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Dilation of the giant vortex state in a mesoscopic superconducting loop

S. Pederseh,G. R. Kofod, J. C. Hollingbery, C. B. 8ensen, and P. E. Lindelof
The Niels Bohr Institute, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Denmark
(Received 1 April 2001; published 23 August 2001

We have experimentally investigated the magnetization of a mesoscopic aluminum loop at temperatures well
below the superconducting transition temperafliye The flux quantization of the superconducting loop was
investigated with gu-Hall magnetometer in magnetic field intensities betweetD0 G. The magnetic field
intensity periodicity observed in the magnetization measurements is expected to take integer values of the
superconducting flux quant®,=h/2e. A closer inspection of the periodicity, however, reveals a subflux
quantum shift. This fine structure we interpret as a consequence of a so-called giant vortex state nucleating
towards either the inner or the outer side of the loop. These findings are in agreement with recent theoretical
reports.
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Ever since the original observation and explanation ofis described by such a circular symmetric order parameter it
flux quantization;? the superconducting flux quant®, is said to be in ajiant vortex staté®=2°In a recent theoret-
=h/2e have played a fundamental role in solid state physicsical work the properties of giant vortex states and multivor-
The concept of flux quantization has been crucial for thetex states in mesoscopic superconducting disks and rings
interpretation of a wide range of classical condensed matterere treated extensivef{:*° It was found that the giant vor-
experiments, concerning, e.g., weakly connected fiftigsxd  tex state indeed is energetically favorable in narrow rings
Little-Parks oscillation§8 due to the strong influence of the ring surface. Furthermore,

However, all these investigations were primarily per-the superconducting state can consist of a combination of the
formed at temperatures close to the critical temperalyre paramagnetic and the diamagnetic Meissner state. In other
and at magnetic field intensities well belddy,. Recently it ~ words, the direction of the supercurrents closest to the outer
has become possible wifla-Hall magnetometers to perform edge are opposite to the currents running closest to the inner
high-resolution magnetization experiments on small superedge. This means that at a certain effective radius between
conducting aluminum disks in the full magnetic field inten- the outer and inner edge, the supercurrent density goes to
sity range of superconductivity and at temperatures well bezero. Since this effective zero-current radius is the one that
low T..° ! These investigations have revealed informationdetermines the area in which the flux is quantized, it be-
from deep within the superconducting phase, a regime thatomes possible to measure this effective radius by studying
previously has not been accessible. Not unexpectedly thegbe magnetization of superconducting mesoscopic loops. It
reports have attracted considerable interest also from a thewsas furthermore pointed out that when increasing the mag-
retical point of viewt2=2° netic field intensity from zero field this effective radius

It is well known that for type-Il ¢=\/&> 1/\/5) bulk  would move towards the outer edge as a signature of the
superconductors a triangular Abrikosov vortex lattice is cre-giant vortex state.
ated in the magnetic field intensity randgé,; <H<H,, The measurement described in this paper was performed
wherex is the Ginzburg-Landau parameter afgy andH., on a micron-sized superconducting aluminum loop placed on
are the first and second critical fields. Since the effectivdop of a u-Hall magnetometer. The.-Hall magnetometer
Ginzburg-Landau parameter is significantly increased in thiwas etched out of a GaAs/g#ly sAs heterostructure. The
films when the width of the film becomes comparable to themobility and electron density of the bare two-dimensional
superconducting coherence lengih the appearance of an electron gas wasu=42 T ! and n=1.9x10" m 2. A
Abrikosov lattice is expected even in thin films consisting of sSymmetrical 4 umx4 um Hall geometry was defined by
type-l superconducting materials. When the spatial dimenstandarde-beam lithography on top of the heterostructure. In
sions of the sample are decreased even further, and sevefalater processing step a lift-off mask was defined on top of
length scales of the system become comparable &jthhe  the u-Hall probe by e-beam lithography. After deposition of
competition between the Abrikosov vortex configuration anda t=90 nm thick layer of aluminum and lift-off the sample
symmetry of the sample boundary becomes importantooked as presented in Fig. 1. The mean radius of the alumi-
Hence for such mesoscopic systems the bulk critical field§um loop isR=2.16 um and the average wire width is
H., andH_, no longer are the only controlling parameters of 31640 nm. The superconducting coherence length was es-
the vortex configurations. timated to be approximatel§,=180 nm, corresponding to

