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Onset of flux-bundle migration into superconducting niobium strips
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Penetration of magnetic flux into type-1l superconducting Nb strips is observed by a flux jump readout
technique. To investigate the effect of the geometry, strips of different width are subjected to an increasing
perpendicular magnetic field. We demonstrate that conventional geometrical barrier models cannot account for
the onset of the flux migration into the strip volume. The migration starts for a local magnetic field at the strip
equator higher thahl.,, allowing the irreversible penetration of the mixed state on the edges. The flux entry
consists of flux bundles, each of them containing several hundreds of flux ql&@163-18289)02134-7

[. INTRODUCTION that the irreversible installation of a mixed-state flux struc-
ture on the strip edges, disregarded in the geometrical meta-
Magnetic properties of type-ll superconductors have restability models, has to be considered to account for the on-
cently received a renewed interest, in particular, the effect ofet of the flux migration towards the strip center. The
the sample geometry on the properties of the mixed state igjagnetic field that must be applied to allow the circulation
being actively investigated. Direct observations of theof a nondissipative pinning current on the strip edges is cal-
magnetic-flux distributiotr® on the top of flat samples cylated in the elliptical diamagnetic cross-section case. A fit
placed in an increasing perpendicular magnetic field reveal; the experimental data leads to the determination of the
that the flux does not necessarily enter gradually from th&yitical pinning current common to the three Nb strips. Fi-

sample edges, as suggested by critical state médetieed, lly, we show that the flux migration consists of flux
some magnetic flux can be unfastened from the edges arﬁﬁndles containing several hundreds of flux quanta.

found in the sample center.

The role of geometry on the magnetization of high de-
magnetizing factor samples was first stressed by Clem, Hue-
bener, and Gall®sand Fortini and Paumiéfor type-1 super-
conductors and more recently by Zeldeval.” for type-ll  our superconducting Nb samples are strips with rectangu-
superconductors. These authors calculated the energy assogir cross section. Three different sizes (STEBX 23 000,
ated with the presence of a normal-state domain in a diamagr gy 55 16 000, and 398 55X 29 000m®) were cut out
netic volume. They have shown that over a large range og{;om the same Goodfellow 99.9% pure and anneale@56-

II. EXPERIMENTAL

prevents the spontaneous flux migration from the edges.
Nevertheless, for an infinitely long superconducting strip

of width L, and thicknes&., in presence of an applied mag- . . .
netic field parallel toL,, the models of Refs. 5, 6, and 7 The strips are placed against a branchUsshaped pickup

propose different configurations of the flux lines penetratinggo'l' connected via two transformers to a LeCroy HQV810
on the strip edges, prior to the onset of the flux migrationPased pulse amplifier. A low frequen¢§0 kHz) cutoff of
This modifies the different energy contributions associatedhe bandwidth prevents the recording of the flux variations
with the normal domain and leads to rather disconnecte@ccurring at the applied magnetic-field sweeping rate: The
predictions concerning the onset of the flux migration intoreversible flux penetrations into the superconducting strips
the volume. For a rectangular diamagnetic cross section, thare therefore not detected. In contrast, the irreversible flux
applied magnetic field valull,, corresponding to the onset penetrations, whose high velocity is only limited by Eddy-
of the irreversible flux migration is givénby H,  current damping, are detected in real time by the measure-
~H¢1\2L, /L, while for an elliptical diamagnetic cross sec- ment chain with~ 1-us accuracy. Some hundreds of flux
tion, the migration startsfor Hm~HciLy/Ly. quantd have to jump simultaneously to produce pulses of
To our knowledge, no systematic measurements exist aimplitude higher than the electronic noise level. The de-
the migration onset for type-Il superconductors. In this patected signal is shaped and compared to a LeCroy MVL407-
per, we study the flux penetration into three rectangularbased discrimination threshold. Each pulse with amplitude
shaped superconducting Nb strips, cut out of the same foligher than the discrimination threshold produces a
and having different widthsL(,). The flux penetration is transistor-transistor logic signal recorded by a computer.
detected by a flux jump readout technique. The applied magFwo successive pulses contribute to two individual counts if
netic field corresponding to the flux jump detection onset isheir occurrence is separated by more that0 us. The full
measured and compared to theoretical predictions. We shoacquisition system synchronizes the magnetic-field step rise

