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Pinning phenomena in a superconducting film with a square lattice
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We study the transport properties of a superconducting Nb film with a square lattice of artificial
pinning centergAPC9 as a function of dc current, at a temperature close to the superconducting
transition temperature of the film. We find that, at low dc currents, the differential resistance of the
film shows the standard matching field anomaly, that is, the differential resistance has a local
minimum at magnetic fields corresponding to an integer number of flux lines per APC. However, at
higher dc currents, the differential resistance at each matching field turns to a local maximum, which
is exactly opposite to the low current behavior. This effect might indicate that the flux lines in the
APC system change their flow mode as the dc current is increas@®0® American Institute of
Physics [DOI: 10.1063/1.1767278

Superconducting films with a lattice of artificialegnning one superconducting flux quantumi2e per unit cell of the
centergAPCs have been investigated for several yearst square lattice, or alternately, one flux line per antidot. At low
is found that the vortex lattice is highly ordered at certaindc bias currentql4.<100uA), the differential resistance
matching fieldsH,,, where the number of flux lines equals an curve has a local minimum at magnetic fieldscorrespond-
integer multiplen of the number of APCs. This ordering ing to an integer numben of flux lines per antidot. This
effect provides additional pinning interactions that result in abehavior is the one that is conventionally observed. It is as-
local minimum resistance and maximum critical current atsociated with strong pinning of flux lines at the matching
the matching fields. Interest has been growing in such sysields H,, leading to lower dissipation associated with flux
tems in the presence of driving forcéalthough much work  line motion, and hence a lower resistance. At higher dc bias
has been done in systems with random disoféhe behav-  currents (1,,=110 uA), however, the local minimum be-
ior of APC systems is only beginning to be explored. In thiscomes a maximum at each matching field, exactly opposite
letter, we investigate the transport properties of a supercony the results at the low dc current. The current at which this
ducting Nb film with a square lattice of APQgssentially  change occurs is between 100 and 1), where the behav-
holes or antidots in the superconducting filras a function jor of the differential magnetoresistance shows a dramatic
of dc current through the film. change in a small current range of 4. At even higher dc

~ Figure Xa) shows a schematic of the device discussed imjas currents(l4.> 160 A), not plotted out in Fig. 2, the
this letter. This device was patterned onto an oxidized Shagnetoresistance oscillations are washed out.

substrate using laser interferometric lithography. The entire

device is made of a single layer of Nb fil@@00 nm thick 34 the differential resistance measurements as a function
with a square lattice of antidots with periat~1 um and ¢ gc cyrrent at two different magnetic fields of 18 and 9 G,
diameter D~0.3um. A scanning electron MicCroscopy ¢qrresponding to the first matching fiekth, andH,/2, re-

(SEM) i_mage of the Nb film i.s shown in Fig.(_m) with a spectively. This measurement has been done by the same
2 um size bar. Technical details of the patterning procedure

can be found in Ref. 3.

Figure 2 shows the differential resistance of the Nb film —|
as a function of magnetic field normal to the film with dif-
ferent dc bias currentl 4o through the sample. The resis- I+ N
tance was measured by conventional four-terminal tech-
nigues using an ac resistance bridge. The temperature of the
system was fixed ai=7.07 K, close to the superconducting
transition temperaturd;=7.13 K, of the film. All the resis- V+ @)
tance curves show oscillations as a function of magnetic

field, with a fundamental period 6£18 G, corresponding to FIG. 1. (a) Schematic of the device. The entire device is made of a single
layer of Nb film with a square lattice of antidots. The middle section be-
tween the two voltage leads, the part measured, igBOwide and 290
dCurrent address: Department of Mechanical Engineering, Northwesterrum-long.(b) A scanning electron microscog@EM) image of the Nb film

The behavior observed in Fig. 2 can also be seen in Fig.

University. with a square lattice of antidots. The lattice perioddiss1 um and the
DElectronic mail: v-chandrasekhar@northwestern.edu diameter of antidots i®~0.3 um.
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4 | | | | T T T T | lanche motion. In our measurements, there exist in addition
35 ( three subregimes in the plastic flow regime, which are la-
w beled 1(1), 11(2), and 13) in Fig. 3. In ll(1) the measure-

3 ] ments show the standard matching field anomaly, i.e., the
(e) 18 G curve, where each flux line is expected to be tied to one

antidot, has a smaller resistance compared with the 9 G
curve. In 1(2), the differential resistance measured at 18 G is

dv/dI(Q)
T
| <

15 b © larger than the one measured at 9 G, which is opposite to the
® results in regime (). In II(3), the 18 G curve and the 9 G

IR 1 curve merge together. No oscillations appear in this subre-

os @] gime. It should also be pointed out that the crossing point
| | | | | | | | | between regimes (1) and 1i(2) is quite sensitive to the sys-
45 36 27 18 9 o0 9 18 27 36 a5 tem temperature. As shown in Fig(b3, this crossing point
H(G) moves from 103 to 152A when we cool our system down

just 0.01 K, from 7.07 to 7.06 K. In other words, the unusual

FIG. 2. Differential resistance of the Nb film as a function of magnetic field pehavior in regime () only happens in a very small tem-

normal to the film at different dc bias currerlg,) at a temperature of

- . - . _ _ _ , perature range.