When considering sufficiently small superconductinga bulk critical field ofH,=®y/2m£5~100 G.
rings the confinement effects from the boundaries are domi- By using the expression
nating and impose a circular symmetry on the superconduct-
ing order parameter. Hence the order parameter is expected
to be given byw_(r)zF(r)e'L", wherelL is the angular mo- nd)o:ni:A(,uoH)rrRz, 1)
mentum or vorticity of the vortex. When the superconductor 2e
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. . ) FIG. 2. Measured magnetizatignp,M detected by thex-Hall

FIG. 1. Scanning electron microscope image qf-&all 2probe; probe as a function of magnetic field intensjigH of the device
the cross section of the etchedHall probe is 4<4 um®. The  nasented on Fig. 1. The curve displays distinct jumps correspond-
mean radius of the superconducting aluminum loop deposited Ofy {4 the abrupt changes in magnetization of the superconducting

top of the u-Hall magnetometer is 2.1G:m, and the difference |55 \yhen the system changes state. The measurements were per-
between the outer and inner radius is 314 nm. formed atT=0.36 K.

where A=7R? is the area of the loop given by its mean difference in magnetic field intensity between two successive
radiusR, it is found that a single flux jumpn(=1) corre-  flux jumps is approximately given by (uoH)=1.4 G or
sponds to a magnetic field periodicity given B(uoH)  A(uoH)=2.8 G, which corresponds to either single or
=1.412 G for the ring shown in Fig. 1. double flux jumps =1 orn=2).

The samples was cooled in*#le cryostat equipped with | arge flux jumps 6>1) or flux avalanches occur when-
a superconducting solenoid driven by a dc current supplyever the system is trapped in a metastable state. It was gen-
The magnetic field intensity was changed in steps of 57.%rally observed that these flux avalanches become more pro-
mG. Measurements discussed here were performed in theyunced with decreasing temperature, at low magnetic field
temperature range betwe@r-0.3 K and the transition tem- intensities, and for wide loops. Furthermore, the flux ava-
perature of the superconducting lodp~1.2 K. lanches were sensitive to the cooling procedure. The energy

The relation between the Hall voltagé; and the mag- barrier causing the metastability of the eigenstates of the
netic field intensityH perpendicular to the.-Hall magneto-  |oop is due to either the Beam-Livingston surface barrier or
meter is given by the classical Hall effect the volume barrier, or even an interplay of bot>24

In Fig. 3. the magnetic field intensity difference between
successive jumpa(ugH), in units of the 1.412 Gcorre-
sponding to a single superconducting flux quantuhave
been plotted as a function of magnetic field intensity. It is
wherel is the dc current through the-Hall magnetometer seen that the magnetic field intensity difference between the
ande is a dimensionless number of the order of unity, whichobserved jumps is, to a high accuracy, given by integer val-
corresponds to the ratio between the sensitive area of thges of 1.412 G. At absolute magnetic field intensities lower
u-Hall probe and the area of the object that is the source ofhan 40 G double flux jumps dominate, whereas at higher
the magnetizatio.*"** For our superconducting rings we absolute magnetic field intensities only single flux jumps are
find thata typically was in the range between 0.3 and 0.4. observed. The figure shows both an up-sweep and a down-

