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Temperature dependences of the magnetic moment have been measured@uwBa s thin films over a
wide magnetic-field range H=<10* Oe). In these films a paramagnetic signal known as the paramagnetic
Meissner effect has been observed. The experimental data in the films, which have strong pinning and high
critical current densitiesJ;~2x 10° A/cm? at 77 K), are shown to be highly consistent with the theoretical
model proposed by Koshelev and LarKiRhys. Rev. B52, 13 559(1995]. This finding indicates that the
origin of the paramagnetic effect is ultimately associated with nucleation and inhomogeneous spatial redistri-
bution of magnetic vortices in a sample which is cooled down in a magnetic field. It is also shown that the
distribution of vortices is extremely sensitive to the interplay of film properties and the real experimental
conditions of the measurements.
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I. INTRODUCTION Nevertheless, this model can be the most appropriate for the
explanation of PME in the vicinity of the superconducting
One of the fundamental properties of superconductors igransition, since fluctuations of the order parameter do not
ideal diamagnetism in magnetic fields smaller than the firspermit the formation of a pure Abrikosov vortex state, which
critical field (H<H,;), the so-called Meissner effect. How- is a necessary condition for the explanation of PME in the
ever, a number of measurements carried out in supercondudtamework of the KL model. Well belowl; (or below the
ors has revealed a paramagnetic signal in the temperatuikeversibility lineT;;) the KL model is the most suitable one
dependence of the magnetic momgmi(T)] which appears for the description ofm(T) in thin films. Therefore, the
upon cooling down the samples in a magnetic field througranalysis of the experimental results obtained in this work
the transition temperatur@. (the field-cooling regime  Wwill be carried out within the framework of this model.
(Refs. 1-9. In this case, the paramagnetic contribution ex- In this work temperature dependences of the magnetic
ceeds the diamagnetic part, leading to an overall paramagnoment have been measured over a wide magnetic-field
netic signal. This effect is called the paramagnetic Meissnerange in YBaCuzO;_ 5 (YBCO) thin films grown by differ-
effect (PME) or Wohlleben effect™® Three theories have ent methods. The experimental results obtained have been
been suggested to account for the origin of the efigcThe  analyzed in the framework of the KL modeiwhich turns
d symmetry of the order parameter can lead to the existenceut to be the most appropriate for our experimental condi-
of spontaneous “paramagnetic” supercurrents in the supertions.
conductor due to the presence eof contacts (ii) The
Koshelev-Larkin(KL) modef* considers the redistribution |, GrROWTH AND CHARACTERISTICS OF EPITAXIAL

of Abrikosov vortices trapped in the superconductor upon the YBCO FILMS
transition to the superconducting state, leading to the appear-
ance of the paramagnetic signalm{T). (iii) The giant vor- Single-crystalline  high-temperature  superconducting

tex state, existing in the surface superconductivity state, catHTS) YBCO thin films have been investigated in this work.
also lead to a total paramagnetic signal if the temperature i$he films were grown by(i) pulsed-laser depositiofPLD)
decreased and the trapped flux within the giant vortex igRef. 14 and by(ii) off-axis dc magnetron sputterifitech-
compressed®*® The observations of PME in conventional niques. These techniques produce epitaxial films with the
superconductors witls symmetry~° have indicated thad  crystallographicc axis oriented perpendicular to the film
symmetry of the order parameter is not a necessary conditiogurface!®!’ In this case, as shown by high-resolution elec-
for the appearance of PME. The giant vortex approach outtron microscopy®*°the films grown on a mismatched sub-
lined in Refs. 12,13 assumes a special geometry with thetrate develop numerous out-of-plane edge dislocations. The
sample’s extended surfaces oriented parallel to the field idislocations are usually arranged in so-called dislocation
order to facilitate the appearance of the giant vortex statewalls (rows), forming 30-250 nm large domains. The do-
However, a large number of experiments have been carrieghains are typically misaligned by 0.5°-2°, depending on
out on films in fields perpendicular to the largest film sur-film growth conditions. In this work, a300 nm thick PLD
faces. Therefore, the quantitative comparison of theoreticdilm (PP17 with T,=87.9 K, as well as twe-300 nm thick
dependences obtained in the framework of the giant vortexnagnetron sputtered filmgKk21 and K1509 with T,
model?*with experimental results is inadequate due to the=86.5 K have been investigated. The most extensively in-
necessity of taking into account the real boundary conditionsvestigated K1509 film was sputtered onto a rotating sapphire
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substrate buffered by CeQvith a diameter of 51 mm. All NE 15[ — . . .

