
PHYSICAL REVIEW B 1 NOVEMBER 1997-IIVOLUME 56, NUMBER 18
Critical-state flux penetration and linear microwave vortex response in YBa2Cu3O72d films
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The vortex contribution to the dc magnetic field (H) dependence of the microwave surface impedance
Z̃s(H)5Rs(H)1 iXs(H) of YBa2Cu3O72d thin films was measured using suspended patterned resonators.
Z̃s(H) is shown to be a direct measure of the flux densityB(H) enabling a very precise test of models of flux
penetration. Three regimes of field-dependent behavior were observed:~1! Initial flux penetration occurs on
very low-field scalesHi~4.2 K!;10 mT, ~2! at moderate fields the flux penetration into the virgin state is in
excellent agreement with calculations based upon thefield-inducedBean critical state for thin-film geometry,
parametrized by a field scaleHs(4.2 K);Jcd;0.5 T, and~3! for very high fieldsH@Hs , the flux density is
uniform and the measurements enable direct determination of vortex parameters such as pinning force con-
stantsap and vortex viscosityh. However, hysteresis loops are in disagreement with the thin-film Bean model,
and instead are governed by the low-field scaleHi , rather than byHs . Geometric barriers are insufficient to
account for the hysteresis loops.@S0163-1829~97!08641-4#
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I. INTRODUCTION

The dynamics of vortices is important over a wide sp
trum of time scales~or frequencies!. On very long time
scales the problem is relevant to dissipation at or near
critical current. On the other end of the spectrum, at sh
time scales or high frequencies, an understanding of vo
dynamics is important both for fundamental understand
and for practical applications of microwave devices.

Yet another need is to understand flux profiles and fi
penetration into thin films. Recently there have been sev
calculations based upon critical-state models which h
yielded field and current distributions in thin films for ma
netic fields applied perpendicular to the films, and ha
shown that there are qualitative differences from bulk geo
etries. While some of these results have been tested in a
experiments,1 not all aspects of these models are fully und
stood. Most experimental studies of flux penetration and
critical state have involved measurements of magnetic p
erties such as the dc magnetization, and there are few in
tigations of the dynamic properties.

This paper reports on a different approach, utilizing m
crowave surface impedance measurements in patterned
crostrip resonators, to understanding vortex dynamics
flux penetration. Specially designed microstrip resonat
patterned from thin films are used as highQ structures to
probe vortex response at microwave frequencies in the p
ence of dc magnetic fields. The high sensitivity of the
structures enables measurement of the vortex respons
fields from,0.1 mT to several T. The complex microwav
surface impedanceZ̃s5Rs1 iXs was measured as function
of magnetic fieldH, temperatureT, and frequencyv ~in the
560163-1829/97/56~18!/11989~8!/$10.00
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range 1 to 20 GHz!. Z̃s is a measure of the total flux in th
sample, and hence can lead to precise tests of flux pen
tion in thin films. In addition the results also yield informa
tion on vortex parameters such as pinning force consta
and viscosity.

In this paper we focus on results for the changes in s
face impedance induced in YBa2Cu3O72d ~YBCO! thin films
as the externally applied magnetic field is slowly increas
from zero, as well as the hysteresis loops which ensue w
the field is subsequently reduced. The response clearly sh
evidence of two relevant field scales. As the field is increa
an initial linear rise gives way to a superlinear behavior atHi
followed by a linear rise aboveHs which persists to the
highest fields available. While virgin response forH.Hi
and the magnitude ofHs appear to be consistent with rece
analytical expressions for thin strips in perpendicular fiel
the hysteretic response is not so easily understood. The c
cal state model predicts a counterclockwise hysteresis l
governed by a field scale of orderHs , while the experiments
observe a clockwise hysteresis loop governed by the m
smaller field scaleHi . Geometrical barriers are insufficien
to explain the observed hysteresis loops. The results sug
that pinning at the film edges may be weaker than in
bulk.

