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We investigate the interaction between superconductivity and defect-induced d0 ferromagnetism

using a composite consisting of MgB2 and MgO nanocrystals. The composite exhibits a

ferromagnetic hysteresis behavior in the temperature region from 40 to 300 K. Defective MgO

nanocrystals (�20 nm) embedded in the composite are considered to be responsible for the

observed ferromagnetism. The zero field cool and field cool magnetization curves show that the

superconducting transition occurs at Tc¼ 38.6 K, in agreement with Tc of pure MgB2. In the

temperature region from Tc to 0.9Tc (�35 K), the magnetization hysteresis curves show a

superposition of ferromagnetic (F) and superconducting (S) signals. When the temperature of the

system is decreased below 0.65Tc (�25 K), the S signals dominate over the F signals. The

resulting magnetic hysteresis loops are highly asymmetric and the descending filed branch is

nearly flat, as predicted in the case of surface pinning. At temperatures below 0.5Tc (�20 K), a

sharp peak is developed near zero field in the magnetization hysteresis curves, implying an

enhancement of superconducting vortex pinning. The observed pinning enhancement most likely

results from magnetic pinning due to randomly distributed magnetic MgO grains, which yield the

magnetic inhomogeneity and the related pinning potential in a length scale of �100 nm. Thus, the

present ferromagnetic/superconducting composite provides an ideal model system that

demonstrates the availability of d0 ferromagnetism as a source of magnetic potential for effective

vortex pinning. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865876]

I. INTRODUCTION

Bulk magnetic materials generally consist of multiple

magnetic domains, which are groups of spins all pointing in

the same direction and acting cooperatively. These magnetic

domains are separated by narrow zone, typically �10 to

�100 nm wide, of rapidly changing spin directions called do-

main walls. For magnetic materials of submicrometer size,

however, the formation of domain walls is not necessarily

energetically favored. At such small dimensions, comparable

with the typical width of domain walls, properties of

magnetic particles become complex. One example of com-

plexity is a curling spin configuration, leading to a magnet-

ization vortex state.1–3 Much smaller grains (<�50 nm)

show a stable single domain (SD) state. On further decrease

in size, the SD state eventually transforms into a superpara-

magnetic state with zero coercivity and hysteresis. Thus, the

magnetic structures of nanoscale systems are quite rich and

versatile.4,5

Recently, magnetism in nanoscale materials has

attracted additional attention since unexpected room-

temperature ferromagnetisms has been observed in nanoscale

oxides containing virtually no magnetic ions with partially-

filled d or f shells, such as HfO2, TiO2, ZnO, MgO.6–15 This

so called d0 ferromagnetism opened a new direction in the

research field of dilute magnetic oxides and challenged the

conventional paradigm of magnetism.16,17 The true origin of

d0 ferromagnetism still remains to be clarified, but some sur-

face and/or grain-boundary related defects are believed to

play a leading role in the appearance of the long-range ferro-

magnetic ordering.12–15

Although it has not been recognized previously, d0 ferro-

magnetism would also be interesting in terms of the interac-

tion with the superconducting order. The influence of a

ferromagnet (F) on an adjacent superconductor (S) is normally

antagonistic; however, the nanoscale coexistence of different

kinds of order parameters leads to intriguing phenomena,

including fine-scale order parameter modulations,18,19 triplet

superconductivity,20 and magnetic pinning,21 as can be found

in recent reviews.22–25 Considering that d0 ferromagnetism

results from a mechanism that operates in nanocrystals, we

expect that a d0 ferromagnet/superconductor heterostructure

exhibits an interesting, possibly constructive, interplay

between F and S orders.

In this work, we hence investigate the magnetic proper-

ties of a d0 ferromagnet/superconductor nanocomposite, in

which MgO and MgB2 phases are responsible for ferromag-

netism and superconductivity, respectively. The magnetic

properties of MgB2/MgO composites have been investigated

previously for the improvement of flux pinning.26,27 In these

composites, however, the MgO particles are considered to
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behave simply as diamagnetic insulators to pin the vortex

core, and the effect of ferromagnetism in MgO nanoparticles

on the superconducting behavior of MgB2 has not been

investigated. We show that there exists an electromagnetic

interaction between the vortex magnetic field and the stray

field generated by the magnetic MgO nanoparticles in

the present d0 ferromagnet/superconductor nanocomposite,

exhibiting magnetic pinning at temperatures below �20 K.

