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Origin of paramagnetic magnetization in field-cooled YBa,Cu;0,_ 5 films

D. A. Luzhbin* A. V. Pan,>* V. A. Komashko,! V. S. Flis! V. M. Pan,* S. X. Dou,? and P. Esquinazi®
IDepartment of Superconductivity, Institute for Metal Physics, Vernadsky Boulevard 36, Kiev 03142, Ukraine
2Institute for Superconducting and Electronic Materials, University of Wollongong, Northfields Avenue, Wollongong, NSW 2522, Australia
3Department of Superconductivity and Magnetism, Institute for Experimental Physics |1, University of Leipzig, Linnéstraie 5,
D-04103 Leipzig, Germany
(Received 27 June 2003; revised manuscript received 23 October 2003; published 13 January 2004)

Temperature dependences of the magnetic moment have been measured in YBa,Cu;0;_ 5 thin films over a
wide magnetic-field range (5<H=10* Og). 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 densities (J,~2X 10° A/em? at 77 K), are shown to be highly consistent with the theoretical
model proposed by Koshelev and Larkin [Phys. Rev. B 52, 13559 (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.

DOI: 10.1103/PhysRevB.69.024506

I. INTRODUCTION

One of the fundamental properties of superconductors is
ideal diamagnetism in magnetic fields smaller than the first
critical field (H<H;), the so-called Meissner effect. How-
ever, a number of measurements carried out in superconduct-
ors has revealed a paramagnetic signal in the temperature
dependence of the magnetic moment [ m(T)] which appears
upon cooling down the samples in a magnetic field through
the transition temperature T, (the field-cooling regime)
(Refs. 1-9). In this case, the paramagnetic contribution ex-
ceeds the diamagnetic part, leading to an overall paramag-
netic signal. This effect is called the paramagnetic Meissner
effect (PME) or Wohlleben effect.!™® Three theories have
been suggested to account for the origin of the effect. (i) The
d symmetry of the order parameter can lead to the existence
of spontaneous ‘‘ paramagnetic’” supercurrents in the super-
conductor due to the presence of = contacts.® (i) The
Koshelev-Larkin (KL) model™* considers the redistribution
of Abrikosov vortices trapped in the superconductor upon the
transition to the superconducting state, leading to the appear-
ance of the paramagnetic signal in m(T). (iii) The giant vor-
tex state, existing in the surface superconductivity state, can
aso lead to a total paramagnetic signa if the temperature is
decreased and the trapped flux within the giant vortex is
compressed.>*® The observations of PME in conventional
superconductors with s symmetry®>=® have indicated that d
symmetry of the order parameter is not a necessary condition
for the appearance of PME. The giant vortex approach out-
lined in Refs. 12,13 assumes a special geometry with the
sample's extended surfaces oriented paralel to the field in
order to facilitate the appearance of the giant vortex state.
However, a large number of experiments have been carried
out on films in fields perpendicular to the largest film sur-
faces. Therefore, the quantitative comparison of theoretical
dependences obtained in the framework of the giant vortex
model1>*® with experimental results is inadequate due to the
necessity of taking into account the real boundary conditions.
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Nevertheless, this model can be the most appropriate for the
explanation of PME in the vicinity of the superconducting
transition, since fluctuations of the order parameter do not
permit the formation of a pure Abrikosov vortex state, which
is a necessary condition for the explanation of PME in the
framework of the KL model. Well below T, (or below the
irreversibility line T;;,) the KL model is the most suitable one
for the description of m(T) in thin films. Therefore, the
analysis of the experimental results obtained in this work
will be carried out within the framework of this model.

In this work temperature dependences of the magnetic
moment have been measured over a wide magnetic-field
range in YBa,Cu;0;_ 5 (YBCO) thin films grown by differ-
ent methods. The experimental results obtained have been
analyzed in the framework of the KL model,* which turns
out to be the most appropriate for our experimental condi-
tions.