II. EXPERIMENTAL DETAILS

The experiments were designed specifically to ena
high sensitivity measurements in dc magnetic fields fr
,0.1 mT to several T. The essential element is the s
pended line resonator, fabricated using YBCO films dep
ited using pulsed laser deposition techniques onto LaA3
11 989 © 1997 The American Physical Society
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11 990 56BALAM A. WILLEMSEN, J. S. DEROV, AND S. SRIDHAR
substrates, and housed in a Cu package. Microwaves
coupled in inductively, by means of loops at the ends
coaxial lines. Similar resonators were used in studies of h
field2 and nonlinear3 response, which have already been pu
lished. We note several key features of the experiment.

The absence of superconducting ground planes~such as
would be present in a traditional stripline or microstrip res
nator! allows us to observe effects even at very low appl
magnetic fields since there is no magnetic shielding ass
ated with the ground planes.

The presence of several modes enables measureme
several frequencies in the 1–20 GHz range.

The ability to carry out both linear and nonlinear respon
experiments independently, and also combined rf1dc field
experiments where the rf and dc field scales are compara

Variable coupling at all temperatures enabling weak c
pling over a broad range of resonatorQ’s.

Experiments were initially carried out in fields o
1 mT,m0H,4 T in a Janis SuperVaritemp Helium flow
cryostat. The magnetic fields were generated using a N
coil ~capable of fields up to 6 T! which is permanently
mounted in the cryostat. Current was supplied to the solen
by a Cryomagnetics IPS-50 Magnet Power Supply, un
computer control via RS-232 using a Cryomagnetics CI
16. Magnet calibration runs using a LakeShore 450 Gau
meter and a 5 ft cryogenic axial Hall probe showed tha
residual fields of the order of 1–10 mT may be present at
center of the superconducting NbTi magnet once it had b
energized. For experiments at true zero applied static fi
and for greater sensitivity at low fields the probe was adap
to fit in a similar flow cryostat built by Cryo Industries o
America. In this series of low-field experiments, the ma
netic fields were supplied by a liquid N2 cooled Cu solenoid
capable of fields up to 40 mT when supplied using an
6024A power supply. The CIM-16 interface module was a
used here to control the supply current remotely via RS-2
Current ~and hence field! reversal was accomplished b
manually interchanging the magnet leads at zero current.
field-to-current ratio was determined using a LakeShore
Gaussmeter and an axial probe to be 10.660.1 mT/A.

A number of additional features were incorporated in
the probe in order to increase the system’s sensitivity at
magnetic fields. A Minco thin-film heater with a nomin
resistance of 50V was attached to the bottom of the packa
with GE 7031 varnish in order to improve the temperatu
control, and hence long term stability required for this wo
The temperature of the vaporizer was controlled with a La
Shore DR-91C Temperature Controller and a calibra
CGR-1-2000 carbon-glass sensor, while the sample temp
ture was controlled with a LakeShore DR-93C Temperat
Controller and a calibrated CGR-1-2000 carbon glass sen
In order to achieve long term temperature stability, the he
on the vaporizer was set to attain temperature slightly be
the desired measurement point; the heater on the pac
re
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was used to fine-tune and stabilize the temperature. T
temperature stability of;1 mK could be obtained and hel
for hours, enabling extremely detailed study ofZ̃s(H)uv,T .

The microwave transmission amplitudeS21 of the fully
assembled system was measured using an HP 8510C A
matic Network Analyzer~ANA !. All data acquisition and
computer control was carried out on an HP 745i workstat
running HP VEE.

In order to obtain data at these low-field scales it becom
essential to go beyond simply characterizing the resona
by measuring the resonance frequencyf 0 and the 3 dB band-
width D f 3 dB and hence the quality factorQ5 f 0 /D f 3 dB.
Thus we developed a least squares analysis to fit our r
nances to a Lorentzian form. The results of these fits w
found to agree very well with the values obtained from t
standard 3 dB method, but provided significantly enhan
sensitivity to small changes.

The changes in surface impedance associated with the
plication of magnetic field are extracted from the measu
quantities as follows:

DZ̃s~H,T!5Z̃s~H,T!2Z̃s~H50,T!5G@D f 3 dB~H,T!

2D f 3 dB~H50,T!1 i2„f 0~0,T!2 f 0~H,T!…#,

~1!

whereG is a geometric factor determined from the samp
dimensions.~See Table I.! Figure 1 shows typical data fo
D f , which is proportional toRs , as the applied dc field is
varied starting from zero field for the sample in a zero-fie
cooled virgin state.