=7.07K: (@ 14=61uA; (b) Ig=70uA; (©) l4=100uA; (d) g . . . .

=110 4A; (€) 14=120 A, (F) 14c=140 gA; (g) 14c=159 wA. A phenomenological picture is proposed to explain the
experimental results. The total foréeacting on each flux

four-terminal technique used for Fig. 2, and at the same temllne in a superconducting film with antidots can be expressed

_ . . as f=fP+f"v +f;+f,, wheref’P is the pinning force due to
peratu.reT—7.07 K'. E|gure_z 3 lllustrates _that thé\//dl VS lac the trapping of the flux line by an antiddt? is the repulsive
behavior can be divided into three regimes: I, Il, and’lih. . : : . .

interaction with other flux lines;; the force associated with

regime |, the measurements show zero differential resistanc:tahermaI fluctuations, ant} the Lorentz force, present when
which indicates that the vortex lattice is static due to the, ' : P

strong pinning force. In regime Il, the differential resistancetranSport current is sent though the fith.The first two

increases gradually when we increase the dc current.This r%%gis lj?;ti(\;\;]()uelcsj fcsizlllt IgtZ;éghrlrz/agﬁiire:e\l/do'rtt% ::tstﬁsvo
gime is called the plastic flow regime, where the vortex lat- 9 » €SP y 9 ’

tice has been partly disordered and shows plastic flow beha\sl-erms drive the system from the highly ordered vortex lattice
; Slate to a disordered state. The motion of flux lines is deter-

jump to the normal state of the film, which indicates that them'ned by the balance betwedtP+f** and fr+fg. In our

vortex lattice has been completely disordered and shows avg_{(perlments, we fix the systgm tempgrature at a vajue
slightly below the superconducting transition temperature of

the Nb film, that is, we seft; to be constant, and varfy by
tuning the dc current through the device.

The behavior demonstrated in Fig. 3 might be associated
with a change of the flow mode of the flux lines when the dc
current is increased. At very low dc curreritegime ), the
pinning force dominates the systeffitP+f"")> (f;+fy). As
a consequence, the flux lines are static and the measurements
show zero differential resistance. This corresponds to the
I ] situation shown in Fig. @), which shows a schematic of the
s L | ] potential landscape seen by the vortex lineblatThere is a

. 1 minimum of potential at each antidot that pins exactly one
7 T=707K | vortex line. Any vortex line that is displaced from its pinning
o L Lt N RN W R I o4 center by thermal fluctuations is immediately forced back
T T T I T T ] due to the repulsive interactions between vortices, leading to
H=18 G ; a minimum in the resistance due to vortex motion. For half-
I el 5= ¢ ] filling [corresponding tdH,/2, the situation shown in Fig.

15 - l T ] 4(b)], the distance between the vortices is larger, leading to a

20_- — T T T T

15

1| 1) 2) 11(3)

dv/dI(Q)
|

smaller vortex—vortex interaction. Each vortex is therefore
I (1) nQ2) I1IE3 I - not so rigidly pinned as in Fi_g.(a), giving rise to a larger

B resistance due to vortex motion.
) 1 The effect of applying a dc current is to add a finite slope

10

dv/di(Q)

] to the potential profile, as shown in Figs(c#4(f). The
7] larger the current, the steeper the slope. At ligw[corre-
: / T=7.06 K ] sponding to region {IL)], the pinning potential is still strong
I ®)] enough that the situation described above for Figa) dand
o "5'0 ""Tmo = '2(')0' = '2;0' = '3(')0' ~%0  4b) still holds, and the resistance H [corresponding to
I (nA) Fig. 4(c)] is less than the resistancetdi/2 [Fig. 4d)]. At
de still higher | 4. [corresponding to region ()], however, the
FIG. 3. Differential resistance of the Nb film as a function of dc current atSItuatIOI’\ Changes' Consider the case of full fI||Ing,H?1t

two different magnetic fields of 18 @olid line) and 9 G(dashed ling at Shown_ schematically in F'Q(é) Here, th_e EﬁeCtiYe pinning
two different temperaturega) T=7.07 K and(b) T=7.06 K. potential at one end of a pinning center is effectively reduced
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(@ ®) only be seen in a narrow range Qf. At even higher cur-
rents, corresponding to region(3), the potential profile is
Hﬁﬂ $ ¢ ¢ tilted so much by the applied dc current that the vortex lattice

flows at bothH,;/2 andH;, so that no clear oscillations are
seen in the magnetoresistance. A similar picture also holds at
© @ higher magnetic field, where there is more than one vortex
per unit cell. One might also point out that vortex—antivortex
pairs are present even at zero field, as evidenced by the pres-
ence of a finite resistance.