II. GROWTH AND CHARACTERISTICS OF EPITAXIAL
YBCO FILMS

Single-crystalline  high-temperature  superconducting
(HTS) YBCO thin films have been investigated in this work.
The films were grown by (i) pulsed-laser deposition (PLD)
(Ref. 14) and by (ii) off-axis dc magnetron sputtering™ tech-
niques. These techniques produce epitaxial films with the
crystallographic ¢ axis oriented perpendicular to the film
surface.’®Y" |n this case, as shown by high-resolution elec-
tron microscopy, -2 the films grown on a mismatched sub-
strate develop numerous out-of-plane edge dislocations. The
dislocations are usually arranged in so-caled dislocation
walls (rows), forming 30-250 nm large domains. The do-
mains are typically misaligned by ~0.5°—2°, depending on
film growth conditions. In this work, a ~300 nm thick PLD
film (PP17) with T.=87.9 K, aswell astwo ~300 nm thick
magnetron sputtered films (K21 and K1509) with T,
=86.5 K have been investigated. The most extensively in-
vestigated K1509 film was sputtered onto a rotating sapphire
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substrate buffered by CeO, with a diameter of 51 mm. All
the films investigated have a quite narrow transition width of
AT.=0.2-0.5K and a high critical current density of J.
~2x%10°% Alem? at T=77 K in self-field. The film growth
rate of the magnetron sputtering was approximately 0.01—
0.02 nm/s. In these films, the layer-by-layer (nearly two-
dimensional) growth mechanism is realized. In contrast, in
the films grown by the PLD procedure with a growth rate of
0.1-0.2 nm/s, the three-dimensional islandlike mechanism is
most likely to occur. Therefore, the magnetron sputtered
films usually have a significantly smaller density of stacking
faults and accompanying dislocation loops (~10° lines/cm?
as estimated by high-resolution electron microscopy??) than
is in the case of the PLD films. The size of the domains in
the magnetron sputtered films is usually larger (up to 250
nm), as well as more ordered and equidistantly spaced than
in the PLD films. The misaignment angles are typicaly
<1°.222 The average density of the edge dislocations is
likely to be dlightly smaller than in the PLD films. Similar
characteristics should be expected for the K1509 film with
J(H=0,T=77 K)=2.34Xx10° A/cm?.

All the measured pieces of the films were of a similar
rectangular shape with dimensions = 1.5 mm?.

I11. EXPERIMENTAL DETAILS

The temperature and field dependences of the magnetic
moment were investigated by employing a Quantum Design
MPMS superconducting quantum interferometer device
(SQUID) magnetometer in fields |H|<5 T and temperatures
5=<T=95 K. The temperature dependences were measured
in the field-cooled (FC) regime, i.e., the films were cooled
through T, with a magnetic field applied.

The MPMS SQUID detection system comprises SQUID
sensing loops configured as a highly balanced second-
derivative pickup coil set with a total length of ~3 cm. The
coils are designed to reject the uniform field from the super-
conducting magnet to a precision of approximately 0.1%.
The magnetic moment of a sample is calculated from the
response curve of the SQUID pickup coils which is mea-
sured as the sample moves through the coils along a scan
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 tube.?® This 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.

The J.(H,T) dependencies shown in Fig. 1, which are
necessary for the quantitative result analysis, have been ob-
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FIG. 1. Critical current density as a function of the applied
magnetic field measured at different temperatures for the K1509
film.

tained from the width of the magnetization loops.?? The so-
obtained J.(H,T) were highly consistent with J.(H,T) ob-
tained by the direct transport method and from Clem-
Sanchez analysis® of ac susceptibility measurements of the
films in perpendicular fields.? The J.(H,T) behavior has
suggested? that the mechanisms of critical current limitation
can be attributed to strong pinning of vortices on linear de-
fects, most likely edge dislocations which are perpendicular
to the film surface.

