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Magnetic nanopatrticles as efficient bulk pinning centers in type-1l superconductors
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Enhancement of vortex pinning by magnetic nanopartielebeddednto the bulk of a type-Il supercon-
ductor is studied both theoretically and experimentally. Magnetic part of the pinning force associated with the
interaction between a finite-size spherical magnetic inclusion and an Abrikosov vortex is calculated in the
London approximation. Calculations are supported by the experimental results obtained on sonochemically
modified MgB, superconductor with embedded magnetic@gnanoparticles and compared to MgRith
nonmagnetic MgOs pinning centers of similar concentration and particle size distribution. It is shown that
ferromagnetic nanoparticles result in a considerable enhancement of vortex pinning in< layge-II

superconductors.
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INTRODUCTION in.*~8 More recent works focused on ferromagnetic particles

deposited on the surfatd® or in the surface layét of low-

Practical applications of a superconductor are determinetemperature superconductors. In particular, Magtial. have

by the maximum electric current it can carry without energysuccessfully used a lattice of ferromagnetic d&s or Nj) to
dissipation. Above first critical magnetic fielti,,=[In(x)  create a periodic array of artificial magnetic pinning centers

+0.5]d/ (4m&2k?), superconductor is filled with Abrikosov ©n the surface of superconducting Nb filfisloschalkovet
vortices!~3 Here d,~2x 107 G cn? is the flux quantum, @l-and Van Baekt al. studied submicron Co particles placed

xk=\/¢ is the Ginsburg-Landau parameter, andind ¢ are  ©N @ thin Pb film and observed modulation of magnetization

L o0 orn ;
London penetration depth and coherence length, respectivelﬁ% low fields”™ It was concluded that periodic lattice of

In high-T, superconductors, typical values ofare large « agnetic particles acts as an efficie_nt 2D pinning array with
> 100, and first critical fields are smah, ~ 100 Oe. In the ~Pronounced matching effects. Motivated by these experi-
' cl ' ments, theoretical models of magnetic and transport re-

presence of a supercurrent densjifyvortices experience a sponses of superconducting films with magnetic particles
Lorentz force,F =[] X ®o]/c, and, if nothing hinders their placed on the surface were developééf Although being
motion, accelerate until they reach viscosity-limited velocityconceptually important, these studies focused on a specific

5. This motion creates an electric fieB=[B x 5]/c, parallel ~ ¢2S€ of magnetic particle dor close tg the surface of a thin
- . . ... superconducting film. The question of bulk magnetic pinning
to the currentj and, therefore, results in a finite resistivity, emained unexplored. In a related study, Riztoal. used

p=E/]. In order to prevent this dissipative process, vorticé§erromagnetic nanoparticles embedded in NbTi wires to
should be immobilizedpinned.'~* Pinning of vortices on  achieve larger pinning strength compared to nonmagnetic Ti
structural inhomogeneities is a common way to increasgmpurities!4 The observed enhancement was attributed to the
critical current density. In a uniform type-II superconductor absence of a proximity effect in magnetic metals and there-
energy of a normal phase is higher by a factot3f(8m)  fore more efficient suppression of the superconducting order
per unit volume. Therefore, a vortex with the normal core ofparameter. However, this mechanism does not work in the
size ¢ has additional energil2¢2/8 per unit length. If such case of nonmetallic pinning centefsuch as oxides studied
vortex occupies a non-superconducting defect, part of thén this work and would only be efficient for nanoparticles
condensation energy is recovered and therefore this defestnaller than the coherence lengttbout 5 nm for MgB).
represents a potential well with respect to vortex displace- In this work, bulk magnetic pinninglue to direct mag-
ment. Due to its origin, this is known as condensation energyetic interaction between Abrikosov vortices and magnetic
or core vortex pinning. There are various ways to introducenanoparticles is studied both theoretically and experimen-
bulk pinning centers of different nature, concentration, dis+ally. A (ferro- or ferri) magnetic nanosized inclusion in the
tribution and geometry to better utilize the condensation enbulk of a type-Il superconductor acts not only as a conven-
ergy pinning(see, e.g., Refs. 1-3 for revigwHowever, due tional core pinning center, but also gives rise to an additional
to short coherence lengtlis-3—5 nm, the pinning is weak magnetic component of pinning. Importantly, this is a longer-
in high-T. superconductors. range force acting on a length scale of a penetration depth,
Nonetheless, there is another possibility for the enhancezompared to a short-range core pinning efficient at distances
ment of pinning strength via direct magnetic interaction ofof the order of a coherence length. Surprisingly, there is no
vortices withferromagneticpinning centers. This idea was extended theory available yet for the description of such sys-
explored already in the 1960s when pinning enhancemeriem. Our model consists of an infinite type-Il superconductor
was clearly demonstrated in low-temperature superconductontaining an isolated straight Abrikosov vortex and a
ing alloys with magnetic nanoparticles mechanically mixedspherical magnetic particle. Pinning force associated with the
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magnetic interaction between a vortex and a particle is cal-