the films investigated have a quite narrow transition width of S [ . s e 1
AT.=0.2-0.5 K and a high critical current density &f 52 ZO?\IOK
~2x10° Alem? at T=77 K in self-field. The film growth = . A A A MM i

rate of the magnetron sputtering was approximately 0.01— <1OF o Vv vy Vr— T
0.02 nm/s. In these films, the layer-by-layerearly two- E o 40<;<MW\39K \'.\
dimensional growth mechanism is realized. In contrast, in 2 . 50K, . \, %o

the films grown by the PLD procedure with a growth rate of S ost - .Y i
0.1-0.2 nm/s, the three-dimensional islandlike mechanismis & R — L

most likely to occur. Therefore, the magnetron sputtered E — \’*»\
films usually have a significantly smaller density of stacking 5 ool o—o— 00 consmmmmm ”""»...
faults and accompanying dislocation loops {0° lines/cn? 8 L L L L L

as estimated by high-resolution electron microsédpthan g ! 10 100 1000 10000

is in the case of the PLD films. The size of the domains in © Applied magnetic field H (Oe)

the magnetron sputtered films is usually largep to 250 " . ) .
nm), as well as more ordered and equidistantly spaced than FIG. 1'f. cl:é't'cal curr%nt dﬁf‘ﬁs'ty as a function Off thehaplglllzc(i)g
in the PLD films. The misalignment angles are typicallymrignet'c leld measured at different temperatures for the
<1°.2122 The average density of the edge dislocations is

likely to be slightly smaller than in the PLD films. Similar _. - o )
characteristics should be expected for the K1509 film WithtaInGd from the width of the magnetization logsThe so

PN - > obtainedJ.(H,T) were highly consistent witld (H,T) ob-
‘]C(;'" tﬂ’;— ngslfj)rejsf;égecﬁ/f& .films were of a Similartained by the direct transport method and from Clem-
| h .t‘;] di ionsl 5 mn? Sanchez analysi$of ac susceptibility measurements of the
rectangular shape with dimensiorsl.> mnt. films in perpendicular field& The J.(H,T) behavior has
suggestetf that the mechanisms of critical current limitation
[ll. EXPERIMENTAL DETAILS can be attributed to strong pinning of vortices on linear de-

The temperature and field dependences of the magnetfgcttsé ??I%ststt?;)éeedge dislocations which are perpendicular

moment were investigated by employing a Quantum Design
MPMS superconducting quantum interferometer device
(SQUID) magnetometer in fielddH|<5 T and temperatures IV. EXPERIMENTAL RESULTS

5<T=095 K. The temperature dependences were measured 1o FC dependences @f(T) measured in the K1509

in the field-cooled(FC) regime, i.e., the films were cooled pp17 and K21 films are qualitatively consistent with each
throughT, with a magnetic field applied. _ other, and therefore, in what follows, the results for the
The MPMS SQUID detection system comprises SQUID 1509 film will be shown. The measurements at different
sensing loops configured as a highly balanced seconqsqgjing rates(0.05, 0.1, 0.25, and 0.5 K/mirand different
derivative pickup coil set with a total length 63 cm. The scan length$4, 2, 1.5, 1, and 0.75 crare exhibited in Figs.
coils are designed to reject the uniform field from the super 54 3, respectively. As can be seen, different cooling rates
conducting magnet to a precision of approximately 0.1%q not have a significant qualitative influence on theT)
The magnetic moment of a sample is calculated from thgahayior. The small discrepancies might be explained either
response curve of the SQUID pickup coils which is Mea-hy temperature lags at the highest sweep rates or by the

