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Critical-state flux penetration and linear microwave vortex response in YBaCu;0O,_s films
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__ The vortex contribution to the dc magnetic fielth) dependence of the microwave surface impedance
Zy(H)=Rs(H) +iXs(H) of YBa,Cu;0;_; thin films was measured using suspended patterned resonators.
Z(H) is shown to be a direct measure of the flux denBifid) enabling a very precise test of models of flux
penetration. Three regimes of field-dependent behavior were obser¢Bdnitial flux penetration occurs on
very low-field scaledH;(4.2 K\~10 mT, (2) at moderate fields the flux penetration into the virgin state is in
excellent agreement with calculations based uporfigig-inducedBean critical state for thin-film geometry,
parametrized by a field scaléy (4.2 K)~J.d~0.5 T, and(3) for very high fieldsH>Hg, the flux density is
uniform and the measurements enable direct determination of vortex parameters such as pinning force con-
stantsa,, and vortex viscosity;. However, hysteresis loops are in disagreement with the thin-film Bean model,
and instead are governed by the low-field sdd]e rather than byH,. Geometric barriers are insufficient to
account for the hysteresis looj§0163-18207)08641-4

. INTRODUCTION range 1 to 20 GHz Z, is a measure of the total flux in the
sample, and hence can lead to precise tests of flux penetra-
The dynamics of vortices is important over a wide spec-+ion in thin films. In addition the results also yield informa-
trum of time scales(or frequencies On very long time tion on vortex parameters such as pinning force constants
scales the problem is relevant to dissipation at or near thand viscosity.
critical current. On the other end of the spectrum, at short |n this paper we focus on results for the changes in sur-
time scales or high frequencies, an understanding of vorteface impedance induced in YBau;0,_ 5 (YBCO) thin films
dynamics is important both for fundamental understandings the externally applied magnetic field is slowly increased
and for practical applications of microwave devices. from zero, as well as the hysteresis loops which ensue when
Yet another need is to understand flux profiles and fieldhe field is subsequently reduced. The response clearly shows
penetration into thin films. Recently there have been severalvidence of two relevant field scales. As the field is increased
calculations based upon critical-state models which haven initial linear rise gives way to a superlinear behavidd at
yielded field and current distributions in thin films for mag- followed by a linear rise abovél, which persists to the
netic fields applied perpendicular to the films, and havenighest fields available. While virgin response fdi>H;
shown that there are qualitative differences from bulk geomand the magnitude dfi appear to be consistent with recent
etries. While some of these results have been tested in actughalytical expressions for thin strips in perpendicular fields,
experiments, not all aspects of these models are fully under-the hysteretic response is not so easily understood. The criti-
stood. Most experimental studies of flux penetration and theal state model predicts a counterclockwise hysteresis loop
critical state have involved measurements of magnetic propgoverned by a field scale of order,, while the experiments
erties such as the dc magnetization, and there are few inveghserve a clockwise hysteresis loop governed by the much
tigations of the dynamic properties. smaller field scaleH;. Geometrical barriers are insufficient
This paper reports on a different approach, utilizing mi-to explain the observed hysteresis loops. The results suggest

crowave surface impedance measurements in patterned Miat pinning at the film edges may be weaker than in the
crostrip resonators, to understanding vortex dynamics angyk.

flux penetration. Specially designed microstrip resonators
patterned from thin films are used as highstructures to

probe vortex response at microwave frequencies in the pres-
ence of dc magnetic fields. The high sensitivity of these The experiments were designed specifically to enable
structures enables measurement of the vortex response lifigh sensitivity measurements in dc magnetic fields from
fields from<0.1 mT to several T. The complex microwave <0.1 mT to several T. The essential element is the sus-
surface impedancg&s=Rs+iXs was measured as functions pended line resonator, fabricated using YBCO films depos-
of magnetic fieldH, temperaturd, and frequency (in the ited using pulsed laser deposition techniques onto LgAlO