culated in a London approximation. Calculations are sup- d
ported by the experimental results obtained on sonochemi-
cally modified MgB nanocomposites with nanosized
magnetic inclusions, K83, and compared to a material with
nonmagnetic MgOs pinning centers of similar concentration
and size distribution.

Introduction of ferromagnetic nanopatrticles into the bulk
of ceramics without agglomeration and/or significant phase
separation is a nontrivial task. Recently, sonochemical
method for modification of granular superconductors and
situ production of magnetic pinning centers has been
developed?22In liquid-powder slurries irradiated with high-
intensity ultrasound, acoustic cavitation induces turbulent
flow and shock waves. The implosive collapse of bubbles
during cavitation results in extremely high local temperatures
and pressures, and stimulates high-velocity collisions be-
tween suspended particles. The estimated speed of colliding
particles approaches half of the speed of sound in the liquid. , ) _
Effective temperatures at the point of impact can reach FIG. 1. Geometry of calculations: an isolated vortex ataa dis-
3000 K, and ultrasound-caused interparticle collisions ardéanced from a magnetic sphere of radi&and magnetizatioM .
capable of producing localized interparticle melting and®, indicates the direction of a magnetic field in the vortex carrying
“neck” formation!®17 Irradiation of powdered slurries in the flux quantumd,.
presence of volatile organometallics precursors produces ma-

terial with nanoparticles embedded in the bulk of irradiatediy, p of a particle. In this case vector-potenﬂsalhas only

powders'® In particular, sonication of MgBslurry in decane one component0,A,(p, 6),0) and corresponding equations
with addition of small amount of REO); yields MgB,- become ¢

Fe,O; nanocomposite with significantly enhanced vortex

A
y

;ew

vortex

magnetic particle

pinning!® Apparently, ultrasonic irradiation in the powder 2A 2 4A cosh JA. 1 PA 1 1
Lo . . S TN T, Te , =T 0¢ _ +—
slurries in the presence of volatile organometallics combines. > 2 o 2 e\ 2 2
o dp pdp p>sind 96 p? 96 psit 6 X\
the effects from both extreme cavitational hot spot and the
shock waves generated in the liquid upon implosive bubble =0, p=R,
collapse.
PR, 20A,  COSO oA, 1A, A, .
MAGNETIC INCLUSION IN THE BULK OF TYPE-II z9p2 p dp p2 sing 96 p2 96? p2 Siré 6 '

SUPERCONDUCTOR
p<R.

Let us consider a spherical magnetic particle of radRus . . .
b g P The solution should satisfy the following boundary con-

and magnetizatioM, embedded into an infinite type-Il SU- qiions: vector potential and tangential components of the

pgrconductor containing a single strgight vortex line at t.hemagnetic field must be continuous on the particle’s surface,
distanced from the center of the particle. This geometry is

illustrated in Fig. 1, wherab, indicates the direction of a Al =r= Afli=r:
magnetic field in the vortex, which carries a flux quantum

®,. « is the angle betweekl and®,. To calculate the pin-

ning force associated with vortex-nanoparticle interaction,

distributions of magnetic induction and screening current$Herem stands for the solution inside a magnetic sphere and

induced by the magnetic particle should be evaluated. Wec denotes a superconductor. In addition, vector potential

use the London equation for the vector-potenfialV X A should vanish inside a superconductopat « and be finite

:é,V,&:O) in a superconductor: inside the' magnet!c sphere. Then, the above equations have
the following solutions:

H9r=r= H{li=r O (V X A%9y|zg= (V X Am_477|\7|)ﬁ|r:R-

A-N\2AA=0 .
_ 47MRsin 6 (1 +p/N) (p-R)
and the Maxwell equations inside the magnetic particle: Ay = [1+30\/R) +3\R?] (p/h)? exp - N '
AA=0. p=R,
Due to symmetry of the problem it is more convenient to .
solve the equations in spherical coordinate systpmp, 6) A = 47Mp sin 6 (1+R/N) p<R
with the directiond=0 be parallel to the magnetization vec- ¢ [1+3\/R) +3\R?] (RIN? ’
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Corresponding screening current induced by the magnetic ~ 0.020
sphere has only one compongftj(p,6),0] and is calcu-

lated from the vector potential Viaﬂ‘t_lj‘p:(VXé)(p:

—(A,Z\)(P:—A‘P)\‘z. Therefore, supercurrent induced around
the magnetic sphere is given by

o cMR (1+p/\) p(_p—R)Sine X4
o= T [+ 3R + 3R] 2 © 8
. . _ 0.010 1 = -
Let us now calculate the pinning force associated with thezo R=25¢ @R/ A
magnetic interaction between a magnetic sphere and a vol® R=20¢

tex. Assuming that vortex is positioned at a distaddeom ™

the particle, the corresponding interaction force is found & R=15¢
from 0.005 1

'Emag: C_lf [I(pvi av) X (i)o]dl, L

0.000 - —

o
=3
&

o
2

0.015 -

K/ (P MR sin(o))
<
8

2
S

0.0

R=10¢

where dl is a flux line element,c is the speed of light, . . . . .
f(pv,au) is the supercurrent density at the location of the 0.0 0.5 10 L5 2.0 25 3.0
vortex core, and the integration is carried over the entire d-R)/ A

vortex length. Evidently, the resulting force is attractive and

maximal when particle’s magnetization and magnetic field of  rig. 2. Magnetic pinning force as a function of the distance
a vortex are collinear. Analysis of the calculated pinningpetween a vortex and a magnetic sphere calculated for different
force shows that fop—R>\ the magnetic pinning force is sphere radiuses fok=100. Inset Variation of the moment of
fnag~€xd—(p—R)/\]. Therefore, magnetic pinning force forces,K, with the vortex-particle distance for different particle’s
has much larger action radius, compared to the core pin- radiuses.

ning force, which acts at distancesé§fin the general case of

an arbitrary orientation, the value of magnetic pinning force EXPERIMENT

is scaled by the factor of ctg), where « is the angle of

misalignment. In addition, the vortex is experiencing addi- _ .
tional moment of forces which is trying to align it along the M9B2 and sonochemical preparation of Mg#e,0,
magnetic moment of the sphere. The magnitude of this mosuperconductor-ferromagnet nanocomposites has been re-
. . . I 0, -
ment of forcesK, acting on the vortex line with respect to POrted elsewher&. In brief, 2 wt. % slurry of MgB poly
the point where vortex crosses the /2 plane is given by  cTystalline powde(325 mesh, Alfa Aesarin 15 ml of dec-
alin was irradiated with ultrasound at 20 kHz and

Detailed description of ultrasonic modification of

R ~50 W/cn? under the ambient atmosphere, using direct-
ex N d immersion ultrasonic horn(Sonics VCX-750. MgB,-

K=2M®y R sin(a) (—) Fe,0O3; nanocomposites were prepared by sonochemical irra-
1+3(MR)+3(VR)? \\ diation of 2 wt.% MgB slurry with the addition of