From the temperature dependence of the pinning behavior,

we then discuss the size and spatial distribution of the mag-

netic particles dispersed in the composite.

II. EXPERIMENTAL PROCEDURES

The superconductor/d0 ferromagnet composite was syn-

thesized using solid phase reaction between pure Mg

(99.9%) and B2O3 (99.9%). This method was originally

developed by the present authors to synthesize highly lumi-

nescent and lasing MgO microcrystals.28,29 The Mg/B2O3

mixture of molar ratio of 5:1 was thoroughly mixed and put

in a cylindrical alumina crucible. This crucible was located

inside a larger rectangular alumina crucible, which was

closed with a 4-mm-thick alumina lid. This set of crucibles

was placed in an electric furnace. The furnace was evac-

uated down to �30 Pa before purging with argon. The

Mg/B2O3 mixture was heated at desired temperatures (700

and 950 �C) for 3 h under flowing argon environment. After

the heating process, some of the materials were sublimated

and deposited outside the inner crucible, and the rest still

remained in the bottom of the inner crucible. The deposited

powder consists exclusively of MgO and exhibits efficient

color-center-related photoluminescence emissions along

with laser action.29 On the other hand, the materials found

in the inner crucible were black powder. This implies that

B2O3 was reduced to B, yielding MgB2 according to the

following reaction:29

5Mg þ B2O3 ! 3MgO þ MgB2 þ Mg: (1)

In this work, we will investigate the structural and magnetic

properties of the black powder remained in the inner cruci-

ble. The samples prepared at 700 and 950 �C are referred to

as S(700) and S(950), respectively.

Powder x-ray diffraction (XRD) patterns of the pow-

dered sample were obtained with a diffractometer (Rigaku,

SmartLab) using Cu Ka radiation. Scanning electron micros-

copy (SEM) and energy dispersive X-ray spectroscopy

(EDS) were conducted with a scanning electron microscope

(JEOL, JSM-5610LVS) with energy dispersive spectrometer.

A commercial superconducting quantum interference device

(SQUID) magnetometer (Quantum Design, MPMS-XL)

equipped with the reciprocating sample option (RSO) was

used for magnetic measurements. Magnetization M in a zer-

o-field-cooled (ZFC) state was measured by cooling the sam-

ple initially in a zero field to 2 K, and the ZFC magnetization

was recorded in an applied magnetic field H of 200 Oe as the

temperature is increased. When the temperature reached

�300 K, the sample was gradually cooled under a magnetic

field of 200 Oe to obtain the field-cooled (FC) magnetization.

The M(H) curves were measured at different temperatures

after zero-field cooling without correcting for the diamag-

netic background.

III. RESULTS

A. Structural characterization

A representative XRD pattern, a SEM image, and EDS

element mapping data measured for S(700) are shown in

Fig. 1. From the h-2h XRD pattern, one sees that the result-

ing composite consists of Mg, MgO, and MgB2, as inferred

from Eq. (1). From the full-width at half-maximum

(FWHM) of the MgO (220) peak at an angle of 2h¼�62�

and the Scherrer formula, we estimated that the primary

crystallite size of MgO is in the range 17 6 3 nm. On the

other hand, the primary crystallite size of MgB2 is difficult

to be evaluated correctly because of the relatively low Bragg

peak intensities. The SEM image [Fig. 1(b)] and the corre-

sponding EDS element mapping data [Figs. 1(c)–1(e)] dem-

onstrate that the constituent crystalline materials are not

phase separated at least on the length scale of several micro-

meters but rather form a textured homogeneous composite.