perpendicular magnetic field at a rate of 33 G/s. The flux
penetration is detected by a fast-pulse acquisition sy&tem.
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FIG. 1. Transition curves: cumulated number of detected pulses

versus applied magnetic field for three samples of different sizes FlG'_Z' _Onset O_f the massive flux pepetration. The migration
(see text These curves were obtained for zero-field-coolegMagnetic field obtained experimentali®) is compared with the

samples.T=4.2K: Discrimination threshold 21 mV; sweeping predictions of different geometrical metastability modelse text

rate: 33 G/s. Inset: Maghnification featuring the flux jump detectionand with the case of an ellipsoid inscribed into the rectangular strip
onset cross section.

with the opening of a gate during which flux pulses are de-SE%ﬁ;ﬁledctgr;ﬁte;?;?g'(;lijlaévaeeﬁuidtr:?i%ligci;%% G}Reb
tected and counted. Owing to the large inductance of the coif 9 9 9 y

creating the magnetic field, the step command is integrated

in a continuously varying field whose value rises linearly J(X)= —CHa X for |X|<1- ﬂ

with the time. Y 27y 1-X? Ly’

Ill. ONSET OF THE IRREVERSIBLE FLUX MIGRATION where X= (1)
L2

The integrated number of detected pulses as a function of
the applied magnetic fieldH,) is shown in Fig. 1 for a The Meissner current exerts a position-dependant Lorentz
discrimination threshold of 21 mV, set just above the elecforce[Jy(X) ¢o/c] on the vortex. The flux penetration starts
tronic noise level. The flux jump detection starts for an ap-When the resulting interaction energy compensates the line
plied magnetic field well above zero for the three sampleenergy €ol,) of a vortex. In absence of bulk pinning, the
sizes. Nevertheless, even if no flux jumps are recorded at lo@pplied magnetic field has to be increased sufficiently high
H,, some flux penetration must occur since the beginning ofor the Lorentz force to reache3/L, near the strip edges
the sweeping up, due to the quasi-infinite value of the loca(1—|X|=L/L,). This is achieved for a local magnetic field
magnetic field on the strip edges. The vortices cut througlvalue on the edges equal t,; and for an applied magnetic
the sharp rims of the strips without complete penetration intdield given by
the edges and round off the flux-line curvature. Ag in-
creases, the mixed-state penetrates irreversibly deeper into /2L
the edges. The inset of Fig. 1 details the onset of the flux Hm~Hc L
jump detection regime. A small number of flux jumf@O—
30) are first detected and are followed by a massive fluxigure 2 shows that this predictéd,,/H., ratio is much
penetration characterized by a high slope. The applied madrgher than the present experimental results. The discrepancy
netic fieldH, corresponding to the massive flux penetrationis reinforced if one takes into account the effect of the bulk
onset is obtained by a linear extrapolation of the high slopd@inning. A formula similar to Eq(2) was proposed in Ref.
to zero counts and then compared to the different geometril2 for type-I superconductorsl,, was computed for a rect-
cal barrier model predictions in Fig. 2. The lower critical angular diamagnetic volume assuming that the migration
field Hep (4.2 K)=1410 G has been taken from Ref. 10. Thestarts for a local magnetic field at the strip equator equal to
ratio H,,/H.; decreases systematically as the sample widtfihe thermodynamical critical fieldl.. The comparison with
increases but the experimental points are well below all théhe experimental data shows that if one neglects the rounding
theoretically predictions. of the flux lines on the edges, the “edge effect” on the top
and bottom edges leads to an infinite local magnetic field and
to an overestimation of the penetration field.

The rounding of the flux lines on the edges is taken into

Let us discuss the different peculiarities of the geometri-account in the Clem, Huebener, and Gallus madeie dia-
cal barrier models. In the Zeldt al. model! one computes magnetic volume is assumed to correspond to an ellipsoid
the potential variation associated with the penetration of anscribed in the strip’s rectangular cross section. The Gibbs
single vortex into thin superconducting type-Il strips. Thefree energy against the irreversible penetration of a normal
diamagnetic volume is assumed to have a rectangular crosomain is computed, in the two-dimension@D) case by
section so that the flux lines penetrating on the strip edgesonformal mapping, taking into account three energy contri-
are straight lines. For a sample of width and thickness&,  butions: (i) the line energy of the normal domain\ G;,)
(A<Ly<L, where\ is the magnetic-field penetration depth which increases with the thickness of the diamagnetic ellip-

