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Magnetic levitation of superconductors in the critical state
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The vertical levitation force in a cylindrically symmetric system composed of a permanent magnet and a
type-Il superconductor is studied assuming the latter to be in a critical state. In a first step, a constant-field-
gradient approximation along the length of the superconductor is used to see the effects of the dependence of
the critical current density on the internal magnetic field. In a second step, the theory is generalized in order to
study the case when the field gradient is not constant, as is usually found in levitation experiments with bulk
superconducting samples. The model results are discussed in relation to recent experimental data on magnetic
levitation of highT. superconductors, explaining the observed behavior and making some predictions for
future experimentd.S0163-182608)00426-3

[. INTRODUCTION All the models mentioned above assume a superconduct-
ing sample small enough to consider the magnetic-field-
When a superconductor is in the presence of a changingradient constant along it. At the same time, the demagneti-
applied magnetic field, supercurrents are induced inside theation effect due to the finite dimensions of the
sample producing a diamagnetic response of the materiaduperconductofSC) has been neglected. Until recently, only
The interaction of these supercurrents with an inhomogein numerical calculations has this effect been taken into ac-
neous magnetic field can produce stable levitation. count. Tsuchimotet al,?? using an axisymmetric boundary
In type-Il superconductors, there is the possibility for theelement analysis, have calculated the dependence of levita-
magnetic induction to be different from zero inside thetion force upon different geometrical parameters of a perma-
sample in the form of quantized flux lines. In real type-Il nent magnet-superconductor system. Portalelil 2° have
superconductors at small current densifigs.J; for a cer- used finite element calculations for the levitation force in
tain critical currentd.), these flux lines can be pinned by order to estimate the value of critical current of a type-II
inhomogeneities in the sample. Under these conditions, whesuperconductor. In a recent watkwe calculated the depen-
an external applied field is increased or decreased, the magence of maximum vertical force upon the length of super-
netic flux moves within the superconductor towards its inte-<conductor, considering both the demagnetization effect and
rior or exterior until a critical slope is reached in the flux the nonuniformity of the field gradient. In spite of these ef-
profile. In this critical state the current density attains itsforts, a systematic treatment of vertical levitation force for
maximum valuel, .2 Phenomenologically, this behavior has which the applied magnetic field cannot be assumed to have
been modeled by Bean's critical-state mddeind its a constant gradient has not been developed yet.

extensions.Brandf showed qualitatively how from the pin- Moreover, most of the developments consider the super-
ning of flux lines some properties of levitation of type-1l conductor to be in the critical state and describe it by means
superconductors can be explained. of Bean’s critical-state model considering the critical current

Moon et al.” measured the vertical forces on a levitating J. as constant. Hovewer, it is known that most type-Il super-
superconductor showing some of the main properties. Thessonductors and in particular high: superconductors present
measurements were extended by several groups in order géodependence of its critical current upon the internal mag-
study the influence of orientatidhmaterial®!° or shape of netic field. Some analytical expressions have been proposed
superconducting sampté comparing, sometimes, thin films and succesfully applied to describe the magnetic properties
with bulk sampleg?13 of superconductor®?8 1t is therefore necessary to incorpo-

On the other hand, few models have been developedate such a dependence in the study of the levitation of
most of them studying the interaction between a supercortype-Il superconductors. Although in numerical calculations
ductor and a permanent magnet. Hellnearal* and Yang® by Tsuchimotoet al?” a Kim’s model dependence for the
presented models based on total flux exclusion of the sampleitical current density was implemented, a general study of
that thus describe the behavior of type-I superconductors ahe effect of this dependence has not been done yet.
type-Il samples with very high critical current. Sctimber This paper is structured as follows. In Sec. Il we will
and Moon'® Chanet al,” and Torng and Chéfhave taken discuss the general characteristics of the model including the
into account the penetration of supercurrents, the latter witlassumptions made, the starting formula for calculating the
an applied field provided by a pair of oppositely wound coils.force, and the chosen values for the model parameters. Sec-
In Ref. 19, a systematic treatment of vertical levitation forcetion Il will deal with a simplified case assuming a constant-
for type-Il superconductors based on flux penetration wadield gradient for the magnetic field along the volume occu-
done. Some papé&®®! have considered granular structure pied by the superconductor. This case will enable one to
for the superconductors when grains are completely perdnderstand in a simpler way the effect of field dependence of
etrated. the critical-current density. In Sec. IV we will consider the
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more general case of a nonconstant-field gradient. We wilvariation of magnetic field, a current of fixed valueJ.