As for S(950), we found that the product consists only

of MgB2 and MgO [see the upper curve in Fig. 1(a)]. This

indicates that the unreacted Mg metal was further oxidized at

950 �C by the residual oxygen remained in the furnace. It

should also be noted that the FWHM of the diffraction peaks

attributed to MgO becomes smaller when the reaction was

conducted at 950 �C. Accordingly, the Scherrer formula pre-

dicts a larger crystallite size (�40 nm) for the MgO crystals

in S(950) than that of the MgO crystals in S(700).

B. Magnetic properties

Figure 2 compares the room-temperature (T¼ 300 K)

magnetization (M) versus magnetic field (H) curves of

S(700) and S(950). One sees from Fig. 2 that both of the

samples demonstrate a ferromagnetic hysteresis behavior.

However, the saturation magnetization and remanence of

S(700) are much larger (an order of magnitude or more) than

those of S(950). The relative remanence (remanent magnet-

ization Mr/saturation magnetization Ms) and the coercive

field Hc of S(700) are 19% and 120 Oe, respectively. In spite

of the extensive researches on MgB2 thin films and nanopar-

ticles, ferromagnetisms have not been reported and recog-

nized previously in any of the MgB2 nanostructures,30,31 to

the best of our knowledge. We hence suggest that the

observed ferromagnetism results from the nanocrystalline

MgO phase, as has often been reported previously.8,13 The

enhanced ferromagnetic characteristics in S(700) imply that

smaller or more defective MgO crystals are responsible for

the appearance of the ferromagnetic order. In what follows,

we will hence mainly investigate the magnetic properties of

S(700).

The ferromagnetic behavior of S(700) can also be rec-

ognized in temperature dependent irreversibility of the ZFC

and FC curves measured with an applied magnetic field of

H¼ 200 Oe (see Fig. 3). The splitting of the ZFC and

FC curves is clearly visible in the temperature region from

063910-2 Uchino et al. J. Appl. Phys. 115, 063910 (2014)
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FIG. 1. (a) X-ray diffraction pattern of

S(700) (lower pattern) and S(950)

(upper pattern). (b) A representative

SEM image of S(700). SEM-EDS ele-

ment mapping data of (c) B, (d) O, and

(e) Mg elements throughout the region

shown in (b).

FIG. 2. Magnetic-field (H) dependence of magnetization (M) of S(700) and

S(950) measured at T¼ 300 K.

FIG. 3. ZFC and FC M(T) curves of S(700) measured under applied field of

200 Oe. The inset shows a magnified plot of the ZFC and FC curves in tem-

perature region from 37 to 40 K.
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�40 to �300 K, in agreement with the room-temperature

ferromagnetic hysteresis behavior shown in Fig. 2. It should

also be noted that the ZFC/FC curves exhibit a sharp drop

in M starting at 38.6 K and eventually become negative at

lower temperatures (T<�37.5 K) (see the inset of Fig. 3).

This observed signature of the diamagnetic response

indicates that the critical superconducting transition

temperature Tc is� 39 K. The observed Tc value is almost

equal to the one reported for a pure MgB2 crystal

(Tc¼ 39 K).32

We next investigate the temperature dependence of the

M(H) curves. Although, the relative remanence and coerciv-

ity are slightly increased with decreasing temperature

[Mr/Ms¼ 21% and Hc¼ 180 Oe at T¼ 40 K, see Fig. 4(a)],

the shape of the hysteresis loop remains basically unchanged

in the 300-40 K region. Upon cooling below Tc to 35 K, one

sees a superposition of the F and S signals, yielding a broad

negative peak Hp1 on the descending branch of the M(H)

curves [see Fig. 4(b)]. To eliminate the contribution of the F

signals from these M(H) curves, we subtracted the M(H) data

FIG. 4. Magnetic-field (H) dependence of magnetization (M) of S(700) measured at (a) T¼ 40 and 300 K, (b) T¼ 35, 36, and 37 K, (c) T¼ 15, 20, and 25 K

and (d) T¼ 2, 6, and 15 K. Hp1 indicates a temperature-dependent peak field, whereas Hp2 designates a temperature-independent peak field occurring near zero

field. The insets in (b) and (c) show the M(H) curves after subtracting the magnetization at T¼ 40 K. The inset in (d) shows a magnified plot in the magnetic

field region from �500 to 2000 Oe.