II. EXPERIMENTAL DETAILS
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substrates, and housed in a Cu package. Microwaves are 025 [ - - , - - —A
coupled in inductively, by means of loops at the ends of
coaxial lines. Similar resonators were used in studies of high
field® and nonlineatresponse, which have already been pub- = 0.20 1 S
lished. We note several key features of the experiment. =
: 2. 015}
The absence of superconducting ground plaisesh as -
would be present in a traditional stripline or microstrip reso- <xl e
natoy allows us to observe effects even at very low applied - 0.10 | o
magnetic fields since there is no magnetic shielding associ- <
ated with the ground planes. 0.05 'V|Hi o THS
The presence of several modes enables measurements al
several frequencies in the 1-20 GHz range. 0.00 : : : : : :
The ability to carry out both linear and nonlinear response 0 02 04 06 Hoi§r] L 12 14 16

experiments independently, and also combinetldd field

experiments where the rf and dc field scales are comparable. g5 1 Typical virgin state response: Rawi data for increas-
Variable coupling at all temperatures enabling weak cousng anpjied field for a sample initially in the virgin state for reso-

pling over a broad range of resonaf@rs. nator N3 at 3.7 GHz and 5 K. The dashed line is the expression of

Experiments were initially carried out in fields of gq. (10). The arrows indicate the two field scalés, andH,.
ImT<ugH<4T in a Janis SuperVaritemp Helium flow

cryostat. The magnetic fields were generated using a NbTi

coil (capable of fields up to 6 )Twhich is permanently , -

mounted in the cryostat. Current was supplied to the solenoi¥ @S used to fme_—_tune and stabilize the temperature. Thus,

by a Cryomagnetics IPS-50 Magnet Power Supply, undefemperature stability of~1 mK could be obtarlped and held

computer control via RS-232 using a Cryomagnetics CIM-for hours, enabling extremely detailed studyZa{H)|,, -

16. Magnet calibration runs using a LakeShore 450 Gauss- The microwave transmission amplitud®, of the fully

meter anl a 5 ft cryogenic axial Hall probe showed that assembled system was measured using an HP 8510C Auto-

residual fields of the order of 1-10 mT may be present at thenatic Network Analyzer(ANA). All data acquisition and

center of the superconducting NbTi magnet once it had beeaomputer control was carried out on an HP 745i workstation

energized. For experiments at true zero applied static fieldunning HP VEE.

and for greater sensitivity at low fields the probe was adapted In order to obtain data at these low-field scales it becomes

to fit in a similar flow cryostat built by Cryo Industries of essential to go beyond simply characterizing the resonance

America. In this series of low-field experiments, the mag-by measuring the resonance frequefgwgnd the 3 dB band-

netic fields were supplied by a liquid,Mooled Cu solenoid width Af; 4z and hence the quality factdp="fqo/Af; 4s.

capable of fields up to 40 mT when supplied using an HPThus we developed a least squares analysis to fit our reso-

6024A power supply. The CIM-16 interface module was alsonances to a Lorentzian form. The results of these fits were

used here to control the supply current remotely via RS-232found to agree very well with the values obtained from the

Current (and hence field reversal was accomplished by standard 3 dB method, but provided significantly enhanced

manually interchanging the magnet leads at zero current. Th&ensitivity to small changes.

field-to-current ratio was determined using a LakeShore 450 The changes in surface impedance associated with the ap-

Gaussmeter and an axial probe to be #061L mT/A. plication of magnetic field are extracted from the measured
A number of additional features were incorporated intoquantities as follows:

the probe in order to increase the system’s sensitivity at low

magnetic fields. A Minco thin-film heater with a nominal

resistance of 50 was attached to the bottom of the package AZ(H,T)=Z((H,T)—Z{(H=0T)=T[Afs ga(H,T)

with GE 7031 varnish in order to improve the temperature

control, and hence long term stability required for this work. —Afz gg(H=0,T)+i2(fo(0,T) = fo(H, )],

The temperature of the vaporizer was controlled with a Lake- (1)

Shore DR-91C Temperature Controller and a calibrated

CGR-1-2000 carbon-glass sensor, while the sample tempera-

ture was controlled with a LakeShore DR-93C TemperaturavhereI” is a geometric factor determined from the sample

Controller and a calibrated CGR-1-2000 carbon glass sensodimensions.(See Table ). Figure 1 shows typical data for

In order to achieve long term temperature stability, the heateA f, which is proportional tdRs, as the applied dc field is

on the vaporizer was set to attain temperature slightly belowaried starting from zero field for the sample in a zero-field

the desired measurement point; the heater on the packageoled virgin state.

