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Magneto-optical investigation of flux penetration in a superconducting ring
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Using advanced magneto-optics, the field and cumésttibutionsin superconducting thin film YBZu;0,
rings in an externally applied magnetic field are studied experimentally. The observations are in close agree-
ment with numerical calculations. During the initial flux penetration and field reversal a highly nonuniform
current distribution is observed. In particular, concentric counterrotating current loops occur during field
reversal. We explore implications of these results for the determination of critical currents and penetration
fields from bulk magnetization measurements.
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I. INTRODUCTION Il. EXPERIMENT
A. Samples

In many studies on superconductors, ring-shaped samples Results are presented here for two rings patterned from
are used, to measure, e.g., the flux relaxationr#te,mag-  yBa,Cu,0,_, thin films, deposited by means of pulsed laser
netic flux nois€, the levitation forces,or the photoresponse deposition on(100) SrTiO; substrates. Similar results are
in the flux creep regimé.In order to determine the critical obtained on other rings. The thickness of the rings is 100 nm
currentS~8in superconductors, thin-film rings were used be-and the critical temperature is 90 K, withT<0.5 K. The
cause of the well-defined shape and constant sample widéamples are characterized by Rutherford backscattering,
perpendicular to the current flow direction. The interpretationatomic force microscopy, and x-ray diffracti¢¥RD).'® The
of all these experiments presupposes knowledge of the cuexcellent crystallinity of these films enables even the obser-
rent distribution. Most authors assume that this current disvation of Laue finite-size oscillations around tf@01) re-
tribution is uniform. flection of the XRD spectrurh’

Theoretically, the behavior of rings and disks seems well The films are patterned into rings using conventional pho-
established:’® Experimentally, however, these predictions tolithography and chemical etching in3P0G,. The rings
have not been verified in detail, which is surprising in view have an outer diameter of 3 mm, a width of 5@ for ring
of the amount of data based on measurements on such and 125um for ring 2. The samples are checked for ir-
samples. In addition, ringlike shapes also occur in practicaiégularities, scratches, and weak spots by optical transmis-
applications, e.g., in superconducting quantum interference¥0n and reflection microscopy and exhibit expellent quality.
device (SQUID) loops. For these reasons an experimentaPtPSequently magneto-optics showed no inhomogeneous
investigation of the exact current distribution in ring-shapedflux penetration ?"0”9 f[he circumference.
samples is strongly needed. Our findings, using the recentl The rings are investigated by means of torque magnetom-

improved magneto-optical technique, are presented in thi try anq magneto-opiical imaging in order to make a d|rect
paper comparisoron the same samplé®tween the bulk magnetic

. . . moment as determined from torque and the current and field
The magneto-optical techniqtieenables a direct mea- distribution as determined from magneto-optics.
surement of the magnetic field above the superconductor,

from which the current distribution can be derivéd*for a
two-dimensional geometry. A recent improverm@ntf the B. Torque magnetometry
technique enables an accurate and linear measurement of theThe penetration field and the superconducting current
local magnetic field, including an unambiguous determinadensity are measured by means of capacitive torque
tion of its sign. Results are presented for two superconductnagnetometry:*® The sample is placed in a magnetic field
ing rings with different widths. It is found that during part of ,, H with its normal at a small angle with the applied field.
the hysteresis loop, the field and current distributions exhibityhen the applied field is increased at a constant sweep rate
a peculiar behavior, with alternating positive and negativey,dH/dt, superconducting currents are induced in the
domains within the width of the ring. sample. The corresponding magnetic monidit leads to a

This paper is organized as follow: the details of thetor > b

. . . quer given by

samples and the experimental technique are presented in Sec.
[I. The numerical calculations used for direct comparison R S
with the experiment are described in Sec. Ill. Experimental 7= po(MXH). 1)
results are given in Sec. IV, with emphasis on two aspects:
the first penetration after zero-field cooldown and the reverThe irreversible torquém at a certain magnetic field is
sal of the sweep direction of the applied magnetic field.  given by
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i = (70— 7_)12, ) IIl. NUMERICAL SIMULATION
. . . In order to obtain a complete description and a full under-
T+ andT_ being th? ascending gnd de;cendmg bra}nches Of&anding of the phenomena occurring in the ring, we inves-
magnetic hysteresis loop. The irreversible magnetic momenjy e the distribution of the current density while performing
is then given by a hysteresis loop. Since there exists significant relaxation in
high-temperature superconductors, we simulate the behavior