By using standard ac lock-in techniques, where the drivsweep as indicated by the arrows.
ing currentl was modulated, the Hall voltagé, was mea- Similar results obtained from the device with widith
sured as a function of magnetic field intensityH. Similar =630 nm are presented in Fig. 5. For these thicker loops it
results to those presented here were observed in seveliglseen that the flux avalanches are much more pronounced;
samples with identical dimensions in a number ofavalanches corresponding to eleven single flux jumps were
cooldowns. Also a circular loops with a width ofv  observed around zero magnetic field intensity. For these
=630 nm, but with the same mean radius as the loops ddeops a gradual transition from huge flux avalanches (
scribed above, were investigated. =11) to single flux jumps occur as the magnetic field inten-

In Fig. 2. is displayed the measured local magnetizatiorsity is increased—similar to the sharp transition between
oM detected by thew-Hall probe as a function of magnetic double and single flux jumps observed for the thinner loops.
field intensity ugH. The measurement was performedTat In the graphs presented in Fig. 3. it is seen that a small
=0.36 K on the device presented in Fig. 1. The curve dissystematic variation of the value of the flux jumps occur
plays a series of distinct jumps corresponding to the abrupvhen the magnetic field intensity is changed. This fine struc-
changes in magnetization of the superconducting loop. Theure appears as a memory effect, in the sense that as the

|
VH=—n—e,uo(H+aM), 2
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FIG. 3. The magnetic field intensity differencie(uoH) be- FIG. 5. The magnetic field intensity differenc®(uoH) be-

tween two successive jumps in magnetization given in units ofWeen two successive jumps in magnetization given in units of
1.412 G corresponding to a single flux quantdm=h/2e. The  1.412 G corresponding to a single flux quantdrg=h/2e for a
plotted jumps are given as a function of magnetic field intensity./00p with a width ofw=630 nm. The plotted jumps are given as a
The measurement was performed Bt0.36 K. The positive function of magnetic field intensity. The measurement was per-
(negative flux values corresponds to the case wheg! was de-  formed atT=0.38 K. The positive(negative flux values corre-

creased (increasell during the measurements. Arrows indicate SPond to the case whepe,H was decrease@increasetiduring the
sweep direction. measurements. Arrows indicate sweep direction.

magnetic field intensity is increasédecreasedthe size of  Sity was swept through during measurements. The data.pre-
the flux jumps decreasdicreases Thus these deviations sented in Fig. 3 have been replotted in F|g. 4in Fhe following
are dependent, not only on the size of the magnetic fieldvay: We use Eq(1) to calculate the effective radiiof the

intensity, but also on the direction the magnetic field inten-superconducting loop and plot this radius as a function of
magnetic field intensity. The dotted horizontal lines in Fig. 4

26 . . represent the mean innB and outer radiu®k, determined
| * Double Flux Jumps . . . .
PP I E—— . ] from the scanning electron m_|cros_cop$E_M)_p|cture. It is
L e 0 seen that as the magnetic field intensity is changed from
22F o oo o eet anaseasetusttatee et 0T T oo g negative to positive values, the effective radius, as defined
E B uouoeoeomm"""‘ ) o Lo from the flux quantization condition of the loop, changes
P . from inner to outer radius and vice versa.
3 ;2 ' ' ' For a superconducting loop at low magnetic field intensi-
o [T T T T T T T T T ties, it is expected that the appropriate effective radius is
'§ 24} N o o given by the geometrical mean value of the outer and inner
O W . o o] radius R=R;R,.}®1*#® This is indeed in good agreement
Clamegs T elt e | edeEE with the observed behavior around zero magnetic field inten-
2.0 s G BPORBrgig sity.
gl . In the regime of high magnetic field intensities the con-
-100 -50 0 50 100 cept of surface superconductivity becomes important and the
uH [Gauss] giant vortex state will nucleate on the edges of the I55p°

In this regime two degenerate current carrying situations are

FIG. 4. ﬁﬁeeti"e rad"rfR calculated SY using Ed2). Thehdafta possiblé®—hence the giant vortex state can either circulate
points are the same as those presented in Fig. 3. Due to the fact t ound the loop clockwise or anticlockwise.