TABLE |. The two resonators used for this work.

Resonator Geometry Linewidth Resonator length Film thickness Substrate thickness

N4 Straight 100um 1.32 cm 0.38um 250 um
N3 Ring 100um 2.00 cm 0.375um 500 um
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lll. THEORY

—_
o

A. Microwave vortex dynamics

Viscoelastic models of microwave vortex dynamics, such
as those developed early on by Gittleman and Roserfblum
and later by Coffey and Cletrconsider the effects of the
Lorentz force which is exerted on the vortices by the micro-
wave currents as the main source of an increase in surface
impedance in the presence of magnetic fields. The applica-
bility of these models has been validated in earlier experi-
ments on a variety of crystals and filfis’

We have shown in Ref. 2 that the field induced changes in
surface impedance of a superconducting thin film can be well , , ,
described using a simple model of vortex dynamics and pa- .10 5 0 5 10
rameters which are consistent with measurements on YBCO
single crystals, with FIG. 2. The calculated hysteresis|i®(H)| for a thick slab in a

field applied parallel to its surface. Both axes are in unitsl 9f,,
|20)¢0 with Hmax:]-OHs,bqu-

- B(H), 2
podlkd M Hionmiov @ » -
) . ) . o pute|B(H)|= (1MW) [ T4, B(x)|dx. When all vortices point
whered is the film thicknessk, is the pinning force con- in the same directiodB(H)|=<I>/WE(1/V\I)IW’2 B(x)dx

; ; ; P —W/2
stant,_ar_ldr; is the flux viscosity. At h'gh f'elds(.H)_"“OH' where® is the induced flux per unit length in the sample. As
but this is clearly not the case at low fields or in the presenc

D ) o $he applied field is increased flux penetrates gradually from
of bulk pinning where the field profile in the sample can bethe 2gges of the slab. untilp a chara(gteristic yfield

nonuniform. 1t should also be noted that the increases 4 ¢ b= JcW/2 is reached and the two flux fronts meet at the
surface impedance due to penetrated flux must be insensitive’:

V. R . ' . ..
to the sign of that flux. Thus, it is insufficient to simply f%l{;;ei;c?;,tehsi%ﬁ]bgtz% increasing field applied to a slab ini-
replace B(H) with an average flux density

S = D W R AN 0O

AZ(H,T)=

B(H)=®/S=(1/S)[B(H)dS, whereSis the surface of the 1 H2

sample perpendicular to the applied field. The desired quan- >H ; for H<Hs pui

tity is the average absolute flux  density, [B(H)[= s.bulk (4)
IB(H)|=(1/S)[¢B(H)|dS. Thus, AZ(H,T) can be 1

- = for H>H .
thought of as counting the absolute number of vortices in the H = 5 Hs bu .bulk

sample since it is directly proportional {8(H)|. Hence for
nonuniform flux profiles, the above equation is modified to

When the field is reduced after reaching a maximum field
Hmac>Hspuk: the field and current profiles can be con-

- i20d structed using a simple construction.
AZ(H,T)= - |B(H), ()
podl k(T +iwn(T)] fl(XyH !Hs,bulkaHmax) =f(x, Hmavas,bqu)
B. Critical-state flux penetration models — (X, Hmax—H,2Hs pur), (5

The penetration of magnetic flux into a superconductomvheref can be any of the following quantities B, or M.
depends crucially on two elements, geometry and pinningf is that same quantity as the field is reduced frioi,,.
These are both incorporated in what is usually called théhus, as the applied field is reduced, the flux density at the
critical-state model, originally due to BedhBulk pinningis  edges is gradually reduced. At=0 the standard sandpile
described in terms of the critical currefyt, while the field  flux profile can be found at the center of the sample. As the
profiles depend heavily on the sample geometry. We wilfield is now increased in the other direction, negative vorti-
compare the results for the more traditional slab geometry ites enter at the edges but the positive vortices at the center
a longitudinal field to those for a thin strip in a perpendicularremain until [H|>Hg ,,«. The curvature in the response
field. arises from the insensitivity to direction of flux, and would