Mire = 7ire /(poH siN6), (3)  of superconducting rings with the model of Bran®tyhich
R takes relaxation into account. With the help of this simula-
sinceM is perpendicular to the film plane. tion, in which we include our experimental conditions, we

In the case of a uniform current density, the current den€an calculate numerically the field profiles and current dis-
sity j is directly related to the magnetic moment of a ring of tributions in the sample. A numerical calculation is required

inner radiusay, outer radiusa,, and thicknessl by due to the geometry: the elliptic integrals of the problem
make it analytically untractablesee Brandf).
Mirrz(w/B)d(ag—af)js. (4) Our calculation is based on that of Brandt, which ex-

presses the time derivative of the position-dependent current
) ) ) in the ring as a function of the current and sweep rate of the
The torque magnetometer is placed into the variable temMayerally applied field. To derive this recursive difference
perature insert of a 7-T Oxford Instruments Magnet system, Lation. we note that the vector potenfiatiepends. due to
The cryostat enables measurements from 1.5 K up to 300 q ! . P P !
The magnetic field is applied at an angle=10°. Experi- he_radlal symmetry, in the plane of the fing only on the
' radiusr. In addition, only theA, component is nonzero.

ments are performed after zero-field cooli-C) by loop- . . .
ing the field from zero to+200 mT, then to—200 mT, and a i;_g?\/;ﬁcg?;rl potential for a single loop of current of radius

again to+200 mT, with a constant sweep rate of 1 mT/s.

®

Mo 2m cose'de’
C. Magneto-optical imaging

A 0)=71a 0 (a2+r2—2arsinfcose’)Y?
In the magneto-opticgMO) experiments, the local mag- o ) ) _
netic field immediately above the sample is detected using Hence, for a very thin ring of thickness inner diameter

Bi-doped yttrium iron garnet filmt$ with in-plane anisot- @i, and outer diametea,
ropy, which exhibit a large Faraday effe(ypically 0.06

deg/mT) and can be used for a broad range of temperatures, a (r,0)= #o azl(a’)a’
from 1.5 K up to 300 K. The magnetic resolution is better ¢ 4 Ja,
than 0.1 mT and the spatial resolution is better than Qr&. ,
The indicator is placed on top of the sample and the as- » J’z’T cose'de’ da’
sembly is mounted in our specially built cryogenic polariza- '

0 24002 _oalr i 1\1/2
tion microscopé? which is in a magnet system similar to the (a“+r°—2a’rsingcose’)

one described above. The applied magnetic field is parallel to (6)
the ¢ axis of the sample and perpendicular to the indicator
We use two types of measurement§) conventional RN . oS
magneto-opticdhetween two crossed polarizers; the spatiala l‘j\’h.'Ch ;s_re/lgt;ad :ﬁ th? currir;trldep51tjoy dl b_J:jd tizi

variation of the perpendicular component of the local induc- sihg o=/ Tor the piane of the ring and by discretizing

tion B, at the sample is visualized as an intensity pattern,the space on the width of ring, we obtain

Note that we use here the currdifa’)da’ flowing at radius

from the intensity images, the local field, is determined a, o coso’ do’

using the calibration=bf(H?), wherel is the intensity and Ay(r)= o 2 |(p)pf hillhahd

b is a proportionality constaﬁ?.(ii) using our newmagneto- 4m p=a, o (p?+r?—2prcose’)"?
optical image lock-in amplifietMO-ILIA) setup'® the local a

magnetic field is measured directly as an output of the MO- _. Mo 1(p)Q(p,r) @
ILIA. The second technique is a considerable improvement = o

due to the intrinsic linearity in field, the direct measuremen
of the sign of the field, and the improved sensitivity at smal
magnetic fields.

