increase the critical cur-

rent density in high magnetic fields.6,7 Currently, we have

two types of edge and screw dislocations. Dam et al. pro-

posed that both types of dislocations anchor vortices in the

same way.8 The results reported in the literature indicate that

the surface and volume pinning increase the critical current

density (Jc) in low magnetic fields, while the point pinning

centers increase Jc in the middle and high magnetic fields.9
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The dl pinning mechanism is associated with charge carrier

mean free path variations, and the dTc pinning mechanism is

linked to randomly distributed spatial variations in the transi-

tion temperature.9 Magnetic measurements reported by

Motaman et al.10 and Ghorbani et al.9,11 indicate that the

dl pinning mechanism is dominant at low temperature, and

the dTc pinning mechanism is dominant at high temperature.

In addition, studies indicate that an undoped MgB2 material

has dTc as its dominant pinning mechanism and that a doped

MgB2 material has dl as its dominant pinning mechanism.2,12

The effectiveness of these pinning centers is the greatest

for a high Ginzburg-Landau (j) parameter. Higuchi et al.
proposed three types of pinning mechanisms, e.g., surface

pinning, point pinning, and Dj pinning.5,13 The results in the

literature suggest that the surface pinning centers increase

the critical current density in the low magnetic fields. On the

other hand, the point pinning centers and the Dj pinning

increase Jc in the middle and high magnetic fields.

High field pinning centers (dislocations) can be created

by two methods: cold treatment and hot treatment. The dif-

ferent types of cold treatment include cold isostatic pressure

(CIP14), cold drawing,1 and equal channel multi-angle press-

ing (ECMAP15). These dislocations vanish as a result of

thermal processes, however. The sintering for synthesizing

an in situ MgB2 material also creates dislocations, e.g., the

substitution of C on B sites in MgB2
16 and the shrinkage of

the MgB2 material.17 These processes create an inhomoge-

neous distribution of dislocations. Only a hot isostatic pres-

sure (HIP) makes it possible to obtain a homogeneous

distribution of dislocations.18,19 A homogeneous distribution

of dislocations is very important, because it allows us to

obtain a homogeneous distribution of the high field pinning

centers. This leads to a high critical current density in the

high magnetic fields.

Previous studies of the dTc and dl pinning mechanisms

were performed by using magnetic measurements.2,4,9–12 We

will show results on the dTc and dl pinning mechanisms that

were obtained by the transport measurements. In addition, in

this article, we analyze the pinning mechanisms using the

methods of Dew-Hughes and Higuchi et al.. We also show

the effects of high pressure on the structure of the MgB2

material, as well as Tc, Birr, the upper critical field (Bc2), and

Jc. Moreover, we will show that the distribution of pinning

centers can have a decisive influence on the Jc at 20 K and

25 K. We will show that dislocations create high field pin-

ning centers. These pinning centers also increase Jc at a high

temperature.

II. PREPARATION OF SAMPLES

The wires were made at Hyper Tech Research using a

continuous tube forming and filling (CTFF) process.20 The

MgB2 wires had 36 filaments and a Nb barrier. The filaments

comprised a nano-sized B, pre-doped with 2 at. % C with an

Mg to B ratio of 1:2. The wires were fabricated to a diameter

of 0.83 mm, achieving a fill factor of 14%. All the wires

were annealed under an isostatic pressure at the Institute of

High Pressure Research in Warsaw.21 The HIP was a two-

step process: the isostatic pressure was first applied, and then

the wire sample was ramped to the set annealing tempera-

ture. The HIP process was ended by decreasing the annealing

temperature to room temperature before decreasing the

isostatic pressure. The samples were annealed at 700 �C at

pressures between 0.1 MPa and 1 GPa (Table I). The HIP

was performed in a 5 N argon atmosphere in a high gas pres-

sure chamber. The transport critical current (Ic) of the MgB2

wires was measured by the four-probe resistive method at

10 K, 20 K, and 25 K at the Institute for Solid State and

Materials Research Dresden.22 The Ic was determined on the

basis of the 1 lV/cm criterion. The critical temperature and

the critical magnetic fields were measured using the four-

probe resistive method on a physical properties measurement

system (PPMS), operating at 100 mA and 15 Hz at the

International Laboratory of HMF and LT.23,24 Tc, Birr, and

Bc2 were determined with the respective criteria of 50%,

10%, and 90% of the normal state resistance. An analysis of

the microstructure was performed using a scanning electron

microscope (SEM; FEI Nova Nano SEM 230) at the Institute

of Structural Research and Low Temperatures in Wroclaw,

PAS.