FIG. 1. Typical virgin state response: RawD f data for increas-
ing applied field for a sample initially in the virgin state for res
nator N3 at 3.7 GHz and 5 K. The dashed line is the expressio
Eq. ~10!. The arrows indicate the two field scales,Hi andHs .
TABLE I. The two resonators used for this work.

Resonator Geometry Linewidth Resonator length Film thickness Substrate thickness

N4 Straight 100mm 1.32 cm 0.38mm 250mm
N3 Ring 100mm 2.00 cm 0.375mm 500mm
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III. THEORY

A. Microwave vortex dynamics

Viscoelastic models of microwave vortex dynamics, su
as those developed early on by Gittleman and Rosenbl4

and later by Coffey and Clem5 consider the effects of the
Lorentz force which is exerted on the vortices by the mic
wave currents as the main source of an increase in sur
impedance in the presence of magnetic fields. The app
bility of these models has been validated in earlier exp
ments on a variety of crystals and films.6–9

We have shown in Ref. 2 that the field induced change
surface impedance of a superconducting thin film can be w
described using a simple model of vortex dynamics and
rameters which are consistent with measurements on YB
single crystals,7 with

DZ̃s~H,T!5
i2vf0

m0d@ks~T!1 ivh~T!#
B~H !, ~2!

whered is the film thickness,ks is the pinning force con-
stant, andh is the flux viscosity. At high fieldsB(H)→m0H,
but this is clearly not the case at low fields or in the prese
of bulk pinning where the field profile in the sample can
nonuniform. It should also be noted that the increases
surface impedance due to penetrated flux must be insens
to the sign of that flux. Thus, it is insufficient to simp
replace B(H) with an average flux density
B(H)[F/S[(1/S)*SB(H)dS, whereS is the surface of the
sample perpendicular to the applied field. The desired qu
tity is the average absolute flux density,
uB(H)u[(1/S)*SuB(H)udS. Thus, DZ̃s(H,T) can be
thought of as counting the absolute number of vortices in
sample since it is directly proportional touB(H)u. Hence for
nonuniform flux profiles, the above equation is modified

DZ̃s~H,T!5
i2vf0

m0d@ks~T!1 ivh~T!#
uB~H !u, ~3!

B. Critical-state flux penetration models

The penetration of magnetic flux into a superconduc
depends crucially on two elements, geometry and pinn
These are both incorporated in what is usually called
critical-state model, originally due to Bean.10 Bulk pinning is
described in terms of the critical currentJc , while the field
profiles depend heavily on the sample geometry. We w
compare the results for the more traditional slab geometr
a longitudinal field to those for a thin strip in a perpendicu
field.

In the following we assume thatHc1 is negligible ~i.e.,
that flux penetrates for all fields!, and thatJc(B)5Jc(0)
~sometimes referred to as the Bean-London model!. Al-
though hysteresis loops are usually described in terms of
magnetizationM (H), the average absolute induced flux de
sity uB(H)u is the relevant parameter to use in our case
described above.

1. Bulk geometries (slab)

For a slab of infinite extent of widthW, the flux profiles
can easily be written down,11 and one can immediately com
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puteuB(H)u5(1/W)*2W/2
W/2 uB(x)udx. When all vortices point

in the same direction,uB(H)u5F/W[(1/W)*2W/2
W/2 B(x)dx,

whereF is the induced flux per unit length in the sample. A
the applied field is increased flux penetrates gradually fr
the edges of the slab, until a characteristic fie
Hs,bulk5JcW/2 is reached and the two flux fronts meet at t
center of the slab. For increasing field applied to a slab
tially in the virgin state

uB~H !u5H 1

2

H2

Hs,bulk
, for H,Hs,bulk

H2
1

2
Hs,bulk , for H.Hs,bulk .

~4!

When the field is reduced after reaching a maximum fi
Hmax.Hs,bulk , the field and current profiles can be co
structed using a simple construction.

f ↓~x,H,Hs,bulk ,Hmax!5 f ~x,Hmax,Hs,bulk!

