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A honeycomb array of submicrometer holes in a Nb superconducting thin film has been fabricated
to investigate the flux pinning effect. It is found that the minima positions reveal two regimes
characterized by the matching fields and the fractional ones. It is believed that the complex behavior
may come from more than one vortex being captured per pinning site. Furthermore, the temperature
dependence of the saturation number of vortices per pinning site together with vortex-vortex
interaction gives the complex vortex configurations.2005 American Institute of Physics
[DOI: 10.1063/1.1849511

I. INTRODUCTION work we study a periodic pinning of magnetic flux quanta in
a Nb film with a honeycomb array of submicrometer holes.
In type Il superconductor, magnetic fields can penetratdhe situation for our sample is based on the corrugation of
into the superconductor inhomogeneously as an array of voiNb film. The main effect of the corrugation is that the Nb
tices. The interaction of these vortices and vortex-pin interfilm effectively has a reduced thickness along the perimeter
actions in the superconductor give rise to a rich variety ofof the defect causing lowér. superconductors. The magne-
static and dynamical phases. Recently, vortex lattice states toresistancéMR) curves of our sample can show the match-
periodic pinning arrays have been attracting considerable atng and the fractional matching properties that allow us to
tention as they represent ideal examples of an elastic latticgtudy the configuration of the vortices.
interacting with a periodic substra{edanolithography based
on ele_ctron-bgam direct Wr|t.|r’1g6 has begn used 'tlo prepare || oy bERIMENT
submicrometric structures with geometries specified. Herein,
one important aspect for the pinning mechanism is that the Honeycomb arrays of submicrometer holes with 80 nm
artificial pinning center is occupied by either one vortex ordepth, a spacing of about 400 nm and a diameter close to
multivortex. Experimenfsand numerical simulatiohshave 300 nm have been prepared oMgj-coated Si wafers using
shown the excess vortices can be pinned to the weaker pirlectron-beam lithography in conjunction with reactive ion
ning sites at interstices. Ordered vortex lattice structure wittetching. Then a dc sputtering completed the four-terminal
various symmetries has been imaged using Lorentz microggeometry niobium films over the circular-hole array with a
copy by Haradat al The vortex positions observed in these thickness of about 100 nm. This process is similar to that
experiments were then well reproduced by numerical simupublished in our previous reporctg.Figure 1 shows an scan-
lations by Reichhardt, Olson, and NérAnother possibility  ning electron microscopySEM) micrograph and an atomic
at the matching fields is that multiple vortices can occupyforce microscopylAFM) image for a honeycomb array of
individual pinning sites. For an isolated pinning center thecorrugated pinning sites. MR measurements were carried out
saturation number of vortices is~d/[4&T)],2 the maxi- by a four-probe technique in a superconducting quantum in-
mum possible number of the vortices trapped by the singléerference devicéSQUID) system with a temperature fluc-
insulating, whered is the diameter of a defect aridis the  tuation within 3 mK and the external magnetic field was ap-
superconducting coherence. One the other hand, a Bittglied perpendicular to the plane of the film and transport
decoration technique was used by Bezryadin, Ovchinnikov,

and Pannetiérto investigate multivortex states. That work e e e e e e
: S . SRS SRR (b)

demonstrates that the size of the pinning sites can influence X PRARRSRR.

- i : ) r’:"’;:)'g"".-"':""."".
the number of the vortices trapped at a single site. Further LT Lot r
more, it is supported by numerical simulatiéhs' of scaling ;33:‘;:::???$"” "3.‘.:. - .
of the critical current for varied pinning strength. In this L L o T T od
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dauthor to whom correspondence should be addressed; electronic maiFIG. 1. (8) SEM micrograph of honeycomb array of holés) AFM three-
yangtj@cc.nctu.edu.tw dimensional image of the patterned sample.
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FIG. 3. I-V characteristics for a honeycomb array of the pinning siteB at
FIG. 2. Magnetoresistance curves with the driving current of g80at ~ =8.16 K under various half integer and integer matching fields applied per-
different temperatures) indicates the number of vortices per unit cell of Pendicular to the film plane.
hole array under matching field.

current. The superconducting transition temperatiigg, of gives the maximum number of vortices. As can be seen from

the sample at zero field is 8.28 K and the superconductin?g' 2, more than one vortex (_:qn pe pined by one defec_:t at
transition width was 0.1 K. ower temperatures, such that it indicates that vortex configu-
rations should be correspondingly changed, and magnetore-

IIl. RESULTS AND DISCUSION sistance becomes larger markedly.