III. RESULTS

Fig. 1(a) shows the results of scanning electron micros-

copy (SEM) for sample A (HIP at 0.1 MPa). These results

indicate that annealing under a low pressure creates large

voids, large grains, lower MgB2 material density, and an

inhomogeneous distribution of voids and grains. In addition,

a low pressure (with the high pressure) reduces the number

of connections between the grains and creates an inhomoge-

neous distribution of connections between the grains (with

greater and fewer number of connections at different loca-

tions). This leads to an inhomogeneous distribution of the

pinning centers and may facilitate the movement of the dis-

locations. On the other hand, results from sample C indicate

that annealing under a high pressure creates small voids,

small grains, and a better MgB2 material density, producing

a homogeneous distribution of grains (Fig. 1(b)). In addition,

a high pressure increases the number of connections between

the grains and creates a homogeneous distribution of connec-

tions between the grains. This leads to a homogeneous distri-

bution of the pinning centers and a better distribution of the

dislocations.

The results in Fig. 2 show that a pressure of 1 GPa

decreases the Tc by 1.5 K in B¼ 0 T (sample A: 34 K and

sample C: 32.5 K). A longer annealing time (90 min) does

not change the Tc (B¼ 0 T). In addition, our studies indicate

TABLE I. The parameters of the HIP process for the samples in this study.

Sample identifier

HIP annealing time

(min)

temperature

(�C)

pressure

(Pa)

A 15 700 0.1 M

B 15 700 0.4 G

C 15 700 1 G

D 60 700 1 G

E 90 700 1 G

113901-2 Gajda et al. J. Appl. Phys. 120, 113901 (2016)



that a high pressure increases the Tc above 8 T, Birr, and Bc2

below 16 K, does not change the Tc in the range from 4 T to

8 T, Birr, or Bc2 in the range from 16 K to 25 K, and decreases

the Tc below 4 T, Birr, and Bc2 above 25 K. These results are

very important, because they indicate the temperature range

in which the HIP process increases the critical parameters.

The results presented by Monteverde et al.,25 Lorenz et al.,26

and Bordet et al.27 indicated that decrease of the Tc might

result from an increasing phonon frequency with an

increased pressure, which broadens the density of state and

lowers it on the Fermi surface. The reduction of the Tc of a

wire under pressure during reaction would then be related to

the loss of pxy holes, the reduction of lattice parameters, and

the reduction of c/a ratio (this effect can create a disloca-

tion).25–27 Serquis et al.,18 however, have proposed that the

HIP process creates strains, and this is the mechanism by

which it reduces the Tc.
28 MgB2 experiences a large

shrinkage during the synthesis reactions at temperatures

above 650 �C. The shrinking creates stress (dislocations).

Buzea and Yamashita29 proposed that the shrinkage of the

MgB2 crystal unit cell reduces the Tc by 1 K. Studies pre-

sented by Ghorbani et al.,13 Kazakov et al.,16 and Mudgel

et al.30 indicate that the C substitution on the B sites in the

lattice creates a lattice distortion (strain) and disorder in the

sigma band. It also leads to a reduction in the Tc. Our study

on the undoped MgB2 wires showed that 1 GPa pressure

decreases the Tc by 1.5 K, increases the critical parameters in

the range of 10 K to 27 K, and decreases the critical parame-

ters above 27 K.19 The similar influence of the isostatic pres-

sure to that of C doping on the Tc may indicate that the

isostatic pressure creates a lattice distortion. This is con-

firmed by the study of Serquis et al.18 We believe that this

effect decreases the Tc and the critical parameters above

25 K and increases the critical parameters below 16 K. Based

FIG. 1. The SEM images of a longitu-

dinal section of C doped MgB2 wire

with a monel sheath and a Nb barrier:

(a) Sample A: after the HIP process at

0.1 MPa and 700 �C for 15 min and (b)

sample C: after HIP at 1 GPa and

700 �C for 15 min.