In the following we assume thdi.; is negligible (i.e.,  not be observed in quantities suchM¢H) or ®(H). The
that flux penetrates for all fielllsand thatJ.(B)=J.(0) calculated hysteresis {B(H)| for a slab is shown in Fig. 2.
(sometimes referred to as the Bean-London mpodal-
though hysteresis loops are usually described in terms of the 2. Thin film in a perpendicular magnetic field
magnetizatiorM (H), the average absolute induced flux den-
sity |[B(H)| is the relevant parameter to use in our case, ag
described above.

A number of theorist¢'°have recently studied the prob-
m of thin strips or disks in a perpendicular magnetic field,
using conformal mapping techniques introduced early on by
Norris1® Analytic solutions for the current and flux density
distributions in the strip are thus now becoming available for

For a slab of infinite extent of widthV, the flux profiles this problem, which could heretofore only be considered nu-
can easily be written dowH,and one can immediately com- merically.

1. Bulk geometries (slab)
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In what follows we will briefly summarize the central 10 — . .
results of Ref. 12 recast in a form which better suits our
purposes. Again, as in the case of the traditional Bean model
for bulk geometries we ignoreH.; and assume that
Je(B)=3¢(0).

The geometry is that of an infinitely long strip of thick- 6 r
nessd and width 2a aligned such that the sample lies in the \ /
xy plane with its width along theg/ axis. In the Meissner 4l
state the current distribution must be such tBgty) =0 for \ /
ly|<a.

If flux can now penetrate to a distanbeCa, the current 27
distribution must changé can be determined by imposing
the condition thatJ(b) is finite, as well as the boundary . . . .
condition onB [B(x) = uoH far away from the sampleThis -10 -5 0 5 10
leads tob=a/coshfi/Hsgyip), WhereHg gip Is now a char- _ _ o
acteristic field related to the critical current and the geom- FIG. 3. Hysteretic response |B(H)| for a thin strip in a per-
etry, Hq strip:ch/Tf- It should be noted that unlike &t o.p pendiculz?lr field calculated numerically from the field profiles dis-
in the case of a slab, the two flux fronts do not meet afussed in the text. Both axes are in units B sp, and
H=Hgsp. In fact, b is always nonzero for finite fields, Hmax=10Hs srip-
although at some poirt will be smaller than the effective —~
size of a single vortex and the validity of these expressions IV. Zs(H): EXPERIMENTAL RESULTS

must be questioned. The resulting sheet current distribution 4 of the results presented here were obtained with the

can then be written as sample at fixed temperature, and initially in the virgin state.
This allows us to separate out the initial penetration of flux

(=]

dr2 from the overall response and hysteresis which is observed at
Kx(y)Ef Jx(z,y)dx higher fields. The sample was warmed up well abByand
—ae cooled down in zero field between runs in order to ensure
Z2_n2 that the sample was really in the virgin state.
2J.d tan‘1y ab , for ly|<b The datapfor the virz:]/in state ?qu penetration from
_ 77 ab*—y* 6) <100u T to 6 T fall naturally into three field regimes.
y (1) Changes occur initially on very small field scales
Jd R for b<|y|<a. which we calluoH;(4.2 K)~10 mT.

(2)This is followed by the majority of the flux penetration
at field scales of aroundyH4(4.2 K)~500 mT characterized

(0, for |y|<b by a superlinear dependence of the impedanceédprand
indicating an inhomogeneous flux distribution.
Z_h2 —~
oM, tanh ayy’—b . for b<|y|<a (3) At very high fieldsH>H, the dependence d(H)
B,(y)=1{ ly|Va®—b? becomes linear itd indicating uniform flux penetration.

lylVa®~

uoHe tanht———_ for a<l|y|. A. Initial penetration of flux

b2
L a /y2_b2

7) The detailed behavior up to 40 mT at 4.2 K is presented in
Fig. 4, where it can clearly be seen to be characterized by a
field scaleugH;(4.2 K)~10 mT, and that above and below
H; the impedance appears to be approximately linear. The
actual dependence is well described by the functional form:

It should be noted tha®,(y) has a logarithmic singularity at
the edges in this expression.
Thus, we can use Eq7) to evaluate

|B(H)|:C| tanl’(H/H,)+C|H (9)

Hs.strip and is shown in the figure as a solid line. This functional
8  form is obtained empirically and is not described at present
by any microscopic model. The value df used in the fit is
Note that this has some striking similarities with the resultsindicated by an arrow.