Experiments presented here are performed-ag.2 K,
after ZFC by looping the field from zero t650 mT, then to
—50 mT, and again ta-50 mT, with a constant sweep rate . g s -
of 1 mT/s. No qualitative differences were observed for dif- ¢=4—Q- l. (©)]
ferent sweep rates. The pictures are taken effectively every m
second with a charge-coupled devi€g@CD) cameralhence  Here and below the arrow oh, andl is used to denote the
the difference in field between consecutive pictures isposition-dependent quantities written as a mathematical vec-
A(ugH)=1 mT]. tor in discretized space.

Itwherel (p) is now the current flowing betwegn- 3Aa and
p+3Aa, Aa being the grid spacing and the second equal
sign defines a kernel matri@.

In matrix notation, Eq(7) may be abbreviated as
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The total vector potential is due to the current in the ring
and the external field:

40

A¢,tot:A¢,ring+A¢,ext- 9

For a uniform external field along the axis, Ay ext
= uo(r/2)H,. Inserting this and Eq8) into Eqg. (9) gives:

Mo = o r
27 Q D=Ag 0t oz H. (10) ¥ Tiocal
_ o Field
To proceed we need the relation between current depsity 0 (mT)

and electrical fielcE in the superconductor. For simplictty

we use a power-law relation for the resistivity: 0

j (o8
E=pj=po|-
Jo
For largeo this captures the essential superconductor phys-
ics, where the electrical field rises sharply when the current
density exceeds the valug (close to the critical current
densityj), while it is very convenient in the calculation. FIG. 1. Local field map obtained from MO-ILIAsee text
By taking the time derivative of Eq(10) and using magneto-optical imaging of ring 2 (12&m width), with an ap-
A¢ tot=Aror= — E= — pj 2t with p from Eq.(11) one obtains plied field of 8 mT, aff=4.2 K. The scale bar gives the local field
the following equation: values in mT. We observe a positive bright outline at the outer edge
of the ring, while a negative dark outline is visible at the inner edge
L r of the ring. The profiles shown in Figs(é88 and &a) are measured
— R[]l _“OEHZ , (12)  along the dashed linaB.

J=Roll]“I. (11

=3

ar (4_77 Q

o

Equation(12) can be easily iterated numerically. The ini- fact that the shielding currents cannot drop off slowly to-
tial condition att=0 is set to zero current all over the width wards zero in the center of the ring, but must be zero inside
of the ring. The applied field may be chosen to increasdts inner perimeter. One way of describing fiss that our
linearly with time to compare with the experimental situationring is equivalent to the superposition of a superconducting
where the sweep rate is constant. Also a complete hysteresiisk with the same outer diameter as the ring and ordinary
loop can be easily calculated. From the currgm) in the  shielding currents and a disk with same outer diameter as the
ring, the magnetic field in all space around the ring is alsdnner diameter of the ring and counterflowing shielding cur-
calculated, taking into account the external fi¢tbtained rents. The latter currents produce at the edge of the inner

from integration ofH.). virtual disk a peaked field, which is negative because the
currents are counterflowing. Another way to look at this is as
IV. RESULTS AND ANALYSIS follows. If we consider the ring in the virgin state, there is no

h . | . flux anywhere(inside and outside Then when a magnetic
M We QO\_N c(;jorfnpare the experimenta magn_ert]lc momentie g is applied, perpendicular to the film, a supercurrent will
ir_Obtained from torque measurements with magnetoy,, i, e ring, in order to keep it in the Meissner state. On

optical 'data on thg.local field o, perpendicglar to the plane the outer edge of the ring, the field generated by the shield-
of the ring. In addition, both types of experimental results areIng currents adds to the applied fidkke Fig. 22)], as in the
compared with our numerical simulations. ' '

flat strip case(see, for example, Ref. 23This results in a
_ _ o sharp pealP at the outer edgfFig. 2(b)], increasing with the
A. First penetration and penetration fields applied field. But because of the geometry of the ring, the