2
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A. Geometrical barrier models
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soid when the vortex is moved from an edge towards the B. Irreversible installation of the mixed state
strip center,(ii) the magnetic energy generated by the do- on the strip edges

main outside the superconductoA&,,) which tends to At the onset of flux migration, the demagnetizing factor of
push the domain outside the sample volume, &ndl The  {he remaining diamagnetic volume must be higher than pre-
work (W,) done by the source generating the applied magyicted by Ref. 15, i.e., the curvature of the flux lines near the
netic field when the domain is introduced into the strip VOI'strip equator must be higher than predicted by making a
ume. The corresponding force tends to move the normal dqgyersiple flux penetration assumption. Indeed, for type-Ii
main towards the strip center. The total Gibbs free energynerconductors, it is well known that the installation of the
depends on the geometrical dimensions of the strip, on thg,ixeq state is not reversible. In the flux creep regime, the
value of the applied magnetic field and on the size of thgy,y jines are able to move when the driving force becomes
penetrating normal domain. This model, first developed tcbqual to the pinning forcE p= oJ./c, whered, is the flux
desc_ribe the flux penetration onset in_to type-| supe_rconductquamum and, is the nondissipative current flowing through
ors, is extended to the case of the migration of a single Vorg,e mixed state and shielding the external magnetic field. In
tex in type-l superconducting strips. The applied magnetiGhe perpendicular geometry, the driving force exerted on the
field corresponding to the migration onset is given by flux lines penetrating on the strip edges is not constant over
the flux-line length. As the applied magnetic field is in-
creased, the driving force exerted on a flux line near the top

H —H Ly i VLA 3) and the bottom of the strip is higher than the driving force
merel + Ly Ink Ly, /)’ exerted near the equator resulting in a deeper flux penetration

towards the strip center near the top and the bottom of the

strip. The unpinning condition is easier to reach near the
where N and « are respectively the London penetration top/bottom than near the strip equator, reinforcing the curva-
length and the Ginzburg-Landau parameter. This formula isure of the flux lines near the strip equator. In the following,
valid for 2\L,\/Ly<1, i.e., for high values of /L. Inthe  we will assume that at the migration onset, the remaining
plot \ is taken equal to 480 ARef. 13 and« equal to 1.1.  diamagnetic volume corresponds to an ellipsoid inscribed in
Since « is neighboring 1.0 for niobium, the position of the the rectangular strip cross section.
curve is very sensitive to smad fluctuations. An adjustment The irreversible flux penetrations on the edges also
of the curve through the experimenta},/H., ratio leads to  modify the local magnetic field value that has to be reached
k~1.25 which is higher than the value measured in Refs. 1@n the strip equator for the flux to start to migrate toward the
and 13. A lowerk sets the prediction at a position higher center. At the onset of the migration, the local magnetic field
than the experimental measurements. This may be due to tl the strip equator{,,) must reachifi;;) plus a magnetic-
overestimation, in the 2D case, of the magnetic-field energyield value H,,) sufficiently high to install the mixed state
outside the superconductoA G, . It is interesting to note on the strip edges, i.e., to establish the circulation of a pin-
that if AG,, is neglected, the flux penetration starts for aning currentJ, between the rectangular and the elliptical
local magnetic-field value at the equatdg, equal toH,; cross section:

(Ref. 14.
A more general approach was proposed by Fortini and
Paumie? for type-l superconductors, in which the remaining Heq=Hc1t Hep- (4)

diamagnetic volume before flux migration was not chosen
arbitrarily. They calculate the free energy associated with the Let us calculate the magnetic field which has to be
presence of @ normal domain in a ge_:neral-shaped q'amagéached on the strip equator so that the mixed state fills the
netic volume and neglect the magnetic energy contrlbutloq

outside the superconductor. They show that the penetratioH" strip voI_ume outsi_de_the inscribed elliptical diamagnet_ic
of a normal domain is aIIoWed when there is a full pathvolume. This magnetic field can be calculated from the Biot