FIG. 2. The transport measurements

for C doped MgB2 wires after anneal-

ing in pressures from 0.1 MPa to

1 GPa: (a) the magnetic field depen-

dence on the critical temperature (Tc);

(b) upper critical fields (Bc2) depen-

dence on the temperature; and (c) irre-

versibility magnetic field (Birr)

dependence on the temperature.

113901-3 Gajda et al. J. Appl. Phys. 120, 113901 (2016)



on the results in Fig. 2 and the results for the undoped MgB2

wires,19 we can deduce that a higher level of C doping and a

higher pressure will cause a further reduction of critical

parameters at higher temperatures (20 K–39 K). This indi-

cates that a pressure of 1 GPa and a small amount of dopant

are the optimum conditions. The shrinkage of the MgB2

material during the solid-state reaction between Mg and B is

small, about 5%, indicating that this effect does not signifi-

cantly influence the Tc.
31 Monteverde et al.25 proposed that

the pressure decreases resistance in the normal state. The

results in Fig. 1 suggest that this reduction may produce a

greater number of connections between the grains.

The results in Fig. 3 show that a pressure of 0.4 GPa

increases Jc, e.g., at 10 K by about 200%, at 20 K by about

10%–30% (in magnetic fields from 0 T to 2 T), and at 25 K

by 15%–25% (in magnetic fields from 0 T to 1 T). Further

increasing the pressure to about 0.6 GPa also increases Jc,

e.g., at 10 K by about 100%, at 20 K by about 200%, and at

25 K by about 30% to 60%. An analysis of Fig. 4 allows us

to determine the crossover fields from the single vortex to

the small vortex bundle regime (Bsb) and from the small bun-

dle regime to the thermal fluctuations regime (Bth).9 Based

on the transport measurements (Figs. 2 and 4), we have

developed the B - T phase diagram in Fig. 5. In this diagram,

the region below Bsb is associated with single vortex pinning,

the region between Bsb and Bth small bundle pinning, the

region between Bth and Birr thermal fluctuations, the region

between Birr and Bc2 vortex liquid, and the region above Bc2

the normal state. The results in Fig. 5 for Bth show that a

high pressure significantly reduces the thermal fluctuations

and increases the region of small bundle pinning (the first

such result). This result is very important, because it indi-

cates the reason for a low Jc in the MgB2 wires annealed at a

low pressure (0.1 MPa). It is important that the HIP process

can significantly reduce the thermal fluctuations above 20 K.

A reduction of thermal fluctuations can cause a greater

amount and a more homogeneous distribution of small

bundle pinning, eliminate pure Mg (since pure magnesium

has low resistivity), and lead to a greater number of connec-

tions between the grains. Our result also shows that a pressure

of 1 GPa increases Bsb. We believe that a higher crossover

field Bsb might indicate a greater amount of pinning centers

that are more homogeneously distributed. The shape of the

Bsb curves in Fig. 5 is similar to the curve of the dTc pinning

mechanism.4 This indicates that a high pressure does not

change the pinning mechanism.

We analyzed the pinning mechanism by using the Dew-

Hughes’ model, e.g., point pinning: f(h1)¼A(h1)1(1 � h1)2

and surface pinning: f(h1)¼A(h1)0.5(1 � h1)2, where A is a

parameter and h1¼B/Birr. The results in Fig. 6(a) show that

in the range from h1¼ 0 to 0.6, the point pinning mechanism

is dominant, and, from 0.7 to 1, the surface pinning mecha-

nism is dominant. This suggests that the samples have an

insufficient number of high field pinning centers. Similar

scaling results were obtained at 10 K and 25 K. We see that a

FIG. 3. Critical current density depen-

dence on the magnetic field for sam-

ples A–C: (a) at 10 K, (b) at 20 K, and

(c) at 25 K.

FIG. 4. A double logarithmic plot of �log[Jc/Jc(0)] as a function of B at

20 K for samples A (0.1 MPa) and C (1 GPa). The crossover fields Bsb and

Bth are marked by arrows.
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high pressure does not change the dominant pinning mecha-

nism. This indicates that the high pressure increases the

amount of pinning centers and the number of connections

between the grains (Fig. 1). This leads to an increased Jc.