the measurements were performed by stepping the magnetic fie Since the orientation of the current in the loop is deter-

m_tensny Wlt_h_a finite step,_the effective radius is only measuredmlned by the sweep directidienz’s law, a decreasingin-
with a precision of approximately 40 nm. The fillédpen dots . S : . A . .
. . ) _ creasing magnetic field intensity will give rise to a anti-
corresponds to single flux jumps=1 (double flux jumpsn=2). . . . . .
deQ|OCkWIS€ (clockwise circulation. Hence as the magnetic

The horizontal lines corresponds to the outer and inner radius feld i o f | . |
termined from the SEM pictures. The arrows indicate sweep direcli€!d intensity Is swept from, €.g., a large positive value to a

tion. It is seen that as the magnetic field intensity is changed, théf9€ negative value the effective radius of the loop will

effective radius changes between inner and outer radius of the looghange from inner to outer radius and vice versa, giving rise
a change that depends on sweep direction and magnetic field intef@ the observed memory effect.

sity. The large spread of the data at high magnetic fields corre- The width of the giant vortex state is approximately given

sponds to regions where the amplitude of the oscillations measurday the magnetic length, = \/eH.!” Hence any variation of

by the Hall probe are small. the effective radius should take place over a magntic field
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range given by the condition that the width of the loop andfind this discrepancy severe for the following reasons: The
the magnetic length are comparab¥e=1,,. Such an esti- calculations by Bruyndoncet al?° were done using the lin-
mate gives a characteristic magnetic field intensity of 34 G irearized first Ginzburg-Landau equation; hence these results
good agreement with the presented data in Fig. 4. A similagre only valid close to the phase transition, VR,,/&,<1.
effective radius analysis of the data presented in Fig. 5 beln the work by Peeters and co-workt$’ the full set of
comes rather dubious due to the combination of large fluwfonlinear Ginzburg-Landau equations were solved self-
avalanches and the larger width consistently, in the two cases whe®g/§,=4 and 2. Neither

At even larger magnetic field intensities|upH  Of these conditions were fulfilled in our experiments, where
|~60 G) the effective radius undergoes a transition fromV€ €sStimateR,/§,~12. It is furthermore seen by studying
outerR, (or inner radiuRR;) to the mean radiuB. We specu- the results of Peetet al. that calculations with larger val-
late that this could be due a two- to one-dimensioi2a- ues ofR, /&, probably would give rise to a better agreement.
1D) transition due to an increase in the superconducting co- For the thick Ioops>(.= 0_.75)'we opgerved large flux ava-
herence lengtfg, with magnetic field intensit§? lanches at Iovv_ magnetic f!elq intensities. TheT large flux ava-

The characteristic dimensionless parameter used to distirllaimcheS disguise any variation of the effective radius. Fur-

guish between disks and loops is given by the ratio thermore, the occurrence  of  flux avalgnches n
"R /R. between outer and inner raditls2In our case the superconducting loops have not been dealt with quantita-
thinI Iooops havex=0.86, and for the thick loop t&=0.75 tively in the theoretical literature as far as the authors know.

In recent work by two theoretical grouis2it is found Hence comparisons with theory are not possible at the

. L present time.

that at largex values(corresponding to a loop consisting of a | t high- luti tizati
one-dimensional wineno or little variation of the effective n summary, wefpreszn Igh-resolu '8” r_nagnel 1zation
radius should be observed, whereas at sma#lues(corre- measurements performed: on - supercon ucting - aluminum
sponding to a diska fast decrease of the effective radius loops. The resolution of the-Hall magnetometer aIIc_Jwed us
occurs as the magnetic field intensity increases. In the interI-0 resolve _sub_flux quantum effects and hence directly ob-
mediate regimex=0.5, a rather smooth transition between serve the dilation of a giant vortex state.
the average and outer radius should take place when the This work was financially supported by Velux Fonden, Ib
magnetic field intensity increases. Henriksen Foundation, Novo Nordisk Foundation, The Dan-