L zrmd Savart law. For symmetry reasons, it is directed along

joining the sample border and the center where the Iocat . . o
S . .~ the thickness of the strip. The contribution of each current

magnetic field can be equal td, . As an applied magnetic element (.ds) to the magnetic field component directed

field is increased, this condition is first satisfied in the sample < € mag P

along the thickness is given by

center and then on the sample border. For a rectangular-

shaped sample, the flux migration only starts when the inter-

mediate state growing from the top and from the bottom of J.ds

the strip edges meets at the strip equator allowing the local Hy= oy sin g, (5)

magnetic field to reachl .. The migration magnetic field ,, .

depends on edge flux structure that remains to be deter-

mined. In Ref. 15, the shape of the wall separating the diawherer is the distance between the current element location

magnetic volume from the edge flux bearing zones and thand the strip equator, and diris the magnetic-field projec-

migration field are calculated by conformal mapping, the in-tion along the thickness. The current density assumed to

termediate state edge structure being assimilated to a normia¢ constant, is circulated in the opposite direction on both

metal. For a comparison with the Nb experimental dita, sides of the stripilsee Fig. 3 Consequently, the magnetic

is substituted byH.;. As in the two previously described fields generated by those two currents have opposite contri-

geometrical metastability models, the predicted migratiorbutions. Integration of Eq5) over the volume filled by the

fields (see Fig. 2 remain higher than experimental resufts. mixed state leads to total magnetic field equal to
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FIG. 3. Current distribution in the strip before the onset of the r
irreversible flux migration. The pinning curred is flowing on the
_ : . -2000 . '
edges of the strip, between the rectangular strip cross section and 0 1000 2000 3000
the inscribed diamagnetic ellipsoid. Applied magnetic field (G)
LyJe Ly FIG. 5. Magnetization curve obtained with a dc SQUID. The
Hep=%— In . —1-In2 (6)  niobium strip (1006x55x 15 000xm?) is subjected to a parallel
y

magnetic field,T=4.1K. The pinning curreni; is determined via

for L,>L,. Figure 4 shows a comparison between the exthe critical state model of BealRef. 4.

perimental data and Eq6). Since the three samples have - . :
been cut from the same thin foil, the value of their critical perficial layer to ensure the screening of the extemal field

current density should be the same. The best fit of the exf_rom the Samp'e center. The flux_ density wit_hin_ the sample
perimental data leads 3~ 1.6x1C° Alcm? which is the decreases linearly from the applied magnetic-field value at
only free parameter co surface to zero at the boundary of the Meissner state central

An alternative measurement of the pinning current densit;’eg'on' When the applied magnetic field increases, the mag-

was obtained from a zero-field-cooled dc magnetization meanetization decreases until the flux reaches the center of the

surement. A strip (100855 15000xm®), cut out of the sample. This appears fpr an applied magnetic ﬁHlﬂ
same Nb Goodfellow foil, was cooled down to 4.1 K. To =Joby a5n_d; magne;]t;‘z;tlorlva]{usi;gualmgm_: _dl/fZHH*'
remove geometrical effects, the external magnetic field wag_'%u;e |nT|rc]ates L .m‘g__ d 'S obtained fo lead
applied parallel to the strip surface. The magnetization mea- : _8 OC?' Those two independent measurements lead to
surements were performed with a Quantum Design supeﬁ”t'cal pinning current density values respectively equal to

2 2
conducting quantum interference devi@QUID) magneto- 0.54x 196 A/ﬁm and 0.8 106.A/cm ’ he pinni
meter and are shown in Fig. 5. As the external magnetic field Despite the crude assumption made about the pinning cur-

increases from zero, the initial slope is constant, indicatind©n't density, and the arbitrary choice of the demagnetizing
that the sample remains fully diamagnetic. For the calibralactor, these twd, values are proximate to the one obtained

tion of the SQUID magnetometer, the initial slope was set td?Y_ fitting Eq. (6). This indicates that, for our samples aspect
—1. The curve begins to deviate from the linear dependencf?ti0; the remaining diamagnetic volume at the onset of the
when the external magnetic field reaches the lower critical'“* migration can be approximated to an ellipsoid inscribed

field H., . The experimental valueH; = 1250+ 250 G) pre- Into the strip rectangular cross section. That is to say, in
sents Call' large error but is sim(i:llar to the valuél ( comparison with the reversible case of Ref. 15, the irrevers-
[