2 f ~x,Hmax2H,2Hs,bulk!, ~5!

where f can be any of the following quantitiesJ, B, or M .
f ↓ is that same quantity as the field is reduced fromHmax.
Thus, as the applied field is reduced, the flux density at
edges is gradually reduced. AtH50 the standard sandpil
flux profile can be found at the center of the sample. As
field is now increased in the other direction, negative vo
ces enter at the edges but the positive vortices at the ce
remain until uHu.Hs,bulk . The curvature in the respons
arises from the insensitivity to direction of flux, and wou
not be observed in quantities such asM (H) or F(H). The
calculated hysteresis inuB(H)u for a slab is shown in Fig. 2

2. Thin film in a perpendicular magnetic field

A number of theorists12–15have recently studied the prob
lem of thin strips or disks in a perpendicular magnetic fie
using conformal mapping techniques introduced early on
Norris.16 Analytic solutions for the current and flux densi
distributions in the strip are thus now becoming available
this problem, which could heretofore only be considered
merically.

FIG. 2. The calculated hysteresis inuB(H)u for a thick slab in a
field applied parallel to its surface. Both axes are in units ofHs,bulk ,
with Hmax510Hs,bulk .
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11 992 56BALAM A. WILLEMSEN, J. S. DEROV, AND S. SRIDHAR
In what follows we will briefly summarize the centra
results of Ref. 12 recast in a form which better suits o
purposes. Again, as in the case of the traditional Bean m
for bulk geometries we ignoreHc1 and assume tha
Jc(B)5Jc(0).

The geometry is that of an infinitely long strip of thick
nessd and width 2a aligned such that the sample lies in th
xy plane with its width along theŷ axis. In the Meissner
state the current distribution must be such thatBz(y)50 for
uyu,a.

If flux can now penetrate to a distanceb,a, the current
distribution must change.b can be determined by imposin
the condition thatJ(b) is finite, as well as the boundar
condition onB @B(x)5m0H far away from the sample#. This
leads tob5a/cosh(H/Hs,strip), whereHs,strip is now a char-
acteristic field related to the critical current and the geo
etry, Hs,strip5Jcd/p. It should be noted that unlike atHs,slab
in the case of a slab, the two flux fronts do not meet
H5Hs,strip. In fact, b is always nonzero for finite fields
although at some pointb will be smaller than the effective
size of a single vortexl and the validity of these expression
must be questioned. The resulting sheet current distribu
can then be written as

Kx~y![E
2d/2

d/2

Jx~z,y!dx

55
2Jcd

p
tan21

yAa22b2

aAb22y2
, for uyu,b

Jcd
y

uyu
, for b,uyu,a.

~6!

Bz~y!55
0, for uyu,b

m0Hc tanh21
aAy22b2

uyuAa22b2
, for b,uyu,a

m0Hc tanh21
uyuAa22b2

aAy22b2
, for a,uyu.

~7!

It should be noted thatBz(y) has a logarithmic singularity a
the edges in this expression.

Thus, we can use Eq.~7! to evaluate

uB~H !u5~1/2a!E
2a

a

B~y!dy5m0Hs,strip ln cosh
H

Hs,strip
.

~8!

Note that this has some striking similarities with the resu
for the slab geometry:~i! a characteristic field scale~Hs,bulk

or Hs,strip! related to the critical current density,~ii ! uB(H)u
}H2 at low fieldsH!Hs , and~iii ! uB(H)u}H at high fields
H@Hs .

Assuming that Eq.~5! applies just as for the slab, th
hysteretic response can be constructed withHs,strip taking the
place ofHs,bulk , and is presented in Fig. 3.
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IV. Z̃S„H …: EXPERIMENTAL RESULTS

All of the results presented here were obtained with
sample at fixed temperature, and initially in the virgin sta
This allows us to separate out the initial penetration of fl
from the overall response and hysteresis which is observe
higher fields. The sample was warmed up well aboveTc and
cooled down in zero field between runs in order to ens
that the sample was really in the virgin state.

The data for the virgin state flux penetration fro
,100m T to 6 T fall naturally into three field regimes.

