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MgB, films with very high critical current densities due
to strong grain boundary pinning
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MgB, superconductor has a great potential for applications because of it$ agldB,,, exceeding

those of any Nb-base superconductors at any temperature. It is now important to understand its flux
pinning so as to raisd. to high values over a wide field range. We show that nanometer-sized
columnar-grain structure can produggexceeding 5 10° A/cm?. The angular dependence &f
indicates that the strongest pinning occurs when the field is aligned parallel to the grain boundaries.
Our results confirm earlier deductions that grain boundaries in MgBas effective pinning centers

like those in NBSn. © 2004 American Institute of PhysidPOIl: 10.1063/1.1805195

Magnesium diboride(MgB,) superconduct&r has a evaporation technique. We controlled the background pres-
great potential for applications because of its high transitiorsure to less than I®Pa and the substrate temperature to
temperature and upper critical fieldB,,) that can exceed 543%5) K. The evaporation flux ratio of Mg was set at four
those of any Nb-base superconductors at any temperaturémes as high as that of B, and the growth rate of the MgB
Moreover, many groups'’ are making films and wires of layer was 1 nm/s. We prepared two films with different
MgB,. In order to realize the full potential of MgBit is  thicknesses of MgBlayer of 0.30 and 0.1um. No heat
now important to understand its flux pinning so as to raisereatment was performed after the deposition. Therefore, we
the critical current densityJ,) to high values over a wide examined their properties in the “as-grown” state. For the
field range. In this letter we show conclusively that 20-3otransport measurements, the films were patterned by dry-
nm diameter columnar grains can produgevalues exceed- €tching and electron cyclotron resonance etching processes.
ing 5x 10° A/cm?. By studying the angular dependence of Both the Wlldth and Ienth of the strip line were 1 mm. We
Je in films where the grains grow at a small angle to thethen deposited 0.20m-thick gold layers for electrodes. We
substrate, we conclusively show that the strongest pinnin§€rformed the dc four-probe transport measurements for the
occurs when the field is aligned parallel to the grain boundPatterned specimens. We measured critical currgngs a

aries, even thougB,, is lower for this field orientation than function of the external magnetic fields and the angled

when parallel to the Mg and B planes. Our results confirm®f the fields in liquid helium(4.2 K). Current direction

earlier deductiorfs* that grain boundaries in MgBdo not was set perpendicular to the field direction and the specimen

obstruct current flow as in the high-temperature cuprate su/2S rotated around this _current axis. In this work, we define
N P P 0=0° and 90° as the fields parallel and perpendicular to

erconductors, but act like those in intermetallic supercon: . ;
guctors such as NBn P the film surface(hereafter referred to as the parallel field

Intensive research work has been performed to fabricat nd the per_per_1d|cular fle)l,drespeqtlvgly. We employed the
e 517 : wV/cm criterion for thel . determination. We observed and
MgB, thin films>™" with high J.. For exampleJ. values : o :

. 5 ' ' analyzed the microstructure by transmission electron micros-
reaching 10 A/cm? at 4.2 K in zero external fields are TEM). Wi d ional foil . b
reportecd®™*3 However, magnetic field dependence Jfis copy (TEM). We prepared cross-sectional foil specimens by
I .dJ d ' to about 10% and 1% of self-fi Idusmg a focused-ion-beam instrument equipped with a micro-
arge, andJ, decreases to about 1U% an o of sell-Tie sampling system and performed the observation with an
values in 1-3 and 4-5 T, respectively, even at low temper

¢ ! ¢ &s814.15 £ i derstandi qi %Blectron microscope accelerated at 200 kV.
Ures in most cases. urther understanding and im- Figure 1 showsd B relations at 4.2 K for the films with

rovements in flux pinning are essential to realizeen- : .
Fkzancement in fields Eoth fgr thin films and wires. % ((:Egr\?ésg)%n:-gégksgyds(?])ig%é? E{:mt TLC;& :c\:lﬂi%ol?g ?I:Se‘gf;%
We prepared MgBthin films on a polished sapphire C o, thick film. It is notable thatl, exceeds 1DA/cm? even
(000 single-crystal substrate by using electron-beamp ihe perpendicular field of 4 T. On the contrady:B curve
for #=90° stays lower than that fo#=0° in the 0.15am-
@Electronic mail: kitaguchi.hitoshi@nims.go.jp thick film. Many research papers report th&b is higher in
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FIG. 1. J; plots as a function of external magnetic fields fay 0.30um-  FIG. 2. J; plots as a function o (angle of the fields against the film