end this section with a discussion of how our calculationg(critical currenj is induced. In this work, we shall use a more
relate to present and future experiments on magnetic levitageneral extension of CSM that includes a dependence of
tion of superconductors. Finally, in Sec. V we will presentcritical current upon the internal magnetic field,. Al-

the main conclusions of our work. though any other expression could be implemented, in this
work we shall use an exponential dependericdéH;)
1. MODEL =K exp(—|Hi|//Hp)] as studied in Ref. 26 because it was

found that this field dependence succesfully describes the
We will study a levitation system composed of a cylindri- magnetic properties of a wide range of higp-
cal permanent magneéPM), of radiusa and thicknesd,  superconductor® It is useful to define the parameteps
uniformly magnetized along its axis with magnetizatigh =KR/H, andH,=H, In(1+p). p is a measurement of the
and a cylindrical type-1l SC, of radiu® and length_, placed degree of dependence &f uponH;; the limit p=0 corre-
at a variable distance above it, with the same axis of sym- sponds to constant critical currefBean’s limi), and the
metry. We use the usual cylindrical coordinatpsé,z) with Jargerp is, the stronger is the dependents, is called the
the origin located at the center of the top face of the PM. Thgyenetration field and is the field at which supercurrents have
superconductofzero field cooleglis moved initially far from  just reached the center of the superconductor during its initial
the PM along thez axis, so that the magnetic field at every magnetization.
point of the SC undergoes a variation. On the axis this ap- |n order to study the effect of both the field dependence
plied magnetic field has only a vertical componehtgiven  and the field-gradient variation along the sample, we fix all
by the parameters of the PM and the geometrical ones of the
SC. Throughout all this work we will use values for those
z+b z parameters encountered in typical experiments. For the PM
Ho(z,p=0)= % Ja%+ (21 0)2 T V21 2) (D) we will take a=12 mm, b=20 mm, M =398 kA/m (corre-
sponding to a remanent field e0.5 T). These parameters
It can be proved that close to the axis the radial componerfor the PM yield a maximum applied fielgt z=0) of H,
of the applied field is much smaller than the vertical one,=170 kA/m. For the SC we wil fixR=6 mm and
which is almost constant with respectgan that region. So, L=10 mm (from which N=0.35 is assigned® In some
we can consider that all over a region close to the axis, theases, an adequate normalization enables us to reduce the
field has only an axial component given by E4). This  number of parameters that characterize the whole system
approximation is quite good as long as<a. Although we  (see Ref. 18 but in this work, we are interested in describ-
will use Eq. (1) for the external magnetic field, all the fol- ing the behavior in absolute terms since one of our goals will
lowing treatment can be used with a different expression. Ibe the estimation of some properties of the superconducting
instead of a PM, we use another magnetic-field source suomaterial from data obtained from levitation experiments.
that it acomplishes the above assumptions, the treatment will
be valid as well with the new field configuration. IIl. CONSTANT-FIELD GRADIENT:
Following the calculation of Landau, Lifshitz, and THE EFFECT OF FIELD DEPENDENCE
Pitaevskif® but considering a volume current instead of a

linear one, it can be seen that the force that a cylindrically e will first study only the effect of the field dependence
symmetric magnetic field produced over a region occupiegy the critical current. So, in this section, we will consider

by currentsJ=J(p,z) 8 has only a vertical component given that supercurrents fill a volumé where the field is uniform

by enough to enable assigning them a mean magnetizition
) In this case, Eq(2) can be simplified yielding
_ THo -y &HZ(ZI 124 A1 5!
Fz_l_N fp',Z'J(p Wz )( &Zl )p dp dZ ’ (2) E MOV ﬂz (3)
Z1-N"*gz’