. L . . Figure 3 showd-V curves at integer and half-integer
The experiments with either square or triangular antl'd()tmatchin fields. The reduction in the energy dissipation can
arrays of pinning sites do not show much of a qualitative 9 : gy b

difference. However, as one with honeycomb arrays sugbe ob;erved atinteggr matchi.ng field. At higher driving force
gests, the lack of defects in the central position of a triangu@" ©rdinary monotonic behavior can be observed, that is, the
lar array transforms the pinning arrays into honeycomb one&/oltage drop increases with magnetic field. However, Ithe
Figure 2 shows the magnetoresistarii4R) curves within -V curves measured at each integer matching field cross with
the various temperature rande=8.11-8.16 K. As can be its half integer matching field in lower driving force regime.
seen, these curves show a set of minima of magnetoresi$he voltage drop at integer matching fields becomes smaller
tance at specific value of external fields. These intervals bethan that at half integer ones. These crossovers indicate a
tween two consecutive mininfAB,) are about 100 Oe. This different pinning mechanism as a function of the current. In
is in good agreement with the calculation based on the geaddition, the integer matching cur{@00 and 200 Oehas
ometry of honeycomb unit cell of the pinning sites. There-qyite a similar shape as the zero field curve. It is suggested
fore, the vortex pinning can be strongly enhanced when therg, ; ihe multivortex could be stabilized at each artificial pin-

is a geometric matching between the vortex lattice and th?‘.ing center. The vortices in one pinning site repel one an-

mg?éﬁgngar?zz Lr;r&i,rsgrlﬂja; ?;e tﬁgcuvr(rﬁtr; (;e (;);ntsh(; fIrStother and move to the edges of the pinning site. The interac-

= AB/®y=4.831um™2) being equal to the pinning center tigng bet\./veen.the.vortices in thg pinping site{s and other
density (np:AB/d>0:4.81lum‘2), where @, is the flux  Pinning S|.tes give rise tp some o.rlentafu.on o_rdenn_g. The ex-
quantum. cess vortices can be pinned in interstitial sites with weaker
Most remarkably, two types of sharps at the minimum ofPinning. Since the vortex-vortex distance varies with applied
resistance are clearly present; one is narrow and deep at Ioff¢ld, the weak pinned interstitial vortices easily move
fields, and the other is broad at high fiel@gdove 300 Og  through the vortices at the pinning sites where the pinning
On the other hand, additional structures are visible to theotentials are stronger. As a result, the integer matching ef-
whole part of the curves called fractional matching fields. Afects are stronger than the half integer ones, as shown in MR
detailed analysis of the minima positions reveals two redatum.
gimes Characterized by the ma.tching fle|dS and the fl‘aCtional Herein’ for more discussion we Sketch out the contour

ones. In_the low field regime, the half integer matching ef-p|ot of the vortex-vortex interaction force strength created by
fects (n=1/2,3/2,5/2 are weaker than the integer ones. 5 ponevcomb array of pinning sites, and each pinning site
This indicated that there is less energy loss at integer matdl:’aptures three vortices, as shown in Fig. 4. The reason for

ing fields. However, we can find that the minima of the haIfmakin this assumption is that the lenath scale of the hole
integer matching field at high magnetic fields are distinct. It 9 P 9

is believed that the complex behavior may come from rnorediameter can be compared with the temperature dependence

than one vortex being captured by an individual pinning site©f characteristic lengths of the superconductor. The vortex-

Due to the temperature dependence of coherence length, tH8MeX interaction energy was calculated with the following
coherence length become larger and then the number of voarameters:d=280 nm, a=400 nm, A=790 nm, and ¢
tices in one pinning center become fewer when the tempera=95 nm,> whered is hole diameter and is the lattice dis-
ture is close to critical temperatui®. This is because the tance of a array. The interaction force strength between two
saturation number that depends on the coherence lengthortices with the distance of,-la is
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vortex interaction between the three-vortex at pinning sites
and interstitial vortices can make a contribution to more
stable pinning structure that is in agreement with the less
energy loss on the magnetoresistance.