063910-4 Uchino et al. J. Appl. Phys. 115, 063910 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

133.30.52.203 On: Wed, 01 Apr 2015 05:39:16



at T¼ 40 K, as shown in the inset of Fig. 4(b). The resulting

difference M(H) curves exhibit a very small hysteresis. This

indicates that the M(H) dependence is quite reversible in the

near Tc region. Such a reversible M(H) dependence is

expected to occur in a superconducting crystal or grains in a

polycrystalline sample with a size smaller than 2k, where k
is the magnetization penetration depth.33 In the temperature

region higher than 35 K, the value of k in MgB2 has been

estimated to be �250 nm or more.34 Thus, the size of the

present MgB2 crystallites is considered to be on the order of

�500 nm.

In the temperature region below �25 K, the S signals

begin to dominate over the F signals [see Fig. 4(c)]. We

should note that the shape of the M(H) curve at 25 K is

almost unchanged even if the magnetization at T¼ 40 K is

subtracted, as shown in the inset of Fig. 4(c). This indicates

that the sample’s magnetization is determined mostly by the

magnetic response of the superconducting phase. Figure 4(c)

also shows that the moment on the decreasing (increasing)

field cycle in the positive (negative) field is almost parallel

to the field axis. Such an asymmetric M(H) hysteresis loop is

commonly observed in the powder samples where the mag-

netic moment is determined by geometrical and Bean-

Livingston surface barriers.35,36 The value of k in bulk MgB2

is estimated to be �70–�100 nm in the temperature range of

�10–�25 K,34 and hence 2k becomes comparable with or

smaller than the size of the MgB2 crystallites. Accordingly,

surface pinning begins to operate in the composite in this

temperature region.

One also notices from Fig. 4(c) that at temperatures

below �20 K, a rather sharp peak, designated as Hp2,

emerges on the higher filed side of Hp1 on the descending

field branch of the loop. When the sample is cooled further,

down to 2 K, Hp2 shows a substantial increase in intensity. It

should be noted that the position of Hp2 is almost tempera-

ture independent and resides at a slightly positive field

(H� 40 Oe) on the descending field branch [see the inset of

Fig. 4(d)]. Such a double peak feature, especially the central

positive peak feature Hp2, has not been observed previously

in the M(H) loops of MgB2 powders and/or thin

films26,31,37,38 nor in those of S(950), as shown in Fig. 5.

This allows us to assume that the pinning force relevant to

Hp2 results from a certain magnetic interaction between fer-

romagnetic and superconducting states, as will be discussed

in Sec. IV A in more detail.

IV. DISCUSSION

A. Origin of Hp2 and its relation to magnetic pinning

As shown in Fig. 4, the most notable feature found in

the M(H) loops of S(700) is the development the sharp peak

(Hp2) near zero field at temperatures below �20 K. Note also

that the position of Hp2 is almost temperature independent

and is located on the positive (negative) side on the descend-

ing (ascending) branch of the loop. According to the critical

state model, a central peak in the M(H) loop shifts to the neg-

ative (positive) side on the descending (ascending) field

branch, as in the case of Hp1;39 the shift normally results

from the local flux density, lagging behind the applied field.

Thus, the development of Hp2 cannot be simply interpreted

in terms of the conventional demagnetization scheme.

Previously, it has been demonstrated that granular super-

conductors show a positive central peak in the M(H) loop on

the descending field branch.40–42 Granularity in supercon-

ductors induces demagnetization fields which strongly mod-

ify the intergranular currents,40–42 even inducing a shift of

the central peak in the positive direction on the descending

field branch. In these granular superconductors, however, the

positive shift of the central peak becomes more pronounced

with decreasing temperature. Furthermore, the central peak

of granular superconductors becomes quite broad with

decreasing temperature well below Tc.
40–42 These tempera-

ture dependent behaviors contrast with those of Hp2, as

shown in Fig. 4. We hence consider that the present positive

central peak feature Hp2 does not result from the

grain-induced demagnetization effect.