where the integral has to be evaluated over the region con-
taining current&* andN is the demagnetizing factor for the M, being thez component of the magnetization of the SC
SC. A more detailed treatment should consider the magnetisample. The values of the magnetic field and its derivative
poles that appear in the faces of SC and the magnetic fielthssumed as constant all over the SC in this sertie
that they create. For the purposes of this work, however, it ishosen as the values at the bottom face of the SC. The ap-
sufficient to correct the force by the factor+N) ! in or-  plied field at the SC will increase when the sample is de-
der to take into account these demagnetization effects. Descending(we shall call this the descending brahemnd de-
magnetizing factors for cylinders, which are dependent orcrease when the SC is moving in the opposite sense
the radius-length ratio of the superconductor, are calculatethscending brangh
in Ref. 29, from which we have taken the valuehbive will As explained in Ref. 26, the parameters that suffice to
use. properly describe the magnetic response of the SC in the
The integral in Eq(2) can be evaluated if we know the critical state ardd,,/H, andp. In the present case], cor-
supercurrent distribution over the whole sample. The criticalfesponds to the maximum field created by the PM and there-
state modéi® (CSM) has been widely used in order to model fore has a fixed value, so the variationtdf,/H, andp will
this distribution in different geometries. The conventionalcorrespond exclusively to a variation of the particulgiH;)
CSM assumes that, in the regions where the SC has felt dependence. In Fig. 1 we show results calculated for differ-
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In all the cases shown, the force is hysteretic because of
the hysteresis in magnetization. As it can be seen in Fig. 1,
when varying the ratiéi,,/H, maintainingp fixed, the force
becomes more hysteretiin the sense that there are more
relative separations between the ascending and descending
branches for largerH,/H, ratios. This can be understood
by examining the limiting case@ot shown in Fig. L For
Hm<H, and for all values ofp, supercurrents penetrate a
very short depth into the superconductor. When reversing the
movement of the sample, opposite currents also penetrate
only a short distance into the sample, yielding in a nonhys-
teretic behavior. This limit is similar to the Meissner state
and yields a maximum value for the force at a given height.
In the other limit,H,,>H,, supercurrents completely pen-
etrate the SC at a very early stage in the descending branch
(far from the magn@t and opposite currents do the same in
the reverse branch when the SC is still very close to the
reversing height. The result is an almost symmetric force
curve with a large hysteresis.

Another general fact is that, far from the PMw fields),
the force is largerin magnitude in the ascending branch
than in the descending one for a given height. This comes
from the fact that we start from a zero-field-cooled SC so
that in the descending branch, initially, there are no currents
inside the SC, and thus, magnetization at low fields is almost
zero. When the superconductor is far from the PM, but in the
ascending branch, there are currents inside the sample that
interact with the field producing a larger force with respect to
the force in the descending branch.

The incorporation oH; dependence od, (p#0) results
in the appearence of a minimum in the magnetization for

0 10 20 30 40
z (mm) gpplied fields small_er tha_Hp. This is understoo-d by realiz-
ing that whenp=0, if H, increases the magnetization never
T " T T decreasesin magnitud¢ reaching a saturation ai,=H,
0.6 4

0.4

Magnetization

corresponding to the field when currents have completely
penetrated the sample. Wher 0, sinceJ, decreases with
field, at a high enough applied field the magnetization would
start to decreasén magnitudg, although the current would

= 02 4 continue penetrating deeper into the SC. This produces a
< proce o minimum in the magnetization at a field valtl. H* can
g ook be numerically calculated, being the solution of the equation
8 . H* p2

0. _ +p)H* Hp 4 +p)H*H - -

0.2 Hp[(1 )T TPl )T = ey @

-0.4 m p It can be demonstrated theit* lies betweerH /2 andH

Z (mm)

40

depending orp. In the following, we shall study what the
consequences are of these effects of 3(¢1;) dependence
on the levitation force.

If H,<H,,<H*(p) the introduction of the field depen-

FIG. 1. Vertical levitation force using the constant-field-gradient
approximation as a function of SC height above the PM, for differ-dence increases the force in the descending braR
ent values o andH,/H,: (@) Hyn/H,=0.5, (b) Hy/Hp=1, (o) 1(a)]. The largerp is, the larger this increase is. The reason
Hm/Hp=2, (d) H,/H,=10. In all figures,p=0 (solid ling, 1  for this is that currents penetrate a distaoequal to
(dot-dashed ling 10 (dashed ling and 100(dotted ling. The insets
schematically show, in each case, the magnetization of the sample (1+ p)(HZ/Hp)
as function of the applied fieldH,) at the lower face of SC for the -1
same parameters as above.