~1! Changes occur initially on very small field scale
which we callm0Hi~4.2 K!;10 mT.

~2!This is followed by the majority of the flux penetratio
at field scales of aroundm0Hs~4.2 K!;500 mT characterized
by a superlinear dependence of the impedance onH, and
indicating an inhomogeneous flux distribution.

~3! At very high fieldsH@Hs the dependence ofZ̃s(H)
becomes linear inH indicating uniform flux penetration.

A. Initial penetration of flux

The detailed behavior up to 40 mT at 4.2 K is presented
Fig. 4, where it can clearly be seen to be characterized b
field scalem0Hi~4.2 K!;10 mT, and that above and belo
Hi the impedance appears to be approximately linear.
actual dependence is well described by the functional fo

uB~H !u5Ci tanh~H/Hi !1ClH ~9!

and is shown in the figure as a solid line. This function
form is obtained empirically and is not described at pres
by any microscopic model. The value ofHi used in the fit is
indicated by an arrow.

It is easy to extractHi from the data by a linear extrapo
lation of the behavior above and below the bend, and
temperature dependence is presented in Fig. 5.Hi is chosen
to be the intersection point of these two lines. This is nea
equivalent to the field scaleHi that enters in Eq.~9!, but does
not presuppose any specific functional dependence ofZ̃s(H)
at low fields.

FIG. 3. Hysteretic response inuB(H)u for a thin strip in a per-
pendicular field calculated numerically from the field profiles d
cussed in the text. Both axes are in units ofHs,strip, and
Hmax510Hs,strip.
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56 11 993CRITICAL-STATE FLUX PENETRATION AND LINEAR . . .
Is this low-field scale simply a manifestation ofHc1? Hc1
is typically observed as a sharp break from practically zero
microwave measurements, due to the logarithmic singula
in B(H) nearHc1 . This is not what is seen in Fig. 4. How
ever, the magnetic fieldHc1,strip at which flux initially pen-
etrates into a thin strip in a perpendicular magnetic field w
in general be lower than the bulkHc1 of the material, due to
demagnetization effects. Using standard ellipsoidal appr
mations to a thin strip yields an estimate
Hc1,strip5Hc1(d/2a). Recent analytical calculations14,17 find
that the effect is actually smaller than that predicted by
ellipsoidal approximation by a factor ofAd/2a, so that
Hc1,strip5Hc1Ad/2a. For a 0.5mm3100mm strip, typical of
those used for these experiments, one finds
Hc1,strip;Hc1/10.

Bulk Hc1 for single crystalline YBCO was measured b
Wu et al.7 where they found thatm0Hc1,i(0)58564 mT,
leaving us with an upper bound on the penetration fi
m0Hc1,strip;8.560.4 mT for our samples. This magnitude
comparable to the observed low-temperature magnitud
Hi .

FIG. 4. Typical virgin state response: RawD f data for increas-
ing applied field for a sample initially in the virgin state for res
nator N4 at 3.7 GHz and 5 K. The dashed line is the expressio
Eq. ~9!. The arrow indicates the field scale described in the tex

FIG. 5. Temperature dependence of the initial penetration fi
scale for resonator N4. The straight dashed line is a least squar
to the data. The dotted line presents a BCS temperature depen
for Hc1 .
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If Hi is simply a manifestation ofHc1 , the linear field
dependence belowHi is somewhat unconventional. For
conventional GL superconductor, the effects of pair break
are expected to have a quadratic field dependence be
Hc1 .18,19 This quadratic dependence has also been obse
experimentally in radio frequency penetration depth m
surements on polycrystalline samples20 and single crystals of
YBCO ~Ref. 7! for fields applied parallel to theab plane. It
should also be mentioned that Yip and Sauls21 have shown
that for ad-wave superconductor, the penetration depth~and
hence also the surface resistance! should rise linearly in the
Meissner state. Other measurements ofHc1 on single cystals
of YBCO have been reported22 which are consistent with
these theoretical predictions, and thus the thin film meas
ments presented here.