—1413G) given in Ref. 10. The pinning current was deter-ible installation of the mixed state on the edges increases the
mined following the critical -state model of C. P. BehFor curvature of the flux lines and advances the onset of the flux

an applied magnetic field higher thah,, the magnetic flux migration. The few flux jumps detected before the migration

enters inside the sample volume through its border. The critit'elctjh(se? F'g'dl probably reflect collective jumps of vortices
cal pinning current, assumed to be constant, flows in a 2N the strip edges. L -
At the onset of the flux migration, the local magnetic field

at the strip equator is higher th&ty,,. As shown in Eq(6),

2000 the effect of the installation of the critical state on the edges
1500 | is reduced whern., /L, decreases. For a lardg/L ratio,

the magnetic field generated on one side of the strip is es-

@ 1000 L sentially determined by the contribution of the currents cir-

5 culating on the same sidsee Eq.(5)]. In contrast to this,

= when the sample aspect ratio is sufficiently reduced, the ef-
S00 - fect of the currents circulating on the opposite side tends to
. 1 1 be more important and to reduce the value of the magnetic

field. The negative value oH., obtained in Eq.(5) for
Ly/Ly<4.2 shows the limitations of the elliptical diamag-
netic volume assumption. A rigorous determination of the

FIG. 4. Local magnetic field at the strip equatbt,f) generated migration field should include the calculation of the flux pro-
by the circulation of the pinning curredt. The experimental val- file and thermodynamical potential evolution during the ap-
ues ofH,, are calculated using the values of the applied magnetiddlied magnetic field increase, taking into account the pinning
field corresponding to migration onseH ), the demagnetizing Of vortices. The edge pinning effect on the onset of the flux
factor of an inscribed ellipsoid and E€). The continuous line is  migration should be more pronounced for high-temperature
the best fit of Eq.(6) to the experimental points and leadstp  superconductors than for niobium because of their rather low
=1.6x10° Alcm?, H¢; value and quite high pinning currents.

0 )
0 200 400 600 800 1000
L (um)
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10°¢ TABLE I. Rough estimation of number of flux quanta per flux
E . ¢ 390pm bundle (/¢,) for the three strip widths.
" - 4 o A 710pum
& F s 900
54 | ‘ : © L () ¢l o
B :
£3 ‘3 . 390 240
zZ8 L 710 140
< . t ., ‘ 900 120
101: I | 1 L |
0 2(’)I‘hreshol d‘t(r)nV) 60 where the number of flux quanta migrated whe¢preaches

Heoo N(Hep)=HgLyL,/¢g, is obtained by flux conserva-
tion. TheH, value(= 2590 G was taken from Ref. 10. The

FIG. 6. Number of detected pulses versus threshold for the threaumber of quanta per flux bundle is then given by
different strip widths. The applied magnetic field has been swept up

to 1000 G. These curves have been obtained with flux trapped into i _ N(1000 G )
the samples. do F(Ly
IV. SIZE OF THE MIGRATING FLUX BUNDLES During the applied magnetic field increase, flux bundles

are unfastened from the mixed-state structure present on the
For type-Il superconductors it is usually assumed, as irstrip edges and move towards the strip center. The system-
Refs. 5 and 7, that the flux migration from the strip edgesatic dependency of the bundle si@hown in Table ) on the
towards the center is achieved by single flux quanta. Howsample width indicates that the shape of the volume filled
ever, flux droplet penetration was observed in Nb&ef. 3  with the mixed state plays a crucial role in the unfastening
by the Bitter decoration technique as well as in Nb films withprocess of the flux bundles. Moreover, recent measurements
an array of microscopical Hall probés. to be published in a forthcoming paper show that the size of
As described previously, the flux jump detection tech-the flux bundles varies with the sweeping rate of the applied
nigue is not sensitive to the penetration of single vorticesmagnetic field, underlining the role of the flux creep rate on
several hundreds of quanta have to jump simultaneously tthe edges.
produce pulses whose amplitudes are higher than the elec-
tronic noise level. The fact that signals are detected, almost V. CONCLUSION

over all the sweeping-up range, demonstrates that the flux The onset of flux migration into superconducting type-Ii

migration is achieved by the simultaneous jump of a largenp, strips, subjected to a perpendicular magnetic field, is con-
number of flux quanta. The average size of a flux bundle cagg|ieq by the installation of a critical state on the edges of
be crudely estimated from the total number of counts rey,e strip, and appears for a local magnetic field at the strip
corded during the sweeping up of the magnetic field. Asyqyator higher thahi,, . This is in contrast to the reversible