- a
BRI = (1/22) [ B(Y)dy=poHs s In cosh
—a

for the slab geometry(i) a characteristic field scalg It is easy to extracH; from the data by a linear extrapo-
or Hg oip) related to the critical current densitgii) |B(H)| lation of the behavior above and below the bend, and its
«H? at low fieldsH<H,, and(iii) |[B(H)|=H at high fields temperature dependence is presented in Figl;5s chosen
H>H;. to be the intersection point of these two lines. This is nearly

Assuming that Eq(5) applies just as for the slab, the equivalent to the field scald; that enters in Eq(9), but does
hysteretic response can be constructed Wigh, taking the  not presuppose any specific functional dependencg;(dt)
place ofHg ,,k, and is presented in Fig. 3. at low fields.
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FIG. 6. Raw(left) and scaledright) plot of the field induced
FIG. 4. Typical virgin state response: Raw data for increas- changes in surface resistariRgH). Data presented is for resonator
ing applied field for a sample initially in the virgin state for reso- N3 at 3.7 GHz andr=(5.0, 15.0, 20.0, 25.0, 31.0, 40.0, and 50.0

nator N4 at 3.7 GHz and 5 K. The dashed line is the expression df). The slope increases with increasifigemperatures. The solid

Eq. (9). The arrow indicates the field scale described in the text. line represents the expected behavior for a steg. of texj. A
dashed line representing the expected behavior for a disk is also

. ' . . . ted, but is indistinguishable from the solid line.
Is this low-field scale simply a manifestationld§;? H, presented, BUL IS InCISANGUIShatie fom the Sold fine

is typically observed as a sharp break from practically zero in

microwave measurements, due to the logarithmic singularity If Hi is simply a manifestation oH.,, the linear field
in B(H) nearH,;. This is not what is seen in Fig. 4. How- dependence belowi; is somewhat unconventional. For a

ever, the magnetic fielé ., ¢, at which flux initially pen- conventional GL superconductor, Fhe _effects of pair breaking
etrates into a thin strip in a perpendicular magnetic field willare (I«‘;(Egecu?d to have a quadratic field dependence below
in general be lower than the bubk,; of the material, due to Heci1.7— This quadratic dependence has also been observed
demagnetization effects. Using standard ellipsoidal approxiexperimentally in radio frequency penetration depth mea-
mations to a thin strip vyields an estimate of surementson poly(_:rystalline_samﬁféand single crystals of
Hea.siip= Hea(d/22). Recent analytical calculatiolfst” find ~ YBCO (Ref. 7) for f|el_ds applied p_arallel to thab plane. It

that the effect is actually smaller than that predicted by theshould also be mentioned that Yip and S&ttsave shown
ellipsoidal approximation by a factor of/d/2a, so that that for ad-wave superconductor, the penetration deiid

Hes swis= Herv/d/2a. For a 0.5umx 100 um strip, typical of hence also the surface resistanskould rise linearly in the
those P used for these experiments, one finds thaleissner state. Other measurementsipf on single cystals
He st~ Hea/10. of YBCO have been reportédwhich are consistent with

Bulk H,, for single crystalline YBCO was measured by these theoretical predictions, and thus the thin film measure-

Wu et al” where they found thagioHy,(0)=85+4 mT, ~ Ments presented here.
leaving us with an upper bound on the penetration field
toH 1 strip™ 8.5+ 0.4 mT for our samples. This magnitude is 1. Hey and weak links

comparable to the observed low-temperature magnitude of A quadratic field dependence is also expected from the
Hi. weakly coupled-grain modéf,**which has been used to ex-
plain the functional dependence df on low microwave
fields. Certain theories for granular superconductors do pre-
dict an initial linear field dependen@e&® by considering a
Bean-like model applied to the intergranular weak links.
Weak links are proposed as an explanation for a similar ini-
i tial linear rise followed by a saturation reported in the
P literature®” We looked for, but did not find any direct corre-

1 }} ] lation between film granularity and the magnitude Hbf.