IV. EXPERIMENTAL RESULTS

The FC dependences of m(T) measured in the K15009,
PP17, and K21 films are qualitatively consistent with each
other, and therefore, in what follows, the results for the
K1509 film will be shown. The measurements at different
cooling rates (0.05, 0.1, 0.25, and 0.5 K/min) and different
scan lengths (4, 2, 1.5, 1, and 0.75 cm) are exhibited in Figs.
2 and 3, respectively. As can be seen, different cooling rates
do not have a significant qualitative influence on the m(T)
behavior. The small discrepancies might be explained either
by temperature lags at the highest sweep rates or by the
influence of the magnetic-flux distribution effects described

~0.05 K/min
0.1 K/min
0.25 K/min
- .5 K/min

40

20

Scan length =4 cm
ok H =500 Oe

Magnetic moment 7z (10° Emu)

1 . L N L

75 78 81 84 87
Temperature (K)

FIG. 2. Temperature dependence of the FC magnetic moment in
the K1509 film for different cooling rates (0.05, 0.1, 0.25, and 0.5
K/min).
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FIG. 3. Temperature dependence of the FC magnetic moment in
the K1509 film for different scan lengths (4, 2, 1.5, 1, and 0.75 cm)
and 0.1 K/min cooling rate.

in the following section. In contrast, changes in scan length
qualitatively modify the m behavior below T.. As the tem-
perature is further decreased the m signal rises, and the sig-
nals become comparable for al the measured scan lengths.
The m(T) behavior has also been measured at different mag-
netic fields (Fig. 4). As the field changed by more than three
orders of magnitude the m value was changed by less than
one order of magnitude over the temperature range of the
measurements.

The characteristic features of the dependencies in Figs.
2—4 are as follows. (i) The diamagnetic response is absent
below T, at the scan length =1 cm. At shorter scan lengths
a magnetic moment <0 can be measured in the vicinity of
T.. (ii) The change in mis rather moderate compared to the
large change in H. In addition, m(T) depends nonmonoto-
nously on the applied field. (iii) The paramagnetic value of m
monotonically increases in decreasing temperature, indicat-
ing the absence of saturation. Feature (iii) has been obtained
in a number of works>* whereas features (i) and (ii) are
observed.

The measurements indicate that the profile of the trapped
magnetic flux which determines the value of the m signal
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FIG. 4. The field-cooled magnetic moment as a function of the
reduced temperature t=T/T.(H) in the K1509 film measured with
0.1 K/min cooling rate at different magnetic fields applied perpen-
dicular to the film.
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FIG. 5. The complete Bean state is schematically shown in a
superconducting film upon cooling in a perpendicular field [the
model of KL (Ref. 11)]. The vortices concentrate in the |x|<|b|
<|w]| region, whereas the Meissner shielding currents (J¢) flowsin
the |b|<|x|<|w] region.

may be influenced by certain experimental conditions, such
as the scan length and the applied magnetic field. As will be
shown in the following section, changes in the m value ob-
served in the experiments are governed by relatively small
changes in the vortex compression. Moreover, we show that
the vortex compression in the films is extremely sensitive to
seemingly negligible changes in experimental conditions,
which can explain various experimental results reported on
the paramagnetic Meissner effect in the literature and in
Fig. 3.

V. THEORETICAL CONSIDERATION

As was mentioned in Sec. |, from the point of view of the
real geometry of the experiment, the most likely mechanism
for the appearance of the PME is the inhomogeneous redis-
tribution of vortices upon cooling a YBCO film below T..
Note that in this case the term—paramagnetic Meissner ef-
fect (PME)—would inappropriately reflect the nature of the
effect, which should be rather referred to as the paramagnetic
effect or the positive magnetization effect (PME). Vortex dis-
tributions leading to the PME are considered in the model
developed by Koshelev and Larkin.'* The geometry of this
model is shown in Fig. 5. The model assumes that if the film
is cooled down below T, in a perpendicular field H, then,
first, the film enters the vortex (mixed) state and, second, the
gradient of vortex density in the region |x|<|b|<|w]| corre-
sponds to J.. Such a vortex distribution can be formed due
to the interaction between vortices and surface Meissner cur-
rents (‘sheet currents”). There is no pinning above the irre-
versibility line and vortices located near the film edges freely
leave the film due to vortex-vortex repulsion. The sheet cur-
rents flowing in the vortex-free regions force vortices inward
from the film edges. This redistribution takes place until the
equilibrium vortex configuration is reached. Depending on
cooling conditions this configuration can exhibit the state
shown in Fig. 5 if the film is cooled down below the irre-
versibility line. Generally, the current density in thin filmsis
defined by the curvature of the flux lines rather than by the
gradient of vortex density.® Thisis due to the crucial role of
demagnetization effects for this geometry. However, if we
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-dimensiona 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.