0.5 mmol F¢CO)s, 0.9 mmol F¢CO)s, and 1.8 mmol

d = o |, (d)? Fe(CO)s, respectively® MgB,—Mo,05 nanocomposites
P N (L+X)X7" /X"~ N exp(— x)dx. were prepared by sonochemical irradiation of 2 wt. % MgB
din slurry with the addition of 0.5 mmol M&O)g, 0.9 mmol
Calculated magnetic pinning force acting on the flux lineMo(CO)g, and 1.8 mmol M¢CO)g, respectively®?°The re-
placed near the magnetic spherical particle is shown in Fig. 8ulting materials were filtered, washed repeatedly with pen-
for different particle radii. The Ginsburg-Landau parametertane, and air-dried overnight. No postsynthetic sintering was
k=A/¢, was chosen to be 100 in our calculations. The evoperformed, since ultrasonic treatment affects the morphology
lution of the moment of forces acting on the vortex due toand leads to modification of the optimal sintering protocols.
misalignment with the magnetization vector of particle isMoreover, it modifies the intergrain couplifgwhich affects
presented in the inset as a function of the distance betweeneasured magnetic response. Being additive to the effect of
vortex and particle. For angles/2<<a <, magnetic pin- embedded nanoparticles this would complicate the data
ning force becomes repulsive. However, for a large numbeanalysis. Equal molar equivalents of (E®); or Mo(CO)g
of nanoparticles randomly distributed in the bulk of a superwere added in each case, therefore sonochemical synthesis
conductor, even repulsive forces leads to an enhancement wias expected to yield similar number and size distribution of
the bulk pinning forcé—3Also, for smaller particles magne- in-situ produced nanoparticl€.Scanning electron micros-
tization vector will always be aligned along the vortex direc-copy study was conducted on Hitachi S-4700 instrument.
tion, thus providing overall enhancement of the bulk pinningAverage size of granules obtained after irradiation of MgB
force. slurry with high-intensity ultrasound, was found to be
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effect of sonication (a
initial |
—— sonicated
Ti
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© -~ off spot FeK 1
g -—— 0on spot—|[ S
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. o = MgB,+Mo,0,  (C)]
FIG. 3. Sonochemical modification of MgBsuperconductor: - |
(A) Starting material(B) MgB,, irradiated with high-intensity ultra- MoL ]
sound. (C) MgB, sonicated with 1.8 mmol K€O)s. (D) MgB, off spot
sonicated with 1.8 mmol M&O)g; sonication was performed in <—— on spot
2% (w/w) decalin slurry at 263 K, 20 kHz, ang50 W/cn?.
30 um. Samples were additionally characterized by pow . 2 % &
p- P Y y P energy (keV)

der x-ray diffraction. Figure 3 shows SEM images (&)

pc_)lycrystal_lme MgB before sonication(B) MgB, irradiatgd FIG. 4. Local energy dispersive x-ray spectrosc¢BpX) ob-

with high-intensity ultrasound(C) MgB, sonicated with  tained in(a) sonicated materialb) sonicated MgB with embedded
Fe&(CO)s, which is believed to produce a nanocomposite ma+e,0, nanoparticles, anéc) MgB, with embedded MgO5 nano-
terial with FeO5 nanoparticles®?!and (D) MgB, sonicated particles. The “on-spot” and “off-spot” locations and corresponding
with Mo(CO)g—resulted, presumably, in embedded J@g  spectra are indicated in the insets.

nanoparticles??° No nanoparticles were formed in MgB

sonicated without any organometallic compounds. In con- Magnetic measurements were conducted usi@gantum
trast, sonication of granular MgBn the presence of volatile Design superconducting quantum interference device
organometallic compounds allows formation of nanoparticle$SQUID) MPMS magnetometer. The average sample mass
(brighter ~50 nm spots easily visible in the last two pic- was maintained 10 mg. Measured magnetic moment was
tures. In order to verify that these are, indeed, nanoparticlesiormalized using the initial slopeM/dH. This slope is pro-
obtainedin situ, the localized energy dispersive x-ray analy- portional to the volume of the superconducting phase, and
sis (EDX) was conducted on these materials, using both scafer materials without magnetic nanoparticles such normaliza-
mode and spot mode. The normalized spectrum obtained dion eliminates the contribution of the demagnetization factor
a sonicated material is shown in Figa# No change in the and gives the volume magnetization. For composites con-
main Mg line is observed, while a small oxygen peak ap-taining FgO; nanoparticles, the normalization was done af-
pears because sonication is carried out under the ambiet@r subtraction of the paramagnetic contribution measured
atmosphere. Figure () shows significant changes in the aboveT., which however was almost negligible. Figure 5
spectra after introduction of iron pentacarbonyl, which re-shows magnetization loops measured at 5 K in three studied
sults in FgO3 nanoparticles. In the spectra measured “off-samples: MgB (sonicated, no additivgsMgB, containing
spot,” the relative content of iron with respect to magnesiunfF&0; nanoparticlegobtained by sonication with F€O)s];

is nearly zero. The situation is opposite for the “on-spot”and MgB, with nonmagnetic MgOs nanoparticlegobtained
measurement. There, iron oxide with the nominal chemicaby sonication with M6CO)e]. As expected, magnetization
composition of FggO;; is detected. Similar results are ob- loops for MgB, with nanosized inclusions are more hyster-
tained for the nanocomposites containing J@ nanopar- etic compared to the material without inclusions, which im-
ticles. Figure 4c) indicates presence of molybdenum oxide plies enhanced pinning strength. Furthermore, the loop mea-
particles with the nominal chemical composition of sured in the material with magnetic J&& is significantly
Mo, O, ¢ Composition of metal oxide nanoparticles deter-more hysteretic.