1. Hc1 and weak links

A quadratic field dependence is also expected from
weakly coupled-grain model,23,24which has been used to ex
plain the functional dependence ofZ̃s on low microwave
fields. Certain theories for granular superconductors do p
dict an initial linear field dependence25,26 by considering a
Bean-like model applied to the intergranular weak link
Weak links are proposed as an explanation for a similar
tial linear rise followed by a saturation reported in th
literature.27 We looked for, but did not find any direct corre
lation between film granularity and the magnitude ofHi .
Films of very different granularity~as evidenced by the rat
at which the films etched! had remarkably similar magni
tudes ofHi . Thus, the linear dependence on field cann
conclusively be attributed to the presence of weak links
the samples.

B. Scaling of the data for moderate fields

The field induced change in surface impedan
DZ̃s(H,T,v)5Z̃s(H,T,v)2Z̃s(H→0,T,v) at moderate
fields (m0Hi,m0H,4T) can be scaled, as shown in Fig.

of

ld
fit

nce

FIG. 6. Raw~left! and scaled~right! plot of the field induced
changes in surface resistanceRs(H). Data presented is for resonato
N3 at 3.7 GHz andT5~5.0, 15.0, 20.0, 25.0, 31.0, 40.0, and 50
K!. The slope increases with increasingT temperatures. The solid
line represents the expected behavior for a strip~eq. of text!. A
dashed line representing the expected behavior for a disk is
presented, but is indistinguishable from the solid line.



be

de

s

e
te

le

-
is

he
e

e

e
f.
a

ld

o

o
b

his
ters
we

ter-
ro.
rsed

up

re-
he

is-
the

y ex-

e
-
u

11 994 56BALAM A. WILLEMSEN, J. S. DEROV, AND S. SRIDHAR
giving a field scaleHs and an impedance scale which can
determined from the slope at high fields.

The scaled data over this broad field range are well
scribed by the following expression:

uB~H !u5Cs ln cosh~H/Hs!, ~10!

where Hs is the field scale well above which the flux ha
largely penetrated throughout the sample andB(H)'m0H
~solid line in right panel of Fig. 6!.

The scaling function used above is exactly that obtain
from the critical-state model of rectangular strips presen
in Sec. III B 2. This would imply thatJc must depend only
weakly on H, and only one field scale@related toJc(T)#
determines the response. Thus, we should now be ab
estimate a critical current densityJc from the experimentally
observed field scale and the film thickness usingHs5Jcd/p.

A similar scaling was also observed in data taken from
ring resonator. Calculations ofuB(H)u for the case a super
conducting disk using the results of Ref. 15 cannot be d
tinguished from the ln cosh(H/Hs,strip) behavior of the strip
within experimental uncertainty, although the relation of t
scaling fieldHs,disk to Jc is different. We have presented th
temperature dependence ofJc(T) in Fig. 7 for the ring reso-
nator, obtained using Eq.~10!. ~This overestimates the tru
Jc values by a factor of up top/2, due to the ring geometry
although the magnitudes are consistent.!

When combined with theJc values estimated from th
nonlinear response at highT on the same resonator from Re
3 it would appear that the two estimates are consistent,
can well be described overall by a (12t2)2 dependence
reminiscent of a mean field thermodynamic critical fie
Hc . Also the magnitudes obtained,Jc~77 K!'23106

A/cm2, comparable with independent dc measurements
films of the same batch.

To summarize, flux penetration into the virgin state f
moderate fields is very well characterized quantitatively
the critical-state model for perpendicular geometry.

FIG. 7. Field scaleHs for the ring resonator N3 at 3.7 GHz. Th
dashed and dotted lines are (12t2) and (12t2)2 dependences, re
spectively. The equivalent scale for the corresponding critical c
rent densityJc(T)5Hspd is also shown on the right axis.
-
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C. High-field response forH @H s

For very high fields, much greater than the self-fieldHs ,
the impedance becomes linear in the applied field. In t
regime the slopes can be used to extract vortex parame
such as the pinning force constants and the viscosity as
have done in Ref. 2.

V. HYSTERESIS

So far we have only examined what happens as the ex
nally applied magnetic field is slowly increased from ze
The response as the field is slowly reduced and also reve
will be discussed in this section.