Here b characterizes the degree of the vortex compression
within the film and unambiguously defines the density of the
dimensionless magnetic flux f=®y/2wH through the film
per unit length of the film in the z direction:

4dJ,

fZ‘PH*E‘DJ, 1)

provided that J(|x|<|b|)=J.. @5 is the full magnetic flux
through the film in gausscm?, ®=E(k)—(1—k?)K(k) is
the field contribution, and ® ;=[E (k) — (1—k?)K(k)]In[(1
+K)/(1—K)]—2kK(K) is the shielding current contribution.
E(k) and K(k) are the complete lliptic integrals of the first
and second kinds, respectively, k=b/w. c is the velocity of
light.

In the case of a 2w wide, d thick, and infinitely long film
(Fig. 5), the density of the magnetic moment m,(H, ,T) is
the sum of two components:**

H,ow 4dJ,
m,=— —=| My— —5m 2
pT " gd |1 cH, V)

where my=1—k? is the diamagnetic part of the Meissner
currents and m;=(1—k?)In[(1+k)/(1—K)]+ 2k is the para-
magnetic part, arising due to the gradient of the vortex den-
sity. The total magnetic moment m(H, ,T) is m,(H, ,T)
multiplied by the film volume.

The J.. dependence on temperature results in b being tem-
perature dependent. In turn, this leads to two independent
variables J. and k in Eq. (2). This fact does not alow us to
directly calculate the critical current density and parameter k
(and f) fromm(H, ,T) aone. Independent measurements on
these films provided us with J.(H, ,T),%*?” which turned
out to be well described by the following empirical formula

Je(H 1) =Jeo(H ) (1-T/T¢)%, )

where  Jeo(H,)=Jeo(0)aIn(H*/H,) a H,=H, and
Jeo(H,)=J(0) a H, <H,, . H,=H*exp(—1/a) defines
the crossover field from the plateau to the decreasing part of
J:(H,) (Fig. 1).%?" The temperature dependence of H* is
H*=H(1-T/T.). For the YBCO films the parameters

Jeo(0), @, @, and H are determined by the conditions and
method of preparation. The variation of these parameters is
negligible for films obtained under the same preparation
conditions. These parameters can be independently ob-
tained from transport, ac susceptibility and magnetization
measurements at low temperatures. For the K1509 film,

the following values were obtained =113, a=0.24,
and Hg=6.4x 10" Oe.?? J,(0) was chosen so that J. at

PHYSICAL REVIEW B 69, 024506 (2004)
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FIG. 6. Temperature dependence of the vortex compression co-
efficient k=b/w for small (a) and large externa fields (b).

T=77 K is equal to the experimentaly obtained value of
2.34x10° Alen?, therefore, Jeo(0)=2.34x10°%(1
—77IT) ™« Alom?.