sured as the sample moves through the coils along a scaffjyence of the magnetic-flux distribution effects described
length (typically 4 cm). The temperature of the sample is

measured, depending on the temperature range, either by a
sensor fixed at the null point of the pickup coils in the cool-
ing annulus around the sample space or by a sensor located
under the bottom of the sample tubeThis quite “remote”
temperature sensing is expected to be insensitive to any pos-
sible temperature gradient along the scan length. Experimen-
tally, we did observe some temperature destabilization at
scan lengths=7 cm, which is a common feature for this
kind of instrument. This observation can imply that we do
indeed deal with a temperature gradient. Accordingly, the
smaller the scan length is, the smaller the difference between
the minimal and maximal temperatures will be. Therefore,
the possibility of significant temperature fluctuations in the
measured samples becomes negligible for sufficiently small
scan lengths. FIG. 2. Temperature dependence of the FC magnetic moment in

The J.(H,T) dependencies shown in Fig. 1, which arethe K1509 film for different cooling rate.05, 0.1, 0.25, and 0.5
necessary for the quantitative result analysis, have been oB/min).
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FIG. 5. The complete Bean state is schematically shown in a
superconducting film upon cooling in a perpendicular figde
model of KL (Ref. 11]. The vortices concentrate in thg|<|b|

FIG. 3. Temperature dependence of the FC magnetic moment it< |Wl|3 riglor: Wheregs the Meissner shielding curreds flows in
the K1509 film for different scan lengthd, 2, 1.5, 1, and 0.75 ¢m e|bf<|x|<|w| region.
and 0.1 K/min cooling rate.

~J
[\

Temperature (K)

may be influenced by certain experimental conditions, such

in the following section. In contrast, changes in scan lengti®S the scan length and the applied magnetic field. As will be
qualitatively modify them behavior belowT, . As the tem- S1OWn in the following section, changes in tievalue ob-
perature is further decreased tiesignal rises, and the sig- served in the experiments are governed by relatively small
nals become comparable for all the measured scan length&12Nges in the vortex compression. Moreover, we show that
Them(T) behavior has also been measured at different magt- € vqrtex compression in the fll_ms wtremelysensmve _tp
netic fields(Fig. 4). As the field changed by more than three see_mlngly neghglble phanges n experimental conditions,
orders of magnitude the value was changed by less than which can expla_m various expenmeptal res_ults reported on
one order of magnitude over the temperature range of thi'€ paramagnetic Meissner effect in the literature and in
measurements. ig. 3.

The characteristic features of the dependencies in Figs.
2—-4 are as follows(i) The diamagnetic response is absent
below T, at the scan lengtee1 cm. At shorter scan lengths
a magnetic momen& 0 can be measured in the vicinity of ~ As was mentioned in Sec. |, from the point of view of the
T.. (ii) The change im s rather moderate compared to the real geometry of the experiment, the most likely mechanism
large change irH. In addition,m(T) depends nonmonoto- for the appearance of the PME is the inhomogeneous redis-
nously on the applied fieldiii ) The paramagnetic value of  tribution of vortices upon cooling a YBCO film beloW, .
monotonically increases in decreasing temperature, indicaiNote that in this case the term—paramagnéfigissneref-
ing the absence of saturation. Feat(iiie has been obtained fect (PME)—would inappropriately reflect the nature of the
in a number of works;* whereas feature§) and (ii) are  effect, which should be rather referred to as the paramagnetic
observed. effect or the positive magnetization effd®tME). Vortex dis-