We also analyzed the pinning mechanism by using the

method of Higuchi et al.:5 f(h2)¼ (9/4)h2(1 � h2/3)2 for nor-

mal point pinning, f(h2)¼ (25/16)(h2)0.5(1 � h2/5)2 for sur-

face pinning, and f(h2)¼ (3h2)2(1 � 2h2/3) for Dj pinning,

where h2¼B/Bpeak. Fig. 6(b) shows that the low pressure

(0.1 MPa) leads to the normal point pinning in the range

from 0 to 2 T. The 0.4 GPa pressure slightly shifts the curve

of sample B from normal point pinning to Dj pinning in the

range from 1 to 2 T. A high pressure of 1 GPa shifts the pin-

ning mechanism to Dj pinning. This indicates that the high

pressure creates the dislocations (high field pinning centers).

The results in Fig. 7 show that a high pressure increases

the Jc at high temperature (10 K–26 K) in 2 T. A long anneal-

ing time slightly increases Jc. Moreover, the shape of the

curves in Fig. 7 is similar to the curve for the dTc pinning

mechanism.2 This may indicate that a high pressure does not

adversely affect the dTc pinning mechanism.

The results in Fig. 8 show that a longer annealing time

increases the Jc modestly at lower temperatures but more

markedly at higher temperatures: at 10 K, by about

15%–70%; at 20 K, by about 30%–90%; and at 25 K, by

100%. Moreover, a long annealing does not increase Bsb or

Bth (Fig. 9) and does not change the dominant pinning

mechanism in the range from 10 K to 25 K (Fig. 10). No

change in the dominant pinning mechanism indicates that

an annealing over a longer time creates more connections

between the grains and increases the pinning center den-

sity. These factors increase Jc at a temperature range from

10 K to 25 K.

IV. DISCUSSION

Previous reports on the dTc and the mean free path

dl pinning mechanisms were based on the magnetic results

(magnetic critical current density, Jcm).2,4,9–12 The research

presented by Shi indicated that the transport current flows

mainly through the longitudinal connections.32 In contrast,

the magnetic current flows in the grains and transverse con-

nections.32 In our paper, we present the transport measure-

ment results, which relate to the longitudinal connections.

On the basis of the three pinning mechanisms, we will exam-

ine the impact of additives and a high isostatic pressure for

the creation of the pinning centers.

Studies show that doping with C makes the dl pinning

mechanism dominant.2,10,33 The authors of these studies

FIG. 5. A phase diagram for 2 at. % C

doped MgB2 wires. Bsb and Bth were

obtained from the transport measure-

ment data on Jc(B) (see Fig. 3). Birr(T)

and Bc2(T) were obtained from the trans-

port measurement data (see Fig. 2): (a)

sample A and (b) sample C.

FIG. 6. (a) The reduced pinning force

depending on the reduced magnetic

field B/Birr for samples A–C—an analy-

sis of pinning by the Dew-Hughes’

model7 at 20 K, and (b) the reduced

pinning force depending on the reduced

magnetic field B/Bpeak for samples

A–C—an analysis of pinning by the

model of Higuchi et al.9 at 20 K.

FIG. 7. The critical current density dependence on the temperature in

B¼ 2 T for samples A–D.

113901-5 Gajda et al. J. Appl. Phys. 120, 113901 (2016)



have shown that C is substituted for B, creating the disloca-

tions. This indicates that the dislocations create the dl pinning

mechanism. In addition, the dopant is non-uniformly distrib-

uted in the structure of the superconducting material, leading

to a non-uniform distribution of dislocations in the supercon-

ducting material. These authors showed that undoped MgB2

material features the dTc pinning mechanism (for annealing

above 650 �C).2,11,12,33 A heat treatment of the MgB2

material above 650 �C (the melting point of Mg), however,

causes a strong shrinkage of the MgB2 material, even by

25%.17 The shrinkage of the material leads to the creation of

dislocations. This indicates that dislocations also create the

dTc pinning mechanism. The dislocation density created by

the shrinkage is smaller, however (small reduction of Tc of

about 1 K (Ref. 29)). A high dislocation density with an

inhomogeneous distribution causes large fluctuations in the

FIG. 8. The critical current density

dependence on the magnetic field for

samples C–E (a) at 10 K, (b) at 20 K,

and (c) at 25 K.