In the magneto-optical experiment, as soon as a positivux lines of the self-field close by threading through the hole
external field is applied to a ZFC sample, there is not only arisee Fig. 2a)], thereby generating a negative field at the edge
intense bright outline at the outer edge of the rikgg.1),  of the hole[peakQ in Fig. 2(b)]. The strength of the peaks is
due to an enhancement of the external field by the shieldingelated to the thickness-to-width ratio of the patterned thin
currents. Surprisingly there is also an intense dark outline &ilm, just as for the peak at the edge of a strip. This phenom-
the inner edge of the ring, corresponding to a local fieldenon has been analytically studied in the torus éasehere
opposite to the applied field and initially increasing in a similar negative peak on the inner edge of the torus is
strength withB.,. This is rather unexpected: a negative found.
field is generated in the inside of the ring before full penetra- To show this phenomenon in more detail, profiles along
tion, i.e., before vortices reach the inner edgéter having the line AB (Fig. 1) are shown for sample 2 at various ap-
crossed the whole width of the ripngrhis effect is due to the plied fields in Fig. 8a).
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a) a) Experiment b) Simulation
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FIG. 2. (a) Schematic diagram showing magnetic field lines due =
to a current flowing in a ring of inner radias, outer radius,, and = 0751
thicknessd, in the presence of an externally applied field. Near the =
outer edges of the ring, the local field is high, due to enhancemen g 0.50}
of the external field by the field generated by the current. At the 2
inner edge of the ring, the external field is reduced by the field of & 0251
the current(b) Field profiles are shown schematicallyotted ling 3
and indicate the sharp peak at the edges of the ring due to the larg 000 ) ) , , .
aspect ratio. The expected conventional magneto-optical intensity 1375 1400 1425 1450 1475 1500
(~H2,) is indicated by the black line. Distance from the center r(um)

Iso f h files it is cl h FIG. 3. (a) Experimental MO-ILIA(see text field profiles and
Also from the profiles it is clear that, as soon as an eXteer) calculated field profiles(from bottom to top for woHey:

nal field is applied, some negative field is present at the inneL 3 1 (A), 5.5 mT @), 7.9 mT ), 9.1 mT @), 10.5 mT E),
edge of the ring. The spatial distribution of the field insidey5 7 mT ), and 18 mT G), in ring 2 as a function of the distance
the hole of the ring is dome shaped, which is particularly; from the center of the ring. The positions of these fields in the
clear at higher applied fields. hysteresis loop are indicated in Fig. 5. The dotted lines indicate the

The negative peak at the inner edge of the ring initiallyinner and outer edge of the rin@) Local current density from ZFC
becomes stronger with increasing external field. This is dugbottom to full penetration(top) as a function of position in the
to an increase in total current flowing in the ring, because theing, given in units ofj. The character&—G indicate the external
width of the region wherg flows increases with external field and are defined abovA.color version of Fig. 3 is available at
field. At a certain external field, i.e., the penetration field, thehttp://www.nat.vu.nl/CondMat/colfigs/2001/mp-prbr.htm
maximum current densitys flows everywhere in the ring
(approximately, see belowThe total current in the ring can- The results for first penetration from the ZFC situation,
not increase anymore and therefore the self-field due to thehere initially the current densityis zero all over the width
shielding currents is constant. The only effect of an increasef the ring, up to the state of full penetration, whgrej,
ing external field is now a shifting of the whole field profile are shown in Figs. ®) and 3c). The corresponding points
upwards. This implies that the negative field at the inneron the calculated and measured magnetization curves shown
edge henceforth decreases in strength until it becomes posit Fig. 5 are indicated with the characteks-G.
tive. Note that even at relatively high fielgsonly approaches

In Fig. 4 we show magneto-optical images for sample 1but never reaches the true critical current dengitfor sev-
obtained with conventional magneto-optical imaging whereeral reasons. First, due to relaxatiowhich is implicitly
the intensity is proportional to the square of the local field. Inpresent also in the model due to the finite resistjyigne
such images, both the outer and inner peaks appear brightan never reacly., but obtains a lower valug;<j.. Sec-
The inner peak first increases in brightness with appliecbnd, we find from our simulations thgt depends on the
field, then decreases, fully consistent with the initial increaseadial position, it maximum value is reached at the outer
and subsequent decrease in magnitude of the field as eperimeter due to the geomet(although the difference is
plained above. rather smal)l. For the normalization in Figs.(& and Gc) we