The measurements indicate that the profile of the trappetfibutions leading to the PME are considered in the model
magnetic flux which determines the value of timesignal  developed by Koshelev and LarkihThe geometry of this

model is shown in Fig. 5. The model assumes that if the film

V. THEORETICAL CONSIDERATION

= . ; . . ; is cooled down belowl, in a perpendicular fieldH, then,
g 175 t\‘ — =50 7 first, the film enters the vortefmixed) state and, second, the
q.,m 150 - gradient of vortex density in the regidr|<|b|<|w| corre-
g sl sponds tal.. Such a vortex distribution can be formed due
g to the interaction between vortices and surface Meissner cur-
g 100 7 rents(“sheet currents). There is no pinning above the irre-
g 75k _ versibility line and vortices located near the film edges freely
g % leave the film due to vortex-vortex repulsion. The sheet cur-
2 i ] rents flowing in the vortex-free regions force vortices inward
gﬂ 251 . from the film edges. This redistribution takes place until the
§ oL, . . . R equilibrium vortex configuration is reached. Depending on
0.80 0.85 0.90 0.95 1.00 1.05 cooling conditions this configuration can exhibit the state

Reduced temperature ¢ = T/T shown in Fig. 5 if the film is cooled down below the irre-
¢ versibility line. Generally, the current density in thin films is
FIG. 4. The field-cooled magnetic moment as a function of thedefined by the curvature of the flux lines rather than by the
reduced temperatute=T/T.(H) in the K1509 film measured with gradient of vortex densit§”. This is due to the crucial role of
0.1 K/min cooling rate at different magnetic fields applied perpen-demagnetization effects for this geometry. However, if we
dicular to the film. assume an infinitely thin film as implied in the KL model the
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vortex curvature can effectively be replaced by the equiva-
lent picture of straight vortices which are distributed with the
gradient corresponding to the given current density. In this
case we can also employ the one-dimensional approach of
the KL model*! In the framework of this approximation,
changes in the critical current density are created by changes
in the gradient of the vortex density.

Hereb characterizes the degree of the vortex compression
within the film and unambiguously defines the density of the
dimensionless magnetic flui= ®s/2wH, through the film
per unit length of the film in the direction:

PHYSICAL REVIEW B 69, 024506 (2004

LOOf . eeennnn-s <
4dJ, .
f=d,— oH, ®o 1) 099} .7 1
-~ I
provided that)(|x|<|b|)=J.. ®y is the full magnetic flux -7 — 500 0e
through the film in gauss ¢ ®,=E(K) — (1—k2)K(K) is e N — 1000 0 |
the field contribution, andb;=[E(k)—(1—k?)K(k)]In[(1 b)) S 10000 Oe |

+k)/(1-K)]—2kK(K) is the shielding current contribution.
E(k) andK(k) are the complete elliptic integrals of the first
and second kinds, respectiveks b/w. c is the velocity of
light.

In the case of a & wide, d thick, and infinitely long film
(Fig. 5), the density of the magnetic momemt,(H, ,T) is
the sum of two components:

080 084 0.88 092 096 1.00
t=T1T,

FIG. 6. Temperature dependence of the vortex compression co-
efficientk=Db/w for small (a) and large external field).

T=77 K is equal to the experimentally obtained value of
2.34x 1P Alcm?, therefore,  J.o(0)=2.34x 10°(1
—77IT)~* Alem?.