T Films of very different granularityas evidenced by the rate

Ty i at which the films etchedhad remarkably similar magni-

tudes ofH;. Thus, the linear dependence on field cannot

{ 1 conclusively be attributed to the presence of weak links in
the samples.

H, [mT]
SO = N W kR L NN

0 20 40 60 80 100
T [K]
B. Scaling of the data for moderate fields
FIG. 5. Temperature dependence of the initial penetration field . ) . )
scale for resonator N4. The straight dashed line is a least squares fir_The field induced change in surface impedance,
to the data. The dotted line presents a BCS temperature dependend&s(H, T,w)=Z4(H,T,w)—Z{(H—0,T,w) at moderate
for He;. fields (uoH;<uoH<4T) can be scaled, as shown in Fig. 6,
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FIG. 7. Field scaléi, for the ring resonator N3 at 3.7 GHz. The ~ FIG. 8. Hysteretic response B§(H) for H,,2>Hs. Results are
dashed and dotted lines are<{1?) and (1-t%)? dependences, re- presented for resonator N4 at 3.7 GHz and 10 K.
spectively. The equivalent scale for the corresponding critical cur-
rent densityd (T)=Hgd is also shown on the right axis. C. High-field response forH>H

For very high fields, much greater than the self-fielg,
giving a field scaleH and an impedance scale which can bethe impedance becomes linear in the applied field. In this
determined from the slope at high fields. regime the slopes can be used to extract vortex parameters

The scaled data over this broad field range are well desuch as the pinning force constants and the viscosity as we

scribed by the following expression: have done in Ref. 2.
V. HYSTERESIS

|B(H)|=Cs In cosl(H/Hy), (10 So far we have only examined what happens as the exter-
nally applied magnetic field is slowly increased from zero.

) ) ) The response as the field is slowly reduced and also reversed
where H, is the field scale well above which the flux has | pe discussed in this section.

largely penetrated throughout the sample &idH)~ uoH
(solid line in right panel of Fig. b A. Moderate-field hysteresis

The scaling function used above is exactly that obtained ) S
from the critical-state model of rectangular strips presented The typical response when the applied field is ramped up

in Sec. Il B 2. This would imply thatl, must depend only 0 @ field s.ignif?cantly higher t.hahiS gnd then reduced. is
weakly onH, and only one field scalfrelated toJ.(T)] presentgd in Fig. 8. As can immediately be seen this re-
determines the response. Thus, we should now be able &PONS€ IS qualitatively different from that predicted by the
estimate a critical current densil from the experimentally ~ Cfitical-state model alonépresented in Fig.)3 The loop has
observed field scale and the film thickness using J.d/=.  the opposite handedness, and is much smaller thain

A similar scaling was also observed in data taken from aVidth. While the reduced width of the loop may be consis-
fing resonator. Calculations 6B(H)| for the case a super- tent with the presence of a geometrical or other barrier at the

conducting disk using the results of Ref. 15 cannot be dis—Strilo edge, the handedness however cannot be so easily ex-

tinguished from the In coshi{Hs i) behavior of the strip plained.
within experimental uncertainty, although the relation of the

0.25

scaling fieldH g to J. is different. We have presented the : 3
temperature dependenceR{T) in Fig. 7 for the ring reso- if*xxxy
nator, obtained using Eq10). (This overestimates the true 0.20 J “"*xxm
J. values by a factor of up tar/2, due to the ring geometry g 4", :::;ia
although the magnitudes are consistent. S 015t Xxxxxxxx*‘”;
When combined with thel, values estimated from the = _—
nonlinear response at highon the same resonator from Ref. 8 o010t
3 it would appear that the two estimates are consistent, and ﬁ EECNES:)
can well be described overall by a {1?)?> dependence 0.05 | ,x&*fﬂfz*\ﬁ\
reminiscent of a mean field thermodynamic critical field, ’ : .
H.. 2Also the magnitudes obtained] (77 K)~2x10° 0.00 -10-5 0510 L
A/cm , comparable with independent dc measurements on 750 40 30 20 -10 0 10 20 30 40 50
films of the same batch. H [mT]