mined with EDX measurements essentially matches the sto- Quantitative analysis of the critical current density in the
ichiometric composition of iron and molybdenum oxides, case of granular superconductors is difficult. However, it is
Fe,0O5; and Mg,Os. Minute traces of titaniunfionly visible in ~ possible to estimate its value by assuming a collection of
Fig. 4@)] are due to the erosion of Ti horn caused by thedecoupled grains. In the practical unjtgs, but current den-
abrasive action of suspended of MgBrains during the ul- sity in A/cn?), the current density, is related to the irre-
trasonic irradiation of decalin slurries. versible magnetizatio™ [emu/cd via j.=30M/w, where
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r -7 did not change after the sonochemical treatment as evident
::ﬁ{;’ﬁ;ﬁf‘é”“'y from Fig. 6. This indicates that magnetic component does not
—e—with Fe.O. act as a dopariin which case magnetic ions would suppress

22 T,), but forms well shaped inclusions, also observed by SEM
and TEM and confirmed by EDX, Fig. 4. Similar magnetic
behavior was observed for other concentrations of embedded
nanoparticles. Comparing the samples with nonmagnetic and
magnetic pinning centers, we conclude that magnetic nano-
particles lead to a considerable increase of the total bulk
T pinning force.

Another important conclusion is that magnetic pinning is
more efficient in highs high-T. superconductors compared
. . . . to low-« low-T, superconductors. This is because the energy
-5000  -2500 0 2500 5000 of a vortex in type-ll superconductor can be writtenEgs
H (Oe) ~ (®y/47N\)?(In k+0.5), where additional factor 0.5 to la
comes from the contribution of the vortex cor&or low-«

FIG. 5. Magnetization loops for the reference samselid ~ SUperconductors, core-energy term is dominant or compa-
line), Mo,Os-containing composites (open symbols and  rable to the magnetic term. Consequently, lowering the mag-
Fe,05-containing compositegsolid symbol3. netic energy by interaction with a magnetic inclusion does

not significantly affect total vortex energy. As a result, the
effectiveness of magnetic pinning is relatively low. The situ-

square grains of planar sizevX 2w are assumed. From the ation is opposite in high materials, such as high-
data of Fig. 5M ~50 emu/cc for a sonicated material with- témperature superconductors where magnetic term is domi-
out nanoparticle inclusions. Witiv=15 um we obtainj,  nant and minimization of the magnetic vortex energy
=1x10° A/cm?, in a good agreement with the literature. In Significantly lowers its total energy resulting in higher effec-
a sample with F0; inclusions this number is doubled indi- tiveness of pinning associated with the magnetic interaction.
cating a significant effect of the magnetic pinning. To pro-Another interesting aspect of magnetic pinning is its depen-
vide a visual representation of the temperature dependence @gnce on the angle between the direction of magnetization in
a critical current, magnetization data collected after zero field12noparticles and the flux lines. Oriented nanocomposite ma-
cooling and application of a 1 kOe magnetic field were con-terials should have anisotropic pinning enhancement. The ex-
verted intoj, and the result is shown in Fig. 6. Clearly, the Perimental work on oriented nanocomposites is in progress.
enhancement is observed in the entire temperature range. It

should be noted that superconducting transition temperature CONCLUSIONS

100

50

o

M (emu/cc)

&
o

-100 | |

In conclusion, it is shown that magnetic pinning force is a
T T T T T long-range force with a characteristic lengthThe magni-
o %o sonicated only tgde o_f this forcg dep_ends on the magr)eti;ation valu_e, par-
2x10°F  Tey —o—withMo,O, | ticle size and orientation of the magnetization vector in the
%o, —e—with Fe,0, magnetic particle with respect to the orientation of a flux
L T line. The experiments with MgB superconductor treated
6 %o, A with high-intensity ultrasound have confirmed the theory—
1x10 o, ®e. i considerable improvement of a magnetic hysteresis was ob-
. served in samples with embedded magnetigCsenanopar-
" ] ticles compared to a material with nonmagnetic ;&g of
similar concentration and size distribution. Our results sug-
e gest a new direction in the improvement of vortex pinning in
° high-T, superconductors.

T
o

j, (Wem?)

5x10°

H=1kOe
applied after ZFC

oL . 1 . 1 . 1 . I N N
5 10 15 20 25 30 35 40

T (K) Discussions with Yu. Genenko, B. Ivlev, V. Geshkenbein,
K. S. Suslick, A. Polyanskii, and A. Gurevich are greatly
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