For the detailed quantitative analysis of the experimental
wherem,=1—k? is the diamagnetic part of the Meissner data, the dependencies obtained for the K1509 (Hfig. 4)
currents andm;=(1—k?)In[(1+k)/(1—k)]+2k is the para- have been used. Using Ed4) and (2), as well as the ex-
magnetic part, arising due to the gradient of the vortex denperimentally obtained formul&3), we have calculated the
sity. The total magnetic moment(H, ,T) is m,(H, ,T) temperature dependences of the parameteand f for the
multiplied by the film volume. vortex arrangement in the filifFigs. 6 and 7, respectively

TheJ. dependence on temperature resultb lreing tem-  In the immediate vicinity of the irreversibility line, where the
perature dependent. In turn, this leads to two independertritical current density is rather small, the PME cannot be
variablesJ, andk in Eq. (2). This fact does not allow us to obtained in the frame of the KL mod&|.Therefore, the be-
directly calculate the critical current density and paramkter havior in Figs. 6 and 7 was obtained within the temperature
(andf) fromm(H, ,T) alone. Independent measurements onrange of the KL model applicability. Note that our experi-
these films provided us witd (H, ,T),?%?” which turned mental geometry and, correspondingly, our current distribu-
out to be well described by the following empirical formula tion are different from the geometry shown in Fig. 5. How-
ever, there are no analytical expressionsrfgik,H,J.) for

H,w

4dJ,
M=~ gg | M~

cH,

, )

my

Je(H, T)=Jco(H)(1-T/T)*, (3)  our case of finite sample length. The existing expressions for
a circular sampfe would only insignificantly shift thef (t),
where Joo(H,)=Jeo(0)aIn(H*/H,) at H,=H, and k(t) curves along the corresponding ordinate axis, where

B T ~ . =T/T,(H) with T,(H) being the critical temperature ob-
Jeo(H1) =Jeo(0) atH, <H; . H,y=H"exp(-1/a) defines  inaq from the experiments performed at corresponding
the crossover field from the plateau to the decreasing part gfg|qs. Moreover, the magnetic response of a sample weakly
Jo(H.) (Fig. 1).2**" The temperature dependencekf is depends on its shape Thus, the original KL model can be
H*=H(1—-T/T.). For the YBCO films the parameters employed.

Jeo(0), a, a, andH are determined by the conditions and |t is shown that for relatively high fieldsH, >100 Oe)
method of preparation. The variation of these parameters ithe m(T) behavior corresponds to the case of weak vortex
negligible for films obtained under the same preparatiorcompression (+k<1). For low fields €10 Oe) the com-
conditions. These parameters can be independently Obyession becomes quite large<€1) at low temperatures,
tained from transport, ac susceptibility and magnetizationyhich does not allow us to use the asymptotical relationship
measurements at low temperatures. For the K1509 filmpetween the parametens k, andf obtained in Ref. 11, jus-
the following values were obtained=1.13, @=0.24, tifying the use of the exact expressiofi3 and(2).

and Hg4=6.4X 10" Oe?? J,,(0) was chosen so thak, at In the low-field region a small difference in the paramag-

024506-4



ORIGIN OF PARAMAGNETIC MAGNETIZATION IN . .. PHYSICAL REVIEW B69, 024506 (2004

1.00 } T 75k e
095} e
60 | .
0.90 i —
S~ o 45 .
085} .- ] S| ]
0.80 | e
1 1 1 1 1 1 1 15| .
0.88 090 092 0.94 096 098 1.00
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1.00 [reveeeoees
t=TT,
“‘\098 | - i FIG. 8. Temperature dependence of the relative changekof
’ ,/’ =k(4 cm)—k(1 cm) caused by the change of the scan length from
s 1 4 cm to 1 cm aH =500 Oe.
- —500 Oe
oer /S ----- 1000 Oe . .
L <= 10000 Oe A. m(T) behavior as a function of the scan length
0.80 084 0838 092 09 1.00 The parameters of the KL theory, the vortex compression

t=TT,

k, and the density of the magnetic fléixvithin the film also

enable us to quantitatively account for tné T) behavior as

FIG. 7. Temperature dependence of the magnetic flux in the F@& function of the scan lengtiFig. 3. Indeed, the PME can

state belowT, normalized to the flux in the film in its normal state b€ affec%ed by inhomogeneity of the magnetic field inside the
for small (a) and large fieldgb). magnet® which can influence the flux profile within the