FIG. 9. (a) The crossover fields Bsb for

samples C–E depending on the tempera-

ture and (b) the crossover fields Bth for

samples C–E depending on temperature.

FIG. 10. (a) The reduced pinning force

depending on the reduced magnetic

fields B/Birr for samples C–E—an anal-

ysis pinning of Dew-Hughes’ model7 at

20 K and (b) the reduced pinning force

depending on the reduced magnetic

fields B/Bpeak for samples C, D, and

E—an analysis of pinning by the model

of Higuchi et al.9 at 20 K.

113901-6 Gajda et al. J. Appl. Phys. 120, 113901 (2016)



mean free path. This factor at higher temperature (20 K) sig-

nificantly decreases Tc, Birr, Bc2, and Jc. A smaller disloca-

tion density with an inhomogeneous distribution causes

smaller fluctuations in the mean free path. This leads to a

smaller reduction in the critical parameters at high tempera-

tures (above 20 K) and would explain why the small amount

of doping (at 2% C) in our wires does not create the

dl pinning mechanism. Studies indicate that the HIP process

increases the dislocation density in the MgB2 material. This

should create the dl pinning mechanism. Our research indi-

cates, however, that we obtain the dTc pinning mechanism.

This may be because the HIP process creates a uniform dis-

tribution of dislocations in the superconducting material. A

high dislocation density with a homogeneous distribution

causes smaller fluctuations in the mean free path. This leads

to the dTc pinning mechanism and increases the critical

parameters at high temperature.

The results presented by Embon suggest that a vortex

typically interacts with small clusters of a few pinning

defects separated by about the coherence length.34 This may

mean that the random distribution of pinning centers causes

a strong clustering of the vortices. This leads to a reduction

in the critical parameters. In contrast, a homogeneous distri-

bution of the pinning centers reduces the clustering of pin-

ning centers and thus of vortices, leading to an increase in

the critical parameters. Moreover, the results in Ref. 34 indi-

cate that a random configuration of the pinning centers

(defects) leads to a greater thermally activated depinning of

vortices, even in the case of strong pinning. Our research

shows that the HIP process significantly reduces the thermal

fluctuations. This might indicate that the HIP process leads

to a more uniform distribution of the pinning centers.

The dTc and dl pinning mechanisms have mainly been

associated with the effects of the temperature on pinning

centers. In contrast, the models of Dew-Hughes3 and

Higuchi et al.5 mainly deal with the effects of the magnetic

field on the pinning centers. Our results suggest that both the

methods lead to similar results. The Dew-Hughes’ method in

Fig. 6(a) shows that we do not have pinning points above

h1¼ 0.6 (high field pinning centers), although this method

does not indicate which type of defect is missing (precipi-

tates with a thickness similar to the coherence length or dis-

locations). The Higuchi model shows that we do not have

enough strong high field pinning centers. This analysis

strongly suggests that we have a small amount of Dj pinning

centers. Our research shows, however, that a high isostatic

pressure is a method that can yield a dominant Dj pinning

mechanism. The results presented by Livingston indicate

that the dislocations mainly create Dj pinning1 This suggests

that the HIP process increases the dislocation density. The

results in Fig. 6(b) indicate that a higher dislocation density

reduces the thermal fluctuations and increases Bsb, Bth, and

Jc at 20 K.

V. CONCLUSIONS

From our research, a high isostatic pressure of 1 GPa

creates the pinning centers similar to the Dj pinning centers.

An analysis performed by using the three models of pinning

mechanisms indicates that the dislocations create the Dj pin-

ning centers. Our measurements show that a homogeneous

distribution of the Dj pinning centers increases the critical

current density at 20 K and 25 K, increases the crossover

fields Bsb and Bth, as well as Birr and Bc2, below 25 K, signifi-

cantly reduces the thermal fluctuations, and improves the dTc

pinning mechanism. This is a very important result, because

it shows that the HIP process can control the process for cre-

ating the pinning centers. By controlling the value of the

pressure, we can control the sizes of grains and inclusions,

the dislocation density, and the density and uniformity of the

material. The HIP process is a simpler, easier method and

can be used on a wider scale to obtain structure texturing of

the MgB2 material than thin film methods. Our results show

that the HIP process increases Jc by about 200%.
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