APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 5 3 FEBRUARY 2003

Flux pinning enhancement in ferromagnetic and superconducting
thin-film multilayers
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Flux pinning in high-temperature superconductors such as,€B#,_, (YBCO) in the past has

been accomplished by pinning the vortex cores. We demonstrate magnetic-domain-induced flux
pinning of the magnetic flux of vortices in a ferromagnet-superconductor bilayer consisting of CoPt
grown on YBCO, where the ferromagnet has uniaxial perpendicular magnetic anisotropy and a
random domain structure. We observe an improvement of the critical current due to magnetic
pinning at temperatures close to the transition temperature20@8 American Institute of Physics.
[DOI: 10.1063/1.1542674

For practical applications, high temperature superconanisotropy, such as TbFe or CoPt. They predicted that below
ductors(HTS) such as YBaCu;0,_ 5 (YBCO) need to pos- the coercive field of the ferromagnetic film, the vortices
sess a high critical current density.J. Enhancement al,  should become trapped at domain boundaries, thereby pro-
occurs by increasing the flux pinning capability of the super-viding flux pinning. It is estimated that the pinning barrier
conductor. This is especially important in HTS, since thermalper unit length of a single vortex line is
depinning readily occurs at liquid nitrogen temperature, in
light of the small size of the vortex corés-3 nm). Ump~®oMo, (1)

Although flux pinning occurs naturally in YBCO due to
crystallographic defects, flux pinning may be significantly
enhanced by engineering microscopic defects that suppre
superconductivity locally. It is energetically favorable for the " . o S
normal core of a vortex to reside on nonsuperconductin tripe domain structure, but the pinning barrier is absent

regions within a superconductor. The maximum pinning en- izi?nvoerggfs Ciinalrrnnc())\g tzi:aifg,::réhii diorgﬁldnema}:‘lihgglg
ergy per unit length in this case is the superconducting conf 9 9y P P

. . main width! >\ (T). This magnetic pinning energy supports
densation energy in the volume of the vortex colk,, : e a7 5
~(H§/87r)1-r§2=[<I>o/87r)\(T)]2, whereH_ is the thermody- a maximum current density,~cMg/l ~10" A/cm* for M

namic critical field, ¢ is the coherence lengttsize of the =100 emu/crh and| =1000 nm.

. . There have been several attempts at producing
normal corg, <, is the flux quantum, and_(T) Is the tem- ferromagnet-superconductor bilayers to show the effects of
perature dependent London penetration degth(0)

. T flux pinning by using the above scheme. Garc a-Santiago,
(crlitSic?arI]mté(r)r:pZ?a?%eTgLsepl?:mtgh:nei;g(]:):eirsogsc?\_)-zracs et al!! produced an epitaxial FM—SC bilayer consisting of
N2(0)/N](T)~(1—T/T.). Some flux pinning schemes in- VBCO/ZrO,=Y;0; _buffer/BaFg;010/YS2(100).  They

lud d oh inclusiohthick dulati t th found an upward shift in the irreversibility line compared to
clude second phase Inclusi Ickness modulation ot the pure YBCO, and they interpreted this as evidence of en-
superconducting filni, cold work-induced dislocations and

. ) k hanced flux pinning. Zhanet al? have produced an epitax-
strain? magnetic particlesand dot8 on the superconductor . - :
’ ial bilayer of YBCO/P I nO; (PSMO)/SITIQ.
surface, and columnar defects by ion irradiatioh. Y b.67510.3MNOs ( )/SImQ

A . ._From their magnetization measurements, they indicated that

Recently, a method of flux p"f‘”'”‘f’o by magnetic dOIﬁn"’“nthe in-plane magnetized PSMO somehow also enhances flux

walls was proposgd by Bulgevslat al-” They suggest that pinning. Unlike the aforementioned reports, the results pre-

stronger qu>§ pinning of a single vor_te(xlxp t0 two orders of  soniaq in this letter show an enhancement in flux pinning by
magnitude improvement versus pinning by columnar de

) . T X transport measurements in magnetic field in a bilayer struc-
fect9 might be realized by pinning the magnetic flux of theture. The improvement in critical current density~2—3

vortex, rather than just the core. In this scheme, the Structurgaq provides the most direct evidence of flux pinning.
would be comprised of a ferromagnet-supercondut— Also, the experimental results agree qualitatively with the

SO multilaygr. The 'ﬂux .pinnir)g yvould be provided by a theoretical expectation from Bulaevskif al1°

ferromagnetic material with uniaxial perpendicular magnetic  yvgco films were grown by pulsed laser deposition on
pseudocubic(100) oriented LaAlQ (LAO) substrates ob-
dElectronic mail: gxjia@lanl.gov tained from Lucent Technologies. Ablation was performed

whereM, is the magnetization of the ferromagnetic domain.
g’@is pinning energy is relevant for a vortex crossing a do-
main wall with the current normal to the domain wall in a
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FIG. 2. J. vs Bllc transport measurements for 500 and 180 nm YBCO films

FIG. 1. MFM image of a multilayer CoPt on YBCO, showing maze-like at 86 K with and without CoPt multilayer applied.

domain structure with uniaxial perpendicular magnetic anisotropy.

also be noted that the CoPt multilayer showed strong perpen-

using a XeCl excimer laséenergy density: 2 J/cn?, target-  dicular anisotropy, as can be seen from the sharpness of the
substrate distanee4.5 cm). All of our YBCO depositions domain boundaries and the high contrast between domains of
were carried out with the substrate at 780 °C and puge Oopposite polarity. The MFM scans, which were taken in the
pressure at 200 mTorr. Following the deposition, the YBCOfrequency mode using a Digital Instrument Nanoscope IlIA
films were naturally cooled in 250 Torr, O Our processing multimode probe, showed strong contrast, further indicating
conditions yielded epitaxiat-axis oriented YBCO, where strong magnetic anisotropy. The origin of magnetic perpen-
the CuO planes lie parallel with the substrate. dicular anisotropy in these CoPt multilayers is believed to be