5=R 5

with H,/H,<H,/H,<H*/H,<1. So, § is a decreasing
ent values of the parametels,/H, andp. In the insets of function of p. The larger the value op is, the fasterd.
the figures, we show the calculated magnetization of thalecreases but the less it penetrates. The result is, in this range
sample with respect to the external magnetic field for eaclof fields, a largerin magnitudg magnetization and, thus, a
case. larger force. At the same time, in this case the force gets less
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hysteretic with increasing because of the shallower pen- well fulfilled. In these cases, it is better to consider E).
etration of currents. In the limjp— oo the hysteresis tends to instead of the simplified equatidi3).
zero since the penetration does also. Following Ref. 26, the magnetizatiod in a cylindrical
WhenH* (p) <H,<Hp, the field becomes high enough to sample can be evaluated by the integral
produce a decreasén magnitude¢ of the magnetization
when the field is increasing. In the force behavior, this fact is 2 (R,
translated into the presence of a peak in the descending Mz:@ 0 X (
branch[see Fig. 1b)]. Whenp increases the peak becomes
sharper because in this case currents decrease faster after@efining the functiorl (x) = [ J(x)dx and assuming that cur-
increase of applied field. It is not hard to demonstrate thatents completely fill the sample, it is easy to see that(B.
when the applied field is larger that,, for a given mag- becomes
netic field (corresponding to a given height of the Sthe
largerp is, the lower the force ifsee Fig. 1c), left parf]. For R
a given nonzero value gf, when the field is increased the M=L(R)~ =2 f X"L(x")dx’, )
value of current decays to near zero due to its dependence on 0
field. So, if the field is high enough, depending pnthe  which is the same result at which we would arrive at calcu-
force could tend to zero even at low heiglikarge applied |ating the radial integral in Eq(2). This demonstration is
field). In fact, in the limitp—o, H*=H_ and the value of easily extended to the case of currents not completely pen-
the current is constant until the magnetic field reaches thetrating the sample and also to the case for which there are
valueH,, when it drops abruptly to zero. This produces adifferent areas with different signs of the currents, just by
sharp fall of magnetization wher,=H,, and likewise the defining differentL;(x)= [ J;(x)dx functions for each zone.
force falls sharply at a height, corresponding tdH,(z,) The above shows that the radial integral of E2).equals
=H,. However, this fast drop in the force for thg—c M,R?, whereM, is the magnetization calculated using the
limit appears due to the choice of the particular exponentiatritical-state model. Equatiof2) becomes
dependence. For Kim’'s dependence, for instance, even in the
p—oo limit the force would not fall abruptly to zero, but it pomR? [7+L[ dH,(Z') o
would decrease smoothly. This unphysical sudden drop to = 1°-N J ( 9z’ )Mz(z )dz’,
zero of the force would be rounded off when considering the
more realistic case of nonconstant-field gradient even fopr, in a simpler form,
very large values op (see Sec. IV. )
WhenH>H,, the above behavior is accentuated. As we = _HomR J'HZ“H‘)M (H,)dH 9)
can see in Fig. @), except forpp=0, when the SC is close to £ 1-N Juy o A
the PM the field is large enough to make the current low
enough so that the force becomes almost zero. Of course, 441€reM (H,) represents, now, thecomponent of the mag-
p increases the force becomes lower, because the lpriger netization of the layer placed at hellgztﬂ; where the field is
the faster is the field-induced current decay. H,(z"), calculated by the CSM. As is clear from HS), the
The approximation of constant-field gradient along the SCSC can be viewed as if it were composed of different layers
discussed in this section is adequate for describing levitatiof differential length, at different heights, each of them fol-
of SC samples when they are short or whenever the app"eléowmg the conventional CSM. The total force is evaluated

field does not have a strong variation. In the case of supef?Y @dding the contribution of all layers. As in the previous
conducting thin films, owing to their short length, this ap- section, the demagnetization correction is done by the factor

proximation is always well fulfilled. In this limit, however, 1_N)7_1- ) _ _
the magnetization is not well described by the conventiona] This integral can be analytically solved in the descending
critical-state model used here, but instead one has to use #§anch simply integrating the formula for magnetization. In
extension to this geometry, where the demagnetization efhose stages where the frozen-field profile is nonconstant for
fects are implicitly included! In that case, the penetration 2l layers(ascending branch or minor logpthe integration
field is not given by the expression f, but instead de- has to be numerlca_lly_done. In the descendmg branch, for the
pends on the SC thicknegs penetration field is defined for €asep=0 (Bean's limiy we have three possibles stages.
thin films asH,=J.L/2 (Ref. 31)]. When using realistic pa- (@ When the lower layeklow face of SG is not fully
rameters one often encounters the celse>H4, which re- penetrated by supercurrer(tsmsequ_ently, none of the other
sults in a symmetric force curve as discussed above. Th@yers are fully penetratedEq. (9) gives
;?Jg?;: Ii?]vgaet;?ng?rce for this particular geometry has been F(2)= pomRG,[H(z+ L)]- Gy [H(D T (10)

We finally remark that the equations describing all the
above stages can be calculated analytically, by means of Edn
(3) and using the results of Ref. 26.