For the detailed quantitative analysis of the experimental
data, the dependencies obtained for the K1509 film (Fig. 4)
have been used. Using Egs. (1) and (2), as well as the ex-
perimentally obtained formula (3), we have calculated the
temperature dependences of the parameters k and f for the
vortex arrangement in the film (Figs. 6 and 7, respectively).
In the immediate vicinity of the irreversibility line, where the
critical current density is rather small, the PME cannot be
obtained in the frame of the KL model.™! Therefore, the be-
havior in Figs. 6 and 7 was obtained within the temperature
range of the KL model applicability. Note that our experi-
mental geometry and, correspondingly, our current distribu-
tion are different from the geometry shown in Fig. 5. How-
ever, there are no analytical expressions for m(k,H,J;) for
our case of finite sample length. The existing expressions for
acircular sample!! would only insignificantly shift the f(t),
k(t) curves aong the corresponding ordinate axis, where t
=TI/T,(H) with T,(H) being the critical temperature ob-
tained from the experiments performed at corresponding
fields. Moreover, the magnetic response of a sample weakly
depends on its shape.?® Thus, the original KL model can be
employed.

It is shown that for relatively high fields (H, >100 Og)
the m(T) behavior corresponds to the case of weak vortex
compression (1—k<1). For low fields (<10 Oe) the com-
pression becomes quite large (k<1) at low temperatures,
which does not alow us to use the asymptotical relationship
between the parameters m, k, and f obtained in Ref. 11, jus-
tifying the use of the exact expressions (1) and (2).

In the low-field region a small difference in the paramag-
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FIG. 7. Temperature dependence of the magnetic flux in the FC
state below T, normalized to the flux in the film in its normal state
for small (a) and large fields (b).

netic moment (Fig. 4) can be entirely explained by a small
change in the flux and the compression of the vortex arrange-
ment in the film (for example, as aresult of flux creep). This
is due to the fact that over thisfield range J.. does not depend
on the applied field (Fig. 1). In high fields, the degradation of
J. inincreasing 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
regime (1—k<1) is redized, i.e., the vortices amost en-
tirely fill up the film. As the temperature decreases, vortices
near the film's edges can freely leave the film (due to flux
creep) via edge microcracks and other defects inherent to
every film.?° This process results in increasing compression
and decreasing flux in decreasing temperature.

Despite the fact that the m(t) dependence on the field is
nonmonotonic (Fig. 4), f(t) and k(t) monotonically increase
with increasing field for all the fields except H=5 Oe [Fig.
7(a)]. Moreover, in contrast to the f(t) behavior for al the
other measured fields, f(t) at H=5 Oe starts increasing in
decreasing temperature at t<<0.965. For this particular case,
the deviation of f(t) from monotonic behavior as a function
of field and temperature at the lowest measurement field
might be explained by the entry of additional vortices from
the film edges as the temperature is decreased. The condi-
tions for vortex entry would be defined by the sheet currents.
If avortex is nucleated at the film edge due to, for example,
structural or temperature inhomogeneities, then the Lorentz
force arising from interaction with the sheet currents would
drive it inside the film (Fig. 5). Energeticaly, the vortex
entry in this low-field case would be facilitated by the small
number of vortices and the strong compression as a result of
relatively large sheet currents.

PHYSICAL REVIEW B 69, 024506 (2004)

51 L

45+ e

Ak (10

151 .

1 1 1 1 1
0.84 0.88 0.92 0.96 1.00
t=TIT,

FIG. 8. Temperature dependence of the relative change of Ak
=k(4 cm)—Kk(1 cm) caused by the change of the scan length from
4cmto 1 cmat H=500 Oe.

A. m(T) behavior as a function of the scan length

The parameters of the KL theory, the vortex compression
k, and the density of the magnetic flux f within the film also
enable us to quantitatively account for the m(T) behavior as
a function of the scan length (Fig. 3). Indeed, the PME can
be affected by inhomogeneity of the magnetic field inside the
magnet,®® which can influence the flux profile within the
film. From the curves in Fig. 3 it is possible to estimate a
magnetic-field change (AH) or field gradient in the magnet,
which would result in the different m(T) behavior as a func-
tion of the scan length. In the general case, the magnetic
moment can be written as m=m(k,H), so its change is

A (?mAk-F ﬁmAH 4
m=— S A 4)

It can be equivalently rewritten as

Am=

Ik (9_H+(9_H AH (5)

am ok ﬁm)

where dk/dH is unknown function and can only be roughly
estimated with the help of the experimental data in Fig. 6.
Therefore, we have used Eq. (4) for AH and Ak estimations.