An alternative explanation is based on the remarkable

similarity between the data shown in Fig. 2, and the oscilla-
tions in conductance observed in an Aharonov—Bohm inter-
ferometer formed from a quantum ddtin that experiment,
a similar change in the phase of the oscillations is observed
as the phase difference between the two arms of the interfer-
ometer is varied by means of an external gate potential. In-
e e deed, in that experiment, the oscillations at the fundamental
period ®, disappear at the cross-over point, and only oscil-

. _ ___lations at®y/2 remain. Hints of this behavior are also seen
FIG. 4. Schematics of the potential landscape seen by the vortex lines a

different dc bias currents and at two different magnetic fieldis(left col- in our data[see Curqu) in Fig. 2]. This suggests that the

umn panel andH, /2 (right column panel Each flux line is denoted by an  transport current in our system is modulating the phase of the

arrow. As predicted by theory, an empty antidot shows a deeper potentighterference around each antidot in the lattice. The exact na-

compared with one filled by a flux lingRef. 10. ture of this modulation is not clear to us at the moment, and
further investigation is required to understand the origin of

by the slope of the potential induced by the dc field, so thathis unusual behavior.

thermal fluctuations can easily kick a flux line out of the
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ducting film, the repulsive interactions between vortices arddMR-0201530.

still likely to push the vortex line back into its pinning site. If

the vortex pops out of a pinning site at the edge of the film, ‘A. T. Fiory, A. F. Hebard, and S. Somekh, Appl. Phys. Le$2, 73

however, it will leave the film altogether. At this point, the 2&/19\3% halkov. M. Baert V. V. Metushio. E. R 3y

flux Iine.at th.e pinning site immediately_ adjacent tp the now B.aell, Kf)?I'eCm:t, ORV Joﬁckérllzre're,.ar;d Ye. IIBJrSuyr?s’ere.led:,SS;r?y’s. Re§4 Ban

empty site will no longer feel the repulsive interaction due to 73g5 (1996,

the absent vortex line. If the repulsive interaction from its 3y, v, Metiushko, U. Welp, G. W. Crabtree, R. Osgood, S. D. Bader, L. E.

remaining vortex neighbors is sufficient to overcome the re- DelLong, Z. Zhang, S. R. J. Brueck, B. llic, K. Chung, and P. J. Hesketh,

duced pinning potential, it will jump to the empty pinning Phys. Rev. B60, R12585(1999; V. V. Metlushko, U. Welp, G. W. Crab-

center. This jump mechanism will be continued down the tee Z. Zhang, S. R. J. Brueck, B. Watkins, L. E. DeLong, B. llic, K.

linear chain of vortices, leading to a mass movement of vor-, U9 and P. J. Heskethid. 59, 603 (1999.

. . . . . . Bezryadin, Yu. N. Ovchinnikov, and B. Pannetier, Phys. Rev5
tices in the lattice, and hence a higher resistance. For half—8553(lg9@_ Y 8

filling [H1/2, shown in Fig. )], the smaller repulsive inter-  5c_ Reichhardt, C. J. Olson, and F. Nori, Phys. ReV5B 7937(1998.
action between vortices, arising from the greater intervortex®c. Reichhardt, C. J. Olson, and F. Nori, Phys. Rev. L2&. 2648(1997.
distance, is not sufficient to overcome the effective pinning ’A. E. Koshelev and V. M. Vinokur, Phys. Rev. Leff3, 3580(1994).
potential, so that the flux lines do not move. Hence the re-ZT- Giamarchi and P. Le Doussal, Phys. Rev. L&, 3408(1996.
sistance of the sample Bl;/2 is lower than its resistance at - Yaon P. L. Gammel, D. A. Huse, R. N. Kleiman, C. S. Oglesby, E.

. . . Bucher, B. Batlogg, D. J. Bishop, K. Mortensen, and K. N. Clausen,
H;. This mechanism clearly depends on a fine balance be—Nature(LondoW 376 753(1996.

tween the dynamic pinning potential, which dependd @n %G, s. Mkrtchyan and V. V. Shmidt, Sov. Phys. JEBR, 195(1972.
and the repulsive vortex—vortex interactions, and hence caHA. Yacoby, R. Schuster, and M. Heiblum, Phys. Rev58 9583(1996.

© ®

—

Downloaded 14 Jun 2006 to 131.193.45.131. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