In the presented measurement for the thinner lowp (ish Research CouncilGrant Nos. 9502937, 9601677, and
=0.86), we indeed observe that the effective radius varie9800243 and the Danish Technical Research Couf@ilant
smoothly between the inner and outer radius. This behavioNo. 9701490. The authors acknowledge Lars Melwyn
looks similar to that predicted for loops witk=0.5; how-  Jensen, J. Berger, F. Peeters, and V.V. Moshchalkov for
ever, it is not similar to that expected fo=0.75. We do not  discussions.

*Present address: Department of Microelectronics and Nano®P. Singha Deo, V. A. Schweigert, and F. M. Peeters, Phys. Rev. B
science, Chalmers University of Technology, SE 412 9&eGo 59, 6039(1999.

borg, Sweden. 14V, A. Schweigert and F. M. Peeters, Phys. Rev. L8it, 2783
1B. S. Deaver, Jr. and W. M. Fairbank, Phys. Rev. L&;t43 (1998.

(196D). . 15y, A. Schweigert and F. M. Peeters, Phys. Rev5B 13817
2R. Doll and M. N#auer, Phys. Rev. Let?, 51 (1961). (1998.

A, H. Silver and J. E. Zimmerman, Phys. R&%7, 317 (1967. 163, J. Palacios, Phys. Rev.38, R5948(1998.
4L. D. Jackel, W. W. Wehb, J. E. Lukens, and S. S. Pei, Phys. Rewurg Benoist and W. Zwerger, Z. Phys. B3 377 (1997).

5 B 9, 115(1974. 18E M. Peeters, V. A. Schweigert, B. J. Baelus, and P. S. Deo,
L. D. Jackel, R. A. Buhrmann, and W. W. Webb, Phys. Ret(B Physica C332, 255 (2000

6 2782(_1974)' 198, J. Baelus, F. M. Peeters, and V. A. Schweigert, Phys. Rev. B
W. A. Little and R. D. Parks, Phys. Rev. Le#, 9 (1962. 61, 9734(2000

7 .

R. D. Parks and W. A. Little, Phys. Re¥33 A97 (1964). 20
8R. P. Groff and R. D. Parks, Phys. RA6, 567 (1968. V. Bruyndoncx, L. Van Look, M. Verschuere, and V. V. Mosh-
9A. K. Geim, S. V. Dubonos, J. G. S. Lok, I. V. Grigorieva, J. C. ,; chall:)ov,hEhys. Rev. fo‘ ,10 468(1(]'999' h

Maan, L. T. Hansen, and P. E. Lindelof, Appl. Phys. Lat, I. S. lbrahim, V. A. Schweigert, and F. M. Peeters, Phys. Rev. B

57, 15416(1998.
2379(1997. - )
1A, K. Geim, I. V. Grigorieva, S. V. Dubonos, J. G. S. Lok, J. C. _.F- M. Peeters and X. Q. Li, Appl. Phys. Le#2, 572 (1998.

Maan, A. E. Filippov, and F. M. Peeters, Natuteondon 390,  _.C- P Bean and J. D. Livingston, Phys. Rev. Leg, 14 (1964.
259 (1997. 24X, Zhang and J. C. Price, Phys. Rev58B, 3128(1997.

LA, K. Geim, S. V. Dubonos, J. G. S. Lok, M. Henini, and J. C. °R. M. Arutunian and G. F. Zharkov, J. Low Temp. Phgg, 409
Maan, Nature(London 396, 144 (1998. (1983.

12p, singha Deo, V. A. Schweigert, F. M. Peeters, and A. K. Geim/?*See, e.g., M. Tinkhamintroduction to Superconductivitgnd ed.
Phys. Rev. Lett79, 4653(1997. (McGraw-Hill, New York, 1996, pp. 141-143.

104522-4