Assuming AH=0, in Fig. 8 we show the calculated
change of the compression coefficient [Ak=Kk(4 cm)
—Kk(1 cm)] of the frozen vortex ensemble in the K1509 film
measured under the same conditions, but with two different
scan lengths: 4 cm and 1 cm (Fig. 3). As can be seen, the
change in the maximum does not exceed 0.01%, which cor-
responds to a maximum change in the magnetic flux Af
within the film of =0.03%. The dependence of Af
=f(4 cm)—f(1 cm) can be caculated either similarly to
Ak by direct solution of Egs. (1)—(3), or in agreement with
the expression Af[t,J.(t)]=[af(t)/dk]Ak(t), where Ak(t)
is the dependence in Fig. 8. Therefore, Af(t) behaves essen-
tially the same as AKk(t).

If we now assume that in Eq. (4) Ak=0 (correspondingly
Af=0), which is a priori not correct, we can calculate the
maximal field change (AH™) responsible for the maximal
Am=m(4 cm)—m(1 cm): AH™*=50 Oe for H=500 Oe
(Fig. 3). Apparently, AH™<0, since dm/dH<0 and Am

024506-5
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>0 [see Egs. (2), (4), and Fig. 3]. Since Ak>0, this field
change can be considered as a significantly overestimated
10% field gradient over the 4 cm scan length in the magnet
bore aong its axis.

It is worth mentioning that the change of the magnetic-
flux density Af within the film does not necessarily imply
the entry or exit of vortices. This is because for a given
vortex distribution the flux is defined by the gradient of the
vortex density in the x direction (J;) and compression (k).
This means that with afixed density of vorticesin x direction
we get different values of f by changing k as a result of the
change of the uniform vortex density in the z direction.
Changes in k mainly occur due to changes in the sheet cur-
rents, flowing in vortex-free film regions (Fig. 5). Thus, the
discrepancies between the m(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-
net.

Moreover, as the sample moves through the SQUID
pickup cailsit is likely to experience not only the field inho-
mogeneity, but also the temperature gradient along the length
of the scan. The latter factor would play a boosting role in
redistribution of the flux profile, which would occur due to
temperature variations within the sample. In the vicinity of
T., the effect of the temperature variations can be even more
pronounced due to strong fluctuations of the superconducting
order parameter. The influence of the temperature gradient is
arather unpredictable factor, which may depend on tempera-
ture, the parameters of the temperature controller and the
level of liquid helium inside the cryostat. In addition, the
field gradient of a magnet can aso be a variable. It may
depend on the field prehistory and the remnant field.* There-
fore, the influence of these factors on the flux profile may
have led to somewhat nonreproducible m(T) behavior in
Fig. 3 and might explain various experimental results avail-
able in the literature. 13>7-°

The question arises why three orders of magnitude of the
external field introduce a relatively small change in m(T)
behavior (Fig. 4), whereas a small field gradient <10% can
introduce not only comparative changes in m(T), but also a
qualitative change at small scan lengths (Fig. 3). The first
part of the question is dealt with in the preceding section,
where the compensating interplay between k(T,H) and
J.(T,H) is identified in the quasistatic, steady scenario.
What if the field is suddenly changed (due to the gradient).
This change would affect the sheet currents and, correspond-
ingly, the vortex arrangement, i.e., k. The degree of the vor-
tex rearrangement depends on the vortex mobility, which, in
turn, can depend on H and T. On the other hand, the J.(H)
change would be negligible, since J.<InH [Eq. (3)]. There-
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fore, the change in k is not compensated by the degradation
of J;, asdiscussed in the preceding section. This imbalance
between the paramagnetic and diamagnetic contributions can
lead to considerable, even qualitative changes in the m(T)
behavior observed (Fig. 3).