To investigate the behavior described above in more detook the outer edge value. Third, seme Fig. &)], at one-
tail, we present the results of our simulation, as outlined irnthird from the inner edge of the ring there is a dig,invhich
Sec. lll. The simulation yields both the current density dis-disappears only very slowly with increasing field. The effect
tribution and the corresponding field distribution during aon magnetization is, however, rather small; for instance, the
hysteresis loop. magnetization for curv® is only 15% lower than the maxi-
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a) Experiment b) Simulation
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FIG. 4. Experimental conventional magneto-optical intensity
images(proportional to the local field squaredor uoHey=11, 20, € Simulation
25, and 40 mT, on ring 1, ai=4.2 K. The profiles along the " ' ' ' ' "
dashed lineA’B’ are shown in the picture. We note that a small 10F
peak starts to appear at the inner edge of the ring at 20(sa& -
arrow) and reaches a maximum at 25 mT, then decreases and dis=
appears at 40 mT, while the high-intensity peak at the outer edge 05
the ring keeps on increasin@pr a discussion, see textThis im-
plies for the penetration field that,H, =25 mT.

0.5

0.0

05

urrent Densi

mum magnetization. From this it is immediately clear that 3
there is not a sharply defined penetration field. Rather there . . . . .
is an abrupt but continuous change between increasing mac 1375 1400 1425 1450 1475 1500

netization and constant magnetization. F (um)

We note that the maximum of the inner peak in Figp)3

curveC, occurs for the situation where, for the first time after ~ FIG. 6. (@) Experimental MO- ILIA profiles andb) calculated
zero field cooling,j=j over the whole superconducting profiles in the narrow ring during field reversal, férom bottom to
sample[Fig. 3(c), curveC]. Therefore the maximum in the P #oHex=49 mT (H), 42 mT (), 41 mT (), 39 mT (K), 35

1.0

inner peak as a function of applied field can be used as a7 (L), 31 mT (M), and 24 mT N). The positions of these fields

accurate magneto-optical determination of the value of th
penetration field,. To confirm this, we compare the values
for H, obtained according to this criterion with the values

for H, measured from torque.

The results for the two rings are as in Table 1.

on the hysteresis loop are indicated in Fig. 5. The dotted lines

indicate the inner and outer edges of the ring. Note that the scale 10
mT gives the scale within one profile curve. The curves are shifted
vertically for clarity. (c) Local current density during field reversal,
from the full penetration of a positive applied field={js, top
curve to the full penetration due to a negative applied fiejd (

Clearly, the two results foH, are in good agreement, __j ~hottom curve The solid lines correspond to the regime
which means that the global method used in torque to Megghere the currents are all positive within the ring. The dashed lines

correspond to currents being mainly positive but negative on the

o ! DJE ' outer edge. The dotted lines correspond to presence of negative-
— 0.05 foos | C..%. e positive-negative currents. And the dot-dashed lines describe the
g ; H regime where the currents are negative everywhere in the ring.
"‘e A
= sure the penetration field is validated by the magneto-optical
é 0.00 g——p 1 observation of the flux penetration under the same condi-
5} 1 J tions. On the other hand, it is obvious, from Fig. 3, that
ﬁ K before this full penetration state is reached, the current flow-
2 L ing in the ring is far from uniform. In the beginning there are
(E%’ 005 N M even two regions with current flowing, separated by a Meiss-
010 -005 000 0.05 TABLE I. Comparison of the penetration field, as obtained
#H(T) from torque and magneto-optical measurements.
FIG. 5. Calculated hysteresis loop _start.ing from ZFC co_nditions. MOH"Ij'orque (mT) #OHQAO (mT)
The characters refer to the curves in Fig. 8<G) and Fig. 6
(H-N). Inset: part of the experimental magnetization loop from Ring 1 25.5-0.5 25+1
torque measurements. The letters refer to the curves in F&y. 3 Ring 2 10.0:0.5 10.0:1

(A-G).
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TABLE II. Comparison of current density; as obtained from  gsequence of patterns, e.g., @§He=35 mT (curve L),
torque and magneto-optical measurements. four peaks(counting both positive and negative pegkse
present in the ring. From the slogB,/dr, wherer is the

i Torqu _ MO/ _ N X X i

j7T=4.2 K) is (T=4.2 K) radial distance from the center of the ring, one gets the im-
Ring 1 3.9¢ 101A/m? 4.19% 104A/m? pression that there are two counterrotating current loops in
Ring 2 5.3¢ 101A/m? 6.82x 104A/m? the ring. To investigate this further, we compare now the

experiment with simulations.