R
J,J(x”)dx” dx’. (6)

X

®

z

(b) When the lower layer is fully penetrated but the upper
e is not

F2(2)= pomR*{Gi[H(z+L)]=Gy(Hy) + G(Hp)
—G,[H(2)]}. (11)

In general, the dimensions of the SC and PM are such that (c) When the upper laygiand therefore, the whole $3&
the above approximation of constant-field gradient is nofully penetrated, we have

IV. NONCONSTANT-FIELD GRADIENT

A. Formulation
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F2(2)=pomR}Gy[H(z+L)]-G[H(2)T}. (12 ° ' ' ' ' ' '
- a
In the above we have used the definitions al @ 4
NCFG CFG
H2 H3 H4
=t —— — 3F - -
Cu=" 5" 30, 12 @3 _
4
Ga(H)=— LHH. 1 8 ]
(@)
[T .

Whenp#0 analytical expressions can also be found but the
resulting expressions are too cumbersome to reproduce the
here.

B. Results 1 . 1 . 1 . 1 .
0 10 20 30 40

In order to see how the consideration of nonconstant-fielc z (mm)
gradient(NCFG) affects the results, we first show in Fig. 2
the calculations for the cage=0 and for some values of the - T . . - .
parameteH,,/H, together with the results obtained in the (b)
previous section for constant-field gradi¢6FG). We incor- VO NeFG - cFa |
porate in each figure an inset showing a sketch of currer
penetration in the NCFG and CFG approximations. The gen
eral casgp# 0 shall be discussed later, although we antici-
pate that the main conclusions found for 0 will be valid
in general.

In the NCFG approximatiorki, has to be redefined since
different layers of SC will not become completely filled by
current at the same height. We then arbitrarily defihefor
the nonconstant-field-gradient case as the penetration field 05 ' i
the bottom layefbottom face of the SC. When considering
the CFG approximation in the previous section, we have 0 ' 0 ' 20 ' 20 ' 20
taken the values of the field and field gradient at the botton
layer of the SC and we have regarded these values as co
stant for all layers. Now, in NCFG, the values of field and y T y T y T
field gradient are different in each layer, and both are larges o010} (c) .
(in magnitudé in the bottom one(since we have chosen N H /H
parameters for the PM that do not provide a minimum in the m p
derivative of field; see Ref. 29In other words, we use in the

Force (N

NCFG approximation the valu®l(z)dz instead of the val- g
uesM(zy)dz used in the CFG, the, being the height of the ¢
bottom layer. As a consequence, when magnetization is irg

F

creasing with fieldthat is, whernH,(z) <H*] the layer that

has a larger contribution to the total force is the bottom one

and thus, since the total force comes from the addition of th T

contributions from all layers, the force calculated in the | i

NCFG will be lower than the one calculated in the CFG . . . . . , .

approximation. 0 10 20 30 40
Figure 2 shows that the general behavior when considel z (mm)

ing the NCFG is that the force is effectively an average along

the length of the SC of the force calculated using the CFG, as FIG. 2. Comparison of the vertical levitation force vs SC height

can be also noticed from E@9). In Fig. 3, we show the calculated using the constant-field-gradient approximatisited

results for the nonconstant-field-gradient approximation fofines) and the nonconstant-field-gradient approximatiolid lineg

different values of the parametqrsandH,/H,, . Due to this  in the case ofp=0 and for(a) Hyn/H,=0.1, (b) Hn/Hy=1, (c)

kind of average in the force, it can be seen that if force in thédm/Hp=10. The sketches show schematically the current penetra-

CFG does not present a peak at an intermediate héigt tion profile for each case.

2), the force in the NCFG will always be lower in magnitude

for the descending branch and for distances far from th@ppeafsee Figs. (b) and 3c), for the casep=1]. When the

magnet(low fields) in the ascending branch. In fact, when peak in the CFG is very sharp, the force in the NCFG also

using the NCFG one can never reach the maximum forcéas a peak in the descending brafske Figs. (b) and 3c)

calculated using the CFG. If the peak in the CFG is not venyffor the casgp=100], although the averaging tends to smooth

sharp, the averaging made in the NCFG makes the peak di#-
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FIG. 3. Vertical levitation force as a function of SC height using the nonconstant-field-gradient approximation for different vplues of
andHq,/H,: (@ Hy,/Hp=0.01,(b) H,,/H,=0.5, (¢) H,/H,=1, (d) H,,/H,=5, (¢) H,,/H,=100. The values op are 0(solid line), 0.5
(dotted ling, 1 (dot-dashed ling and 100(short-dotted ling