A positive central peak on the descending field branch

has also been observed from some S/F heterostructures with

magnetic pinning.43–45 Magnetic pinning arises from the

electromagnetic interaction between the superconducting

vortices and the stray field generated by the magnetic texture

in the vicinity of the superconductor surface.21 The resulting

M(H) loops become highly asymmetric to the M¼ 0 axis and

only symmetric with respect to the origin,43–45 in agreement

with the magnetic hysteretic behavior shown in Fig. 4. This

indicates that the magnetization at a fixed external field is

affected by the direction of the field sweep, which is differ-

ent from vortex core pinning by non-magnetic pinning cen-

ters. It should also be noted that Hp2 is not observed in the

M(H) loops of S(950) but exclusively found in those of

S(700), as noted earlier. It is hence reasonable to assume that

the positive central peak Hp2 results from the magnetic pin-

ning due to the expected electromagnetic response in the

present F/S composite.

To realize the magnetic pinning in S/F structures, one

has to create spatial modulation of the local magnetic field

on the length scale of k by using, for example, regular arrays

of ferromagnetic dots or rods in the vicinity of S layers, or

FIG. 5. M(H) curves of S(950) measured in the temperature region from 4 to

20 K.
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intrinsic magnetic domains, such as stripe domains, within F

layers.21,23,43–46 Furthermore, F and S structures must be

electronically decoupled by an appropriate buffer layer to

avoid proximity effect.21 Thus, the elaborate design and fab-

rication of the F/S structures are required for the realization

of efficient magnetic pinning, which is still an ongoing

research challenge.47–49

In our F/S composite, the above conditions to realize

magnetic pinning are likely to be satisfied intrinsically. The

F regions with near zero remanence are expected to have

nanoscale magnetic inhomogeneities. These intrinsic mag-

netic inhomogeneities will be almost frozen below Hc

(�200 Oe), hence creating magnetic gradients and the result-

ing pinning potentials. Provided that ferromagnetic particles

are randomly distributed in the composite, this disorder

yields the magnetic gradients for any orientation of the sys-

tem. In addition, not all of the MgO nanocrystals in the

composite will show ferromagnetism, but some of them will

behave as insulating buffer layers to avoid the direct interac-

tion between S and F orders.

Considering that the magnetic pinning acts on a length

scale comparable with the penetration depth, we can roughly

estimate the extent of the magnetic inhomogeneity in the

composite. As shown in Fig. 4, Hp2 tends to emerge at tem-

peratures T<�20 K. In this temperature region, it has been

estimated, as mentioned previously in this paper, that the

value of k in MgB2 is an order of 100 nm or less, whereas it

shows an abrupt increase to �200 nm or more for tempera-

tures above 25 K.34 This allows us to expect that the length

scale of the magnetic inhomogeneity is on the order of

100 nm, which is several times larger than the estimated (or

averaged) size of the primary MgO crystallites (�20 nm) in

the composite. This implies that the expected magnetic gra-

dients are derived not from the individual primary MgO

FIG. 6. Schematic representations of magnetization directions within the assumed single-domain grains (lower) and the corresponding z-component of stray

field vs lateral distance x (upper). Ellipses symbolically represent uniaxially anisotropic single-domain grains, in which the easy axis is directed along the major

axis of each ellipse. The arrow on each ellipse indicates direction of the magnetization vector. (a) The initial H¼ 0 state. (b) The saturation magnetization state

in which the magnetization vector of every grain is aligned with the applied field H. (c) The remanent magnetization state, which is obtained after removing

the applied field in (b).
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crystallites but from a certain collective effect of, for exam-

ple, their aggregates with larger dimensions.

B. Model of the formation of magnetic potentials

On the basis of the considerations given in Sec. IV A,

we will give a schematic model of the formation of magnetic

potentials in the present F/S composite. A likely scenario is

that magnetic aggregates with a size of �100 nm are embed-

ded and randomly dispersed in the insulating matrix so that

the effective pinning potentials are created in the composite.