film. From the curves in Fig. 3 it is possible to estimate a

. . . . magnetic-field changeAH) or field gradient in the magnet,
netic moment(Fig. 4) can be entirely explained by a small which would result in the differenin(T) behavior as a func-

change in the flux and the compression of the vortex arrangejon of the scan length. In the general case, the magnetic

ment in the film(for example, as a result of flux créefhis  ,oment can be written as=m(k,H), so its change is
is due to the fact that over this field rangiedoes not depend

on the applied fieldFig. 1). In high fields, the degradation of
J. in increasing field is compensated by an increase in the
magnetic flux in the film{Fig. 7) and a decrease in the vortex
compression(Fig. 6). In this case, the weak compression It can be equivalently rewritten as
regime (1-k<1) is realized, i.e., the vortices almost en-
tirely fill up the film. As the temperature decreases, vortices m=
near the film's edges can freely leave the fildue to flux
creep via edge microcracks and other defects inherent t
every film?® This process results in increasing compressio
and decreasing flux in decreasing temperature.

Despite the fact that the(t) dependence on the field is
nonmonotonigFig. 4), f(t) andk(t) monotonically increase
with increasing field for all the fields except=5 Oe[Fig.

A amAk amAH 4
m—ﬁ +m . (4)

om ok  Im

Qvhere dk/dH is unknown function and can only be roughly
"bstimated with the help of the experimental data in Fig. 6.
Therefore, we have used Ed) for AH andAk estimations.
Assuming AH=0, in Fig. 8 we show the calculated
change of the compression coefficiefnk=k(4 cm)
—Kk(1 cm)] of the frozen vortex ensemble in the K1509 film
7(a)]. Moreover, in contrast to thé(t) behavior for all the  measured under the same conditions, but with two different
other measured field$(t) at H=5 Oe starts increasing in scan lengths: 4 cm and 1 c(fig. 3). As can be seen, the
decreasing temperature tat 0.965. For this particular case, change in the maximum does not exceed 0.01%, which cor-
the deviation off (t) from monotonic behavior as a function responds to a maximum change in the magnetic fifx
of field and temperature at thiewest measurement field within the film of =0.03%. The dependence oAf
might be explained by the entry of additional vortices from=f(4 cm)—f(1 cm) can be calculated either similarly to
the film edges as the temperature is decreased. The condik by direct solution of Eqs(1)—(3), or in agreement with
tions for vortex entry would be defined by the sheet currentsthe expressiom f[ t,J.(t)]=[df(t)/ok]Ak(t), whereAk(t)
If a vortex is nucleated at the film edge due to, for examplejs the dependence in Fig. 8. Therefold,(t) behaves essen-
structural or temperature inhomogeneities, then the Lorenttially the same ag\k(t).
force arising from interaction with the sheet currents would If we now assume that in E¢4) Ak=0 (correspondingly
drive it inside the film(Fig. 5. Energetically, the vortex Af=0), which isa priori not correct, we can calculate the
entry in this low-field case would be facilitated by the small maximalfield change AH™®) responsible for the maximal
number of vortices and the strong compression as a result @dm=m(4 cm)—m(1 cm): AH™=50 Oe for H=500 Oe
relatively large sheet currents. (Fig. 3. Apparently, AH™<0, sincedm/dH<0 andAm
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>0 [see Egs(2), (4), and Fig. 3. SinceAk>0, this field fore, the change ik is not compensated by the degradation
change can be considered assignificantly overestimated of J., as discussed in the preceding section. This imbalance
10% field gradient over the 4 cm scan length in the magnebetween the paramagnetic and diamagnetic contributions can
bore along its axis. lead to considerable, even qualitative changes innti(&)