(a)

IV. SUMMARY

Flux-line confinement by a honeycomb array of submi-
P crometer holes has been studied in a superconducting Nb
Ve A — . . . .

Oﬁ 0?0 ’é., ; ! film. The integer and half-integer matching effects observed
,.)(633 ° 6*5,%_.3 23 \ sy ; Sl in the MR curves are related to the flux pinning caused by

7

4 Qe - ue the honeycomb array of defects. When the magnetic fields
6.9,0.610 0 &lo Bl _ are equal to the integer matching fields or half integer ones,
z})‘ 5? e 047, bl 4 the vortices would be arranged in good order. The vortex
.3‘.‘.)6"{.’.":%”/ lattices configuration in a honeycomb array of defects forms

a coexistence of the multivortex at one pinning site and the

vortices at the interstice. This leads to a much broader and

FIG. 4. (a) Schematic drawing shows three vortices captured by one pinningleeper half integer matching effect in higher field range.

site in a honeycomb array. The vortices distributitiled circles for every

pinning site(open circles captures three vortices in a honeycomb array of ACKNOWLEDGMENTS

pinning sites(b) Sketch of the vortex-vortex interaction force strength cre- : : : _

ated by the three-vortex distribution. _ This work was supp_orted by the National Science Coun

cil of the Republic of China under Grant Nos. NSC 93-2112-

) M-018-012, NSC 93-2112-M-009-010 and the Ministry of

@5 K (h) Economic Affairs with Grant No. 92-EC-17-A-01-S1-026.

17 g2

) . ) . . IC. Reichhardt, C. J. Olson, and F. Nori, Phys. Rev. L2&. 2648(1997.
whereKg is a zero-order Hankel function with an imaginary 2J. 1. Martin, J. Nogues, K. Liu, J. L. Vicent, and I. K. Schuller, J. Magn.
argument and tha is the magnetic penetration depth. The %‘(‘agnﬁmtef- '235g 4‘19(20%5‘1- K Sehuller. Phve. Reve 6958(200
behavior is illustrated in Fig.(é.), in which there are three “K: ngarch]iZmé’). karrr;?n?lyjran.. Kallsa(i: 'LIJ' El}\;ly.sttsu{lsai Ae.vTorylomure(l an?ilv. V.
vortices captured by one pinning site, and forming a regular moshchalkov, Scienc@71, 1393(1996.
vortex state. When the external fields are increased to °L. Horng, J. C. Wu, P. C. Kang, P. H. Lin, and T. C. Wu, Jpn. J. Appl.
=3.5, the excess vortices can be caged at interstices, suq]i hés-wzar;1(‘;2'5:“79(5032}” 1 Wu and T 3. Yanc. 3. Aopl. Phvs
that the overall vortex lattice still remains ordered. This be- oo 6696‘(2604'). 9= g, & < Yang. J. Appl. Fhys.
havior causes the vortex lattice to become stiffer at higher’c. Reichhardt, C. J. Olson, and F. Nori, Phys. Rev5B 7937(1998.
fields. As vortices interactions become stronger, the intersti—ZG- S. Mkrtchyan and V. V. Schmidt, Sov. Phys. JEBR, 195 (1972.
tial lattice cannot easily flow around. As a result, at higher gésie(zlg’gg'”' Yu. N. Ovchinnikov, and B. Pannetier, Phys. Revo®
magnetic fields(above 300 Opthe half integer matching  1oc greichhardt, G. T. Zimanyi, R. T. Scalettar, A. Hoffmann, and I. K.
effects are even much stronger than integer ones. Unfortu-schuller, Phys. Rev. B4, 052503(2001).
nately, the third matching effect is less noticeable in the be-EC- Relichhardt and N. G. Jensen, Phys. Rev. L%ﬁ-23752(r]2?|00- .
havior of the MR, as shown in Fig. 2. This is because the M- Velez D.Jaque, J. I. Martin, M. I. Montero, I. K. Schuller, and J. L.

C . Vicent, Phys. Rev. B65, 104511(2002.

tqtal_ vortex-vortex |nt§ra<_:t|0n _force almost overcomes thelaM. Tinkham, Introduction to SuperconductiviijyicGraw—Hill, New York,
pinning force of the pinning sites. As a whole, the vortex- 1996.

=