A. Moderate-field hysteresis

The typical response when the applied field is ramped
to a field significantly higher thanHs and then reduced is
presented in Fig. 8. As can immediately be seen this
sponse is qualitatively different from that predicted by t
critical-state model alone~presented in Fig. 3!. The loop has
the opposite handedness, and is much smaller thanHs in
width. While the reduced width of the loop may be cons
tent with the presence of a geometrical or other barrier at
strip edge, the handedness however cannot be so easil
plained.

r-

FIG. 8. Hysteretic response ofRs(H) for Hmax@Hs . Results are
presented for resonator N4 at 3.7 GHz and 10 K.

FIG. 9. Hysteretic response ofXs(H) for Hmax;Hi . Results are
presented for resonator N4 at 3.7 GHz and 35 K.
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There are a number of possible ways to explain this
havior: The relationship betweenZ̃s and uB(H)u does not
apply, the construction@Eq. ~5!# used to determineB↓(H)
does not apply, or a fraction of the flux, principally at th
edges, is sufficiently weakly pinned to be able to leave
sample quickly as the applied field is reduced.

B. Hysteresis at very low field

In order to shed some light on the issue, we have a
carried out measurements of the hysteretic response for fi
;Hi . Typical response when the applied field is ramped
to a field Hmax comparable toHi and then down to2Hmax
and finally increased back toHmax is presented in Fig. 9
Although only DXs(H) is presented in the figure,DRs(H)
has qualitatively the same behavior. At sufficiently highT,
response qualitatively similar to that observed in the pre
ous section is recovered even for fieldsuHu,40 mT~see Fig.
10!.

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

Clearly the clockwise nature of the hysteresis initially o
served at high fields is preserved even at these low-fi
scales, and the drop inZ̃s as the applied field is reduce
appears to be rather sudden, taking place within,1 mT.

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

Sudden drop in bothRs and Xs as the applied field is
reduced, below even the virgin state response.

After Hmax is reached, the response is clearly symme
in H aboutH50.

Z̃s at H50 does not return to its initial value in the no
mal state.

A cusplike feature is observed asH is increased in the
opposite direction after reachingH50 ~Fig. 11!.

A cusplike feature is expected in magnetization as
field crossesH50 in the presence of a geometrical barrier14

One must also keep in mind that the time taken to manu
switch the current leads~to reverse the field! was finite in
these experiments so that any time dependence~such as flux
creep! may also be a possible source for the observed cu

FIG. 10. Low-field hysteresis inRs(H) at high temperatures
Results are presented for resonator N4 at 3.7 GHz and 84 K.
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C. Comparison to dc magnetization

Hysteresis loops from dc magnetization measurements
thin films and bulk polycrystalline samples in high field
(H.;1 T) generally appear quite different from those w
report here, and are often more consistent with critical s
models.M (H) loops are generally counterclockwise and e
timates ofJc(H) are routinely extracted from the directl
from the loop width. Measurements on single crystalli
samples also have the ‘‘correct’’ handedness although
fishtail effect is observed in the vast majority of samples

This is in contrast to the results presented here where
hysteresis loops have the opposite handedness are much
rower than expected from the critical-state model. In fa
rather than being related toHs , the hysteresis width appear
to be governed by a field scale on the order ofHi .

VI. CONCLUSION

The linear electrodynamic response of vortices in th
films in the perpendicular geometry has been investiga
within the framework of recent theoretical work. While flu
entry into a sample initially in the virgin state appears to
well described by the critical-state model, flux exit when t
field is reversed does not follow the model. The expec
hysteresis from the critical-state model~of magnitude
'2Hs!, is not observed. In fact, the observed behav
would imply that the absolute flux densityuB(H)u drops sud-
denly as the applied magnetic field is reduced. The appl
bility of two-level critical-state models28 often used to ex-
plain similar hysteresis curves in bulk ceramic material29 will
be examined in the future.30 The presence of geometrica
barriers at the strip edges can help to reduce the leve
hysteresis expected,17 but will not lead to the observed re
sponse. Other models which predict a nonlinear depende
of the microwave response on dc magnetic fields will also
considered.31
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FIG. 11. Magnified view of the hysteresis data forRs presented
in Fig. 8 for moderate fields and low fields~inset!.
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