It is worth mentioning that the change of the magnetic-behavior observedrig. 3).
flux density Af within the film does not necessarily imply ~ An additional factor, which can contribute to differences
the entry or exit of vortices. This is because for a givenin FC m(T) behaviors for similar samples, is structural im-
vortex distribution the flux is defined by the gradient of the perfection. In films as in our case, differences in the quality
vortex density in thex direction ;) and compressionky. of the film edges can also define the structure of the vortex
This means that with a fixed density of vorticesidirection ~ ensemble in the filnfS and, together with field and tempera-
we get different values df by changingk as a result of the ture gradients, lead to some differences betwe¥i) be-
change of the uniform vortex density in tiedirection.  haviors observed for different films produced and measured
Changes irk mainly occur due to changes in the sheet cur-under similar conditions.
rents, flowing in vortex-free film region@=ig. 5. Thus, the
discrepancies between tin&T) curves in Fig. 3 are due to
changes in the magnetic-flux profile in the film, which are, in
turn, caused by inhomogeneous field distribution in the mag- In conclusion, the origin of the paramagnetic Meissner
net. effect in experimentalm(H,T) dependences obtained in

Moreover, as the sample moves through the SQUIDYBCO films was shown to be in good qualitative agreement
pickup coils it is likely to experience not only the field inho- with the model of vortex compression proposed in Ref. 11.
mogeneity, but also the temperature gradient along the lengtRor a consistent description of time(H,T) dependencies in
of the scan. The latter factor would play a boosting role inthe frame of the model, the experimenth(T,H) depen-
redistribution of the flux profile, which would occur due to dence had to be taken into account which was independently
temperature variations within the sample. In the vicinity ofdetermined in Refs. 22,26,27. The parameter of the vortex
T., the effect of the temperature variations can be even moreompression k was calculated from the experimental
pronounced due to strong fluctuations of the superconducting(H,T) curves. Despite the nonmonotonic experimental de-
order parameter. The influence of the temperature gradient j{gendence ofn on H the calculated dependencelobn H is
a rather unpredictable factor, which may depend on temperanonotonic which is consistent with the KL model. Upon
ture, the parameters of the temperature controller and thehanging the applied field by three orders of magnitude, the
level of liquid helium inside the cryostat. In addition, the absolute value of the PME is changed by less than one order
field gradient of a magnet can also be a variable. It mayf magnitude. This change can be explained by, first, the
depend on the field prehistory and the remnant fiélthere-  field independent behavior &f, at H<100 Oe and, second,
fore, the influence of these factors on the flux profile mayby the degradation af.(H) at H>100 Oe, which is com-
have led to somewhat nonreproduciti®T) behavior in  pensated by a sharp decrease of the vortex compression
Fig. 3 and might explain various experimental results avail{1—k<1) and magnetic flux in the film. The discrepancies
able in the literaturé>>"~° between the experimental curvesmfT) obtained at differ-

The question arises why three orders of magnitude of thent scan lengths can be accounted for within the KL model
external field introduce a relatively small changen{T) by the influence of field and temperature gradients along the
behavior(Fig. 4), whereas a small field gradiernt10% can  scan length of the samples.
introduce not only comparative changesniiT), but also a
gualitative change at small scan lengilfég. 3). The first
part of the question is dealt with in the preceding section,
where the compensating interplay betwek(rl,H) and We thank A. L. Kasatkin, A. V. Semenov, and J. Horvat
J.(T,H) is identified in the quasistatic, steady scenario.for useful and fulfilling discussions and T. Silver for reading
What if the field is suddenly changddue to the gradient the manuscript and critical remarks. D.A.L. and V.M.P. are
This change would affect the sheet currents and, correspondrateful to the University of Leipzig for support and hospi-
ingly, the vortex arrangement, i.&, The degree of the vor- tality, as well as to Deutsche Akademischer Austausch Dienst
tex rearrangement depends on the vortex mobility, which, ifDAAD) for financial support through Leonard Euler’s Pro-
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