An additional factor, which can contribute to differences
in FC m(T) behaviors for similar samples, is structural im-
perfection. In films as in our case, differences in the quality
of the film edges can also define the structure of the vortex
ensemble in the films® and, together with field and tempera-
ture gradients, lead to some differences between m(T) be-
haviors observed for different films produced and measured
under similar conditions.

V1. CONCLUSION

In conclusion, the origin of the paramagnetic Meissner
effect in experimental m(H,T) dependences obtained in
YBCO films was shown to be in good qualitative agreement
with the model of vortex compression proposed in Ref. 11.
For a consistent description of the m(H,T) dependencies in
the frame of the model, the experimental J.(T,H) depen-
dence had to be taken into account which was independently
determined in Refs. 22,26,27. The parameter of the vortex
compression k was calculated from the experimenta
m(H,T) curves. Despite the nonmonotonic experimental de-
pendence of m on H the calculated dependence of k on H is
monotonic which is consistent with the KL model. Upon
changing the applied field by three orders of magnitude, the
absolute value of the PME is changed by less than one order
of magnitude. This change can be explained by, first, the
field independent behavior of J. at H<100 Oe and, second,
by the degradation of J.(H) a H>100 Oe, which is com-
pensated by a sharp decrease of the vortex compression
(1—k<1) and magnetic flux in the film. The discrepancies
between the experimental curves of m(T) obtained at differ-
ent scan lengths can be accounted for within the KL model
by the influence of field and temperature gradients along the
scan length of the samples.

ACKNOWLEDGMENTS

We thank A. L. Kasatkin, A. V. Semenov, and J. Horvat
for useful and fulfilling discussions and T. Silver for reading
the manuscript and critical remarks. D.A.L. and V.M.P. are
grateful to the University of Leipzig for support and hospi-
tality, as well asto Deutsche Akademischer Austausch Dienst
(DAAD) for financia support through Leonard Euler’s Pro-
gram. This work was also financially supported by the Aus-
tralian Research Council.

*Electronic address: pan@uow.edu.au

LET. Dias, P Pureur, P. Rodrigues, Jr., and X. Obradors, PhysicaC
354, 219 (2001).

2s. Riedling, G. Brauchle, R. Lucht, K. Rohberg, H.V. Lohneysen,
H. Claus, A. Erb, and G. Muller-Vogt, Phys. Rev. B 49, 13 283
(1994).

3R. Lucht, H.V. Lohneysen, H. Claus, M. Klaser, and G. Milller-

Vogt, Phys. Rev. B 52, 9724 (1995).

4A.l. Rykov, S. Tgima, and FV. Kusmartsev, Phys. Rev. B 55,
8557 (1997).

5L. Pust, L.E. Wenger, and M.R. Koblischka, Phys. Rev. B 58,
14 191 (1998).

6A. Terentiev, D.B. Watkins, L.E. De Long, D.J. Morgan, and J.B.
Ketterson, Phys. Rev. B 60, R761 (1999).

024506-6



ORIGIN OF PARAMAGNETIC MAGNETIZATION IN ...

P, Kostic, B. Veal, A.P. Paulikas, U. Welp, V.R. Todt, C. Gu, U.
Geiser, JM. Williams, K.D. Carlson, and R.A. Klemm, Phys.
Rev. B 53, 791 (1996).

8T.M. Rice and M. Sigrist, Phys. Rev. B 55, 14 647 (1997).

9P Kostic, B. Veal, A.P. Paulikas, U. Welp, V.R. Todt, C. Gu, U.
Geiser, JM. Williams, K.D. Carlson, and R.A. Klemm, Phys.
Rev. B 55, 14 649 (1997).

1OM. Sigrist and T.M. Rice, J. Phys. Soc. Jon. 61, 4283 (1992).

A E. Koshelev and A.l. Larkin, Phys. Rev. B 52, 13 559 (1995).

12y/V. Moshchalkov, X.G. Qiu, and V. Bruyndoncx, Phys. Rev. B
55, 11 793 (1997).