To summarize, flux penetration into the virgin state for
moderate fields is very well characterized quantitatively by FIG. 9. Hysteretic response ¥f(H) for H~H; . Results are
the critical-state model for perpendicular geometry. presented for resonator N4 at 3.7 GHz and 35 K.
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FIG. 10. Low-field hysteresis ifRy(H) at high temperatures. FIG. 11. Magnified view of the hysteresis data Ry presented
Results are presented for resonator N4 at 3.7 GHz and 84 K. in Fig. 8 for moderate fields and low fieldmse?.

There are a number of possible ways to explain this be- C. Comparison to dc magnetization

havior: The relationship between, and|B(H)| does not Hysteresis loops from dc magnetization measurements on
apply, the constructiofiEqg. (5)] used to determing, (H) thin films and bulk polycrystalline samples in high fields
does not apply, or a fraction of the flux, principally at the (H>~1T) generally appear quite different from those we
edges, is sufficiently weakly pinned to be able to leave theeport here, and are often more consistent with critical state
sample quickly as the applied field is reduced. models.M(H) loops are generally counterclockwise and es-
timates ofJ.(H) are routinely extracted from the directly
from the loop width. Measurements on single crystalline
samples also have the “correct” handedness although the
In order to shed some light on the issue, we have alsdishtail effect is observed in the vast majority of samples.
carried out measurements of the hysteretic response for fields This is in contrast to the results presented here where the
~H;. Typical response when the applied field is ramped uphysteresis loops have the opposite handedness are much nar-
to a fieldH,,, comparable tdH; and then down to-H,,,,  rower than expected from the critical-state model. In fact,
and finally increased back tH ., is presented in Fig. 9. rather than being related tdg, the hysteresis width appears
Although only AX (H) is presented in the figuré\Ry(H) to be governed by a field scale on the ordeHof
has qualitatively the same behavior. At sufficiently high

B. Hysteresis at very low field

response qualitatively similar to that observed in the previ- VI. CONCLUSION
ous section is recovered even for fie|td <40 mT (see Fig. . . . . .
10). The linear electrodynamic response of vortices in thin

glms in the perpendicular geometry has been investigated
ithin the framework of recent theoretical work. While flux
try into a sample initially in the virgin state appears to be
ell described by the critical-state model, flux exit when the
field is reversed does not follow the model. The expected
(Ij'nysteresis from the critical-state modébf magnitude
~2H,), is not observed. In fact, the observed behavior
would imply that the absolute flux densit(H)| drops sud-
Igenly as the applied magnetic field is reduced. The applica-
bility of two-level critical-state modef§ often used to ex-
s plain similar hysteresis curves in bulk ceramic matétiaill
be examined in the futur®. The presence of geometrical
After H . is reached, the response is clearly symmetricﬁarrlers _at the str;}% edge§ can help to reduce the level of
in H aboutH=0. ysteresis expected,but V\_/lll not Igad to the_: observed re-
= L . sponse. Other models which predict a nonlinear dependence
Zs atH=0 does not return to its initial value in the nor- ¢ e microwave response on dc magnetic fields will also be

To put these effects into perspective, Fig. 11 presents th
data of Fig. 8, along with low-field data obtained at the saméV
temperature. Note that the magnitude of these effects is ve
small, and requires extreme care to be observed.

Clearly the clockwise nature of the hysteresis initially ob-
served at high fields is preserved even at these low-fiel
scales, and the drop idg as the applied field is reduced
appears to be rather sudden, taking place witiihmT.

Below we summarize the essential features of the hyste
etic response.

Sudden drop in bottrg and Xy as the applied field i
reduced, below even the virgin state response.

mal state. ; 1
A cusplike feature is observed &b is increased in the considered:
opposite direction after reaching=0 (Fig. 11). ACKNOWLEDGMENTS
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