shown on Fig. 6, the number of detected pulses increaseg, installation hypothesis proposed in different geometrical
when the detection threshold is reduced. The exponential &5 rrier models. The local magnetic field at the strip equator,

trapolation to zero threshold.gives an estimation of the t,c’tabroduced by the pinning currents flowing on the edges of the
number of flux bundles= which have penetrated the strip gy in the case of an elliptical diamagnetic volume was

during the magnetic field variatior: was determined by  caicyjated. A comparison with the experimental determina-
taking the data obtained at 21 mV with samples free Ok;q, of the onset of the flux migration allows the determina-
trapped flux(Fig. 1) and the exponential slopes obtained ion of the critical current common to three superconducting
from Fig. 6 for samples containing trapped flux. The numberstrips cut out from the same foil. The flux migration towards
of flux quantaN present in the sample volume is assumed tGpe sirip center is in the form of flux bundles containing

be a linear function of the applied magnetic field ), i-.,  geyeral hundreds of quanta, whose size depends on the struc-

N(Ha)~Ha—Hmn, where Hy, is the migration field. The (e of the critical state present on the strip edges.
number of flux quanta having already migrated Hy is

given by ACKNOWLEDGMENTS
H —H We are grateful to L. Legrand and M. Saint Jean for help-
N(H,)=N(H¢y) H (7)  ful discussions and to I. Rosenman for the SQUID measure-
c2 m ments.

* Author to whom correspondence should be addressed. ElectroniéC. P. Bean, Phys. Rev. Le8, 250 (1962.

address: jeudy@gps.jussieu.fr 5J. R. Clem, P. Huebener, and D. E. Gallus, J. Low Temp. Phys.
IM. V. Indenbom, H. Kronmiller, T. W. Li, P. H. Kes, and A. A. 12, 449(1973.
Menovsky, Physica @22, 203 (1994). 8A. Fortini and E. Paumier, Phys. Rev. Bl 55 (1976.
2S. T. Stoddart, S. J. Bending, A. K. Geim, and M. Henini, Phys. “E. Zeldov, A. I. Larkin, V. B. Geshkenbein, M. Konczykowski,
Rev. Lett.71, 3854(1993. D. Mayer, B. Khaykovich, V. M. Vinokur, and H. Shtrikman,

3M. Marchevsky, L. A. Gurevich, P. H. Kes, and J. Aarts, Phys.  Phys. Rev. Lett73, 1428(1994.
Rev. Lett.75, 2400(1995. 8A. Hrisoho and G. Waysand, Nucl. Instrum. Methods Phys. Res.



PRB 60 ONSET OF FLUX-BUNDLE MIGRATION INTO. .. 9725

214, 415(1983. (North-Holland, Amsterdam, and American Elsevier, New York,
V. Jeudy, D. Limagne, and G. Waysand, Europhys. Lit.491 1979, Vol. 2, p. 199.

(1991. 18As described in the “fanlike model,” A. Fortini, A. Hairie, and
19T, F. Stromberg and C. A. Swenson, Phys. Rev. L8{t370 J.-P. Girard, J. Math. Phy20, 2139 (1979; J. P. Girard, E.
L (1962. Paumier, and A. Hairie, Phys. Rev. A, 2734(1980), the pre-
12E' H. Brandt, Phys. Rev. B6, 8628(1992. dicted migration field could be reduced by taking into account
133- Provost, E. Paumier, and A. Fortini, J. Phys},F39 (1974. the fine structure of the mixed state present on the edges, which
14’\B/|' VL;)/ Mkaxfleléj anddV\\/J- LR NgLeanﬁﬁhyséRg;%ié?gggg' would reduce the amount of flux penetrated on the edges as
15 en_ raouca an s em, ys e ) : assumed with the normal-metal approximation.

J.-P. Girard, E Paumier, and A. Hairie, Rroceedings of the 173, T. Stoddart, S. J. Bending, R. E. Somekh, and M. Henini,

14th International Conference on Low Temperature Phy€is Supercond. Sci. Technd, 459 (1995,

aniemi, Finland, 1975, edited by M. Krusius and M. Vuorio