13G.F. Zharkov, Phys. Rev. B 63, 214502 (2001).

141, peshko, V. Flis, and V. Matsti, J. Phys. D 34, 732 (2001).

15V.A. Komashko, A.G. Popov, V.L. Svetchnikov, A.V. Pronin, V.S.
Melnikov, A.Yu. Galkin, V.M. Pan, C.L. Snead, and M. Suenaga,
Supercond. Sci. Technol. 13, 209 (2000).

18VM. Pan, V.S. Flis, O.P. Karasevska, V.I. Matsui, |.I. Peshko,
V.L. Svetchnikov, M. Lorenz, A.N. Ivanyuta, G.A. Melkov, E.A.
Pashitskii, and H.W. Zandbergen, J. Supercond. 14, 105 (2001).

v.M. Pan, V.S. Flis, V.A. Komashko, O.P. Karasevska, V.L.
Svetchnikov, M. Lorenz, A.N. Ivanyuta, G.A. Melkov, EA. Pa-
shitskii, and H.W. Zandbergen, |EEE Trans. Appl. Supercond.
11, 3960 (2001).

18SK. Streiffer, B.M. Lairson, C.B. Eom, B.M. Clemens, J.C.
Bravman, and T.H. Geballe, Phys. Rev. B 43, 13 007 (1991).

195.J. Pennycook, M.F. Chisholm, D.E. Jesson, R. Feenstre, S. Zhu,
X.Y. Zheng, and D.J. Lowndes, Physica C 202, 1 (1992).

PHYSICAL REVIEW B 69, 024506 (2004)

20y L. Svetchnikov, V.M. Pan, Ch. Traeholt, and H.W. Zandbergen,
IEEE Trans. Appl. Supercond. 7, 1396 (1997).

2LY.M. Pan, C.G. Tretiatchenko, V.S. Flis, V.A. Komashko, E.A.
Pashitskii, A.N. lvanyuta, G.A. Melkov, H.W. Zandbergen, and
V.L. Svetchnikov, J. Supercond. 16, 889 (2003).

22\/M. Pan, E.A. Pashitskii, SM. Ryabchenko, V.A. Komashko,
A.V. Pan, S.X. Dou, A.L. Kasatkin, A.V. Semenov, C.G. Treti-
atchenko, and Y.V. Fedotov, IEEE Trans. Appl. Supercond. 13,
3714 (2003).

2MPMS XL Operation Manual, Quantum Design, San Diego, CA,
1999.

2JR. Clem and A. Sanchez, Phys. Rev. B 50, 9355 (1994).

SEH. Brandt, Phys. Rev. B 46, 8628 (1992).

26Yu.V. Fedotov, S.M. Ryabchenko, E.A. Pashitskii, A.V. Semenov,
V.I. Vakaryuk, V.S. Flis, and V.M. Pan, Physica C 372-376, 1091
(2002).

27Yu.V. Fedotov, S.M. Ryabchenko, E.A. Pashitskii, A.V. Semenov,
V.l. Vakaryuk, V.M. Pan, and V.S. Flis, Low Temp. Phys. 28,
172 (2002).

M. Wurlitzer, M. Lorenz, K. Zimmer, and P. Esquinazi, Phys.
Rev. B 55, 11 816 (1997).

Y. Pdtid, E. Zeldov, Y.N. Myasoedov, H. Shtrikman, S. Bhatta-
charya, M.J. Higgins, Z. L Xiao, E.Y. Andrei, PL. Gammel, and
D.J. Bishop, Nature (London) 403, 398 (2000).

0FJ. Blunt, A.R. Perry, A.M. Campbell, and R.S. Liu, Physica C
175, 539 (1991).

024506-7



	Origin of paramagnetic magnetization in field-cooled YBa2Cu3O7–delta films
	Recommended Citation
	Authors

	C:\Documents and Settings\nkeene\Local Settings\Application Data\Mozilla\Firefox\Profiles\xmz0r3o5.default\Cache\9F8F14A6d01.pd