Samples were prepared for electrical property measuredue a magnetoelastic effect resulting from the 8% lattice
ments using photolithography to produce microbridge patmismatch between Co and Bt'® We also measured the co-
terns with dimensions 2.0 mm in length by 2afh wide. Ag  ercivity and magnetic saturation in the hard in-plane direc-
contacts were applied to the YBCO film surface by thermalion and easy axis using the dc superconducting quantum
evaporation, and the films subsequently were annealed aiterference devicéSQUID) magnetometer at 75 K. In this
550 °C for 30 min in flowing oxygen to minimize contact measurement, we fixed the orientation of the films in the
resistance. For all of oul, measurements, we used the stan-sample holder with respect to the known orientation of the
dard 1uV/cm criterion. magnetic field within the SQUID. As expected, the film has

Multilayer films with a thickness of 200 nm CoPt were uniaxial magnetic perpendicular anisotropy with a higher co-
grown directly on top of the YBCO film by sputtering 0.9 nm ercivity H¢.(Bllab)~2500 G and magnetic saturation
Pt/0.2 nm Co repeats at room temperature in high vacuurivi((Bllab) ~ 210 emu/cr in the hard in-plane direction than
(<2x10 8 Torr), with 1.5 nm Pt capping layers at both the in the easyc axis, with corresponding valued ...(BlIIc)
beginning and end of the deposition to prevent Co oxidation~600 G andM ¢(Blc)~ 135 emu/cr. From Eq.(1), such a
Although a higher deposition temperature would havedomain structure with width~ 1000 nm provides a maxi-
yielded higher coercivity and magnetization saturation val-num pinning energy per vortex lind oM d=4x 10 K
ues for the CoPt we maintained the growth temperature at (ds is the YBCO film thickness at temperatures below
room temperature to ensure that the YBCO would not lose it3-0.99T.., wherex(T)<lI.
superconducting properties by diffusion-induced loss of oxy-  Improvement in flux pinning capability neaf., is
gen. clearly demonstrated by comparing the transport measure-

Figure 1 shows a magnetic force microscoyFM) ments in a magnetic fieldB(Ic) before and after adding 200
image of the 200 nm CoPt multilayer on 500 nm YBCO.nm CoPt on both the 500 and 180 nm YBCO films. No
Immediately noticeable in the MFM image are the maze-likesignificant improvement id, was observed at 75 K, indicat-
domain structures in the CoPt multilayer, which have a fairlying that at this temperature, defect induced pinning is still
uniform domain width on the order of 1/m. An interesting dominant. By contrast, Fig. 2 shows as a function of ap-
feature of these films is the finer domain structure filling inplied magnetic field Blic) before and after the CoPt coating
the areas between the major domain structures. Similar MFNs applied on the YBCO films, in liquid argon at 86 K. We
images were obtained for 200 nm CoPt directly on LAO,see from the data that in both the 500 nm YBCO and 180 nm
graphite, and glass substrafeot shown. These irregular YBCO samples, the change ih by a factor of 2—3 upon

magnetic domains are similar to those of TBEét should  addition of CoPt is present at 86 K, which is closer to the
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@ 180 nm YBCO @ 86K this provides maximum vortex magnetic flux pinning. Closer
450 - W 500nm YBCO @86 K to zero field withinH ..., at 75 K flux pinning from natural
pinning sites in YBCO is stronger than at 86 K.

In comparing the flux pinning results between 500 nm
YBCO and 180 nm YBCO superconductor layer, the changes
upon addition of 200 nm CoPt are more pronounced for the
thinner 180 nm YBCO sample both at 75 and 86 K. We may
oo, understand this as greater penetration of the magnetic field
E&éﬂéggéﬁ: into the thinner YBCO film, thereby enhancing both the

L strength of flux pinning and intrinsic magnetic field the
sample experiences. The magnitudeJpfat 86 K is ~10
times smaller than predicted above for the maximum current
densities supported by magnetic domain wall pinning. This is
likely due to the random pattern of the stripe domains seen in
these CoPt filmgsee Fig. 1, which facilitates movement of
O (80 nm YBCO@75K vortices along domain boundaries. To optimize pinning by
M 500nm YBCO @75 K | this mechanism, the superconducting film can be placed be-
' : ' ' ' tween two ferromagnetic films with different domain pat-

-1.0 -0.5 0.0 0.5 1.0 terns, assuming they do not influence each other.
B(M In summary, flux pinning enhancement in a ferromagnet-
FIG. 3. Difference ofJ, (with and without CoPt layer appli¢dss Blic superconductor bilayer ha_s b_een_ demonStrate_d u_smg tr_ans'
transport measurements for 500 and 180 nm YBCO films at 75 and 86 K.port measurements. Flux pinning in YBCO by pinning entire
vortices at magnetic domain boundaries with uniaxial per-

i ) o _pendicular magnetic anisotropy has been shown to be effec-
transition temperature. This observation is exactly what ig;ye gt temperatures close T (~86 K) and within + Hoq,.
expected from the theof;?.We should also note that we are a¢ this temperature, the magnetic domain pinning dominates
improving the flux pinning capability of already very high yafect induced pinning.
quality YBCO. At 75 K in its self-field, the, for the 500 nm
YBCO sample is 4.28 10° A/cm? andJ, for 180 nm YBCO . . .
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