Results for the current and field profiles from the numeri-
ner area. We will see an even more complicated current digsal simulation as described in Sec. Ill, are shown in Figs.
tribution pattern below, in the region where the field profile 6(b) and c). Note the nice correspondence between the
is reversed, immediately after reversing the sweep directiorexperimental and the simulated field profiles shown in Figs.

From the magneto-optically observed penetration field$(@ and Gb). From the simulated curves in Fig(d it is
H, we also calculate the current densjtyusing the formu- clear that during field reversal, the current changes smoothly
las from Brandf® from, say, a clockwise directiofpositive) to an anticlock-
wise direction(negativej). This happens, however, in a non-
uniform manner over the width of the ring. First the current
becomes negative at the outside edge of the ring, while at the
(13 inside there is still a positive current flowing. Hence during
this crossover, there are two antiparallel currents flowing
along the whole circumference of the ring. After further re-
duction of the external field also a negative current starts to

(14)  flow at the inner edge. In the middle of the ring, however,
there is still a positive current flowing. That is, we have three
Hy 1 concentric currents loops, with antiparallel flow in adjacent
id 2 —Inx+0.467 for x=<0.6, (15  ones. When the external field is further reduced, also in the
middle of the ring negative currents start to flow and the flow
wherea, is the inner radius of the rin@, the outer radius, direction becomes uniform again. Upon reachirg),,y

1-x
1+x

1+x

p 2
In4{ ——|—0.30 for x=0.8,

H_

jd

1-x

H, 2p( 8 1
—=—|In=—1|—z(Inx+1-x) for 0.6<x<0.8,
T\ p 2

x=a;/ay, andp=(1-x)/(1+x). The first and last formu- —2H,, the current density becomes nearly uniform again.
las are exact, while the middle is an interpolation. In our case
X=a1/a2=0.67 for ring 1 andx=0.92 for ring 2. \.. CONCLUSIONS

The values forjg obtained in this manner magneto-

optically and from the irreversible magnetization in the We have experimentally studied the flux penetration in a
torque experiment from Eq4) are given in Table Il. The superconducting ring, by torque magnetometry and local
magneto-optical values fdj; are slightly higher than from Mmagneto-optical observations, which allow direct determina-

the torque measurements, but the agreement is very reasdﬁ)n of the magnetic field. At the first flux penetration after
able. ZFC, immediately some flux is present inside the hole of the
ring, peaking at the inner edge. This is due to closure of the
B. Field reversal field lines generated by the shielding current. We have shown

o ) by simulations that the maximum value of the inner peak
~ We observe a rather surprising behavior of the flux duringyceyrs at the penetration fietd,, in good agreement with
field reversal. The profiles measured on sample 2 are showq getermined by torque measurements. Another interesting
in Fig. 8(a@), while the corresponding points in the hysteresiseatyre is the complicated field and current pattern just after

curve are again indicated in Fig. 5. The profile shown at thgeyersal of the field sweep direction. Despite the small width
bottom (curve H) is the well-known curve for full penetra- of the rings, three concentric current loops are found.
tion in a positive applied field. From bottom to top the ap-

plied field woHey; is decreased from 49 to 24 mT, the latter
field being after the complete reversal of the profile. A fur-
ther decrease gfigH.y:, first to zero applied field and then This work was part of the research program of the Stich-
to negative applied field, only leads to a vertical shift of theting Fundamenteel Onderzoek der Mate(lOM), which
curve, but no change in shape is observed. Note that betweevas financially supported by the Nederlandse Organisatie
49 and 24 mT, the profile goes through a quite complexvoor Wetenschappelijk OnderzoélWO).
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