thick and(b) 0.15um-thick MgB, layers at 4.2 K§=0° and 90° correspond  surfacg for (a) 0.30um-thick and(b) 0.15um-thick MgB, layers at 4.2 K

to the fields parallel and perpendicular to the film surface, respectivelyg=0° and 90° correspond to the fields parallel and perpendicular to the film
Open and solid circles represehtvalues aty=0° and 90°, respectively,  surface, respectively. Open and solid squares and open and solid triangles
values exceeding 810° A/cm? in low fields could not be measured be- representl, valuesin 7,5, 3,and 2 T, respective|y.

cause of a thermal problem due to heat formation at the current contacts.

with the columnar growth direction. The grain boundaries
the parallel field than in the perpendicular figid:** Al-  between these columnar grains may work as effective pin-
though the large decrease af in the perpendicular high ning centers and lead to the highperformance in the per-
fields [see Fig. 1a)] may be attributed to the reported angu- pendicular fields.
lar dependence dB,,, the origin of the highed, aroundé These results suggest that the MgRyer has two
=90° in this work cannot be explained simply in terms of thepinning mechanisms. One corresponds to the peak around
angular dependence &,. B, (90% of normal-conducting 0=90° originating in grain boundaries in the columnar mi-
state resistivity of the 0.30pm-thick film are estimated to crostructure. The other, corresponding to the peal=0°,
>28 and 17 T at 4.2 K in the parallel and the perpendiculafmay originate in the surface of the Mgtayer, the MgB/
fields, respectively. substrate interface, or the layer structure of Mgiystals.

Figure 2 showsl—d relations at 4.2 K for the films with ~ Figure 4 shows the explanation for these two pinning mecha-
(@) 0.30um-thick and(b) 0.15um-thick MgB, layers. The hisms and the two peaks Jg-6 relations. This indicates that
J—0 curves have two peaks aroufid 0° and#=90° in both  the pinning becomes strong when the field is aligned parallel
films. J, values are much higher aroumg:90° than around to the grain boundaries. The detailed observation of the mi-
6=0° in the 0.30um-thick film. However, J. is higher  crographs indicates that the direction of the columnar grains
around #=0° than around¥=90° in the 0.15:m-thick film i shifted several degrees from the perpendicular direction.
corresponding to the results ii—B relations. In addition, This agrees with the results that the peak positioRd ¥
the peak positions vary in the two film®=92° and 102°
for 0.30- and 0.15um-thick films, respectively whereas
both films show the peak a&=0°. It is remarkable that the
characters of the peaks for the two films are much different.
The peak around=0° appears rounded and the peak around
0=90° is more cusplike in the 0.3@m-thick film. In con-
trast, for the 0.15:m-thick film the peaks show the opposite
character.

The microstructure of the MgBayer gives the origin of
the peak around=90°. Figure 3 shows TEM bright- and
dark-field imagegBFI and DFI, respectivelyof the cross
section along with a corresponding diffraction pattern. Co-
lumnar grain growth of MgB can be clearly seen in the
micrographs. The columnar grains of 20-30 nm in size grow
In, alqut perpendlgulgr to the MgBsubstrate interface. The FIG. 3. TEM micrographs of the cross section of the fill@8FI and DFI,
diffraction pattern indicates that the MgBayer has a tex- images and a corresponding diffraction pattern are shown. The incident

tured microstructure and thataxes of Mga crystals align  beam direction i§320] of the sapphire substrate.
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61 (9) 0:30um Thick r thic_kness of th_e MgBlayer increases the pinning due to the
w5t | b Grain Boundary Pinning grain boundaries and makes the peak arodr®0° more
ud BT alw cusplike.
’ w| " y In summary, we can conclude based on our results that
A—f the grain boundaries between columnar grains work as effec-
0.2 = . . . . .
) @ﬁm%mq@ﬁa <_I_—| = tive pinning centers and lead to the highperformance in
5 | 1] the perpendicular fields.
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