As a zeroth-order approximation, we first assume that all the

magnetic aggregates in the composite are considered as non-

interacting SD grains with uniform Ms, where Ms indicates

the saturation magnetization vector, because of the size

effect of magnetic nanoparticles. It would also be reasonable

to expect that the grain possesses shape and/or magnetocrys-

talline anisotropy. For simplicity, we assume that only one

preferred direction for Ms, or uniaxial anisotropy, is present

within the individual SD grains.

If the sample has not previously been exposed to a mag-

netic field vector H, the net magnetization of the sample is 0

because Ms of the individual SD grains is randomly directed

[see Fig. 6(a)]. This magnetic inhomogeneity will create a

gradient in magnetic field within a certain local region [see

also Fig. 6(a)]. As the field is applied, Ms of each SD grain

begins to rotate toward the direction of H. If the applied field

is increased to a sufficient level, all grains will have Ms

aligned with the direction of H [see Fig. 6(b)]. This magnet-

ization saturation state will not form a field gradient even

within a local region, creating an almost flat potential [see

also Fig. 6(b)]. During removal of the magnetic field, Ms of

individual SD grains rotates to the nearest energetically pre-

ferred direction of the grains. Accordingly, the magnetic

inhomogeneity begins to reemerge. After complete removal

of the magnetic field, or H¼ 0, a remanent magnetization,

Mr, will remain. As for an assembly of uniaxial SD grains

that have isotropic random orientations of their easy axes,

the relative remanence Mr/Ms is estimated to be 0.5,50 which

is much larger than the one observed in S(700)

[Mr/Ms¼ 0.21 at 40 K, see Fig. 4(a)]. This discrepancy most

likely results from the oversimplification of the assumed

model. The real system may contain, for example, a large

percentage of multidomain grains, which can substantially

lower the remanent magnetization. The observed low relative

remanence allows us to expect that the magnetic state of the

present composite is highly inhomogeneous as long as the

applied field is close to zero. Accordingly, the local magnetic

field will be highly spatially modulated in the near-zero field

region, creating local magnetic gradients similar to the initial

magnetic state shown in Fig. 6(a).

The pinning potential thus created is, in principle, tem-

perature independent. For effective magnetic pinning, how-

ever, the penetration depth must become comparable with

the spatial extent of the magnetic potential, as mentioned

repeatedly in this work. The above conditions are likely to

be fulfilled at temperatures below �20 K, whereupon effec-

tive magnetic pinning tends to occur, resulting in Hp2 in the

M(H) curves.

V. CONCLUSIONS

We have investigated the magnetic properties of the F/S

composite prepared by solid phase reaction between Mg and

B2O3 under Ar atmosphere. When the reaction was con-

ducted at 700 �C, the composite consisting of MgO, MgB2,

and unreacted Mg were obtained. The composite exhibits a

ferromagnetic hysteresis behavior in the temperature region

from 300 to 40 K. The relative remanence and the coercive

field at 300 K (40 K) are 19% (21%) and 120 Oe (180 Oe),

respectively. Defective MgO nanocrystals (�20 nm) embed-

ded in the composite are most likely responsible for the

observed ferromagnetism. The superconducting transition

with the onset temperature of 38.6 K was recognized by the

ZFC and FC magnetization curves, indicating that the

defect-induced ferromagnetic order in the composite does

not lower Tc of the MgB2 phase. At temperatures well below

Tc (T<�20 K), a positive central peak Hp2 was found to de-

velop on the descending field branch of the M(H) loop. The

appearance of Hp2 can be interpreted in terms of the mag-

netic pinning associated with the inhomogeneous magnetic

structures realized in the composite. On the basis of these

observations, we suggest that the present F/S composite can

be regarded as a nanoscale assembly of F and S grains,

which are finely dispersed randomly at the �100 nm scale in

an insulating matrix so that it ensures effective magnetic pin-

ning. Thus, we can conclude that nanoscale oxides with d0

ferromagnetic order will serve as an ideal counterpart to

superconductors in terms of magnetic pinning of vortices.
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