C. Comparison with experimental results similar to that in Fig. 8). The experimental results shown in

It can be seen from Fig. 3 that the levitation behavior inR€fS- 33, 17, and 12 are well represented by our calculations
the full NCFG approximation depends widely on the valuesn this range. o
of the parameterp, H,,,, andH,. However, in practice the If the critical current is high enough the force would be
parameters vary over a narrower range than that studied he@most nonhysteretic and should have a large value. On the
H, is usually of the order ofi,, for typical PM of about 1 T. other hand, when the maximum field-penetration field ratio is
For a typical highT, superconductorp ranges between 1 high the descending branch of the force would be almost
and 10% For this reason, the most likely behavior should besymmetrically opposed with the ascending one. For bulk
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samples, the latter case is hard to find in experiments, budritical-state model has been used to model the penetration of
this behavior is experimentally found for thin filléThe  currents inside the superconductors. From the resulting mag-
reasons for this have been discussed in Sec. lll and in Rehetization we have calculated the levitation force that the
32. The experimental data of Refs. 12 and 34 clearly shoviield created by a permanent magnet provides.
the predicted symmetric behavior of the force curve. Assuming that the field gradient is constant along the
In Fig. 3(d), we have shown some cases in which a peakength of the superconducting sample, the equation for the
in the descending branch appears. As far as we know, nkevitation force is simplified, which makes it easier to see the
experimental results have been published showing this. Weffect of the dependence of the critical currelat on the
see that a significant peak in the descending branch would hiaternal magnetic field. We have seen that, when taking into
observable foH,/H,=5 andp=1 or larger. With a typical ~account the field dependence X, the force takes larger or
H,=100 kA/m, the peak would appear for fieldd, smaller values at a given height depending on the value of
=500 kA/m, which needs a PM dfl=1.5 T, clearly above the parametep, which characterizes the dependence of the
the range used in the experiments realized until now. In thigritical current on field, and the ratio between the applied and
case, however, the levitation force would not be as large athe penetration field$d,,/H,. The limiting cases oM,

in the common experiments. >H, andH,<H, show that force can be almost symmetri-
cally opposed in the descending-ascending process and al-
D. Experimental estimation of parameters most nonhysteretic, respectively. Depending also on the

a/falue ofp, a peak in the descending branch of the force can

In the previous sections we have studied how the shape
. S appear. The exact value pf controls the sharpness of that
the vertical levitation force curves depends on the key pa- T ) ) ;
eak. In the limitp=0 we find again the result for Bean's

rameters, and found how these curves reproduce well experl?-
: odel.
mental data. The model can be used in another way as fol- o .
In the most general case, it is necessary to consider the

lows. " ; , .
Given an actual experiment for which the assumptions ar(\a/arlatlon of field and field gradient along the length of the

: . -~~~ superconductor. We have seen that in this case the force can
fulfilled, the model can be used to obtain a good estimatio o
- e calculated considering the superconductor as composed of
for the parameterp andH, of the sample, which character-

ize the critical current of the SC and its intrinsic field depen-dmcerent layers at different heights, each one following the

. conventional critical-state model. Results for this case are
dence. The process would be as follows. The maximum ap:

olied field H,. and the dimensions of the PM and SC are5|m|Iar to the constant-field-gradient approximation ones, but

known for the particular experimental setup. From the hyS_the force curve is now smoothed due to an integration along

. ; L the sample. In particular, the peak in the descending branch
teresis of the experimental data the penetration figldcan C )
be estimated from Fig. 3. As shown in FiggaB-3c), if would be present only for nonrealistic values of the param

L : eters.
HPZHm a change irp is not very importantexcept wherp We believe that the present treatment is useful not only
is very high, a case seldom encountered for actual figh-

ductors: th timati Idb Ifor giving a theoretical understanding of the magnetic levi-
superconductors, the estimation would become mMore Compli,yiq of 5 superconductor, but also for presenting a method
cated in this cageif H,<Hp,, the p parameter is relevant

. o to estimate material parameters of superconductors in a non-
for the results and can be estimated from the position of th P P

: e : estructive way.
peak or from where an inflection in the descending branch o y
the force is appreciable, as can be seen in Figh.&d 3e).
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