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Origin of paramagnetic magnetization in field-cooled YBa2Cu3O7Àd films
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Temperature dependences of the magnetic moment have been measured in YBa2Cu3O72d thin films over a
wide magnetic-field range (5<H<104 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 densities (Jc;23106 A/cm2 at 77 K!, are shown to be highly consistent with the theoretical
model proposed by Koshelev and Larkin@Phys. 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

One of the fundamental properties of superconductor
ideal diamagnetism in magnetic fields smaller than the fi
critical field (H,Hc1), the so-called Meissner effect. How
ever, a number of measurements carried out in supercond
ors has revealed a paramagnetic signal in the tempera
dependence of the magnetic moment@m(T)# which appears
upon cooling down the samples in a magnetic field throu
the transition temperatureTc ~the field-cooling regime!
~Refs. 1–9!. In this case, the paramagnetic contribution e
ceeds the diamagnetic part, leading to an overall param
netic signal. This effect is called the paramagnetic Meiss
effect ~PME! or Wohlleben effect.1–9 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 existe
of spontaneous ‘‘paramagnetic’’ supercurrents in the sup
conductor due to the presence ofp contacts.10 ~ii ! The
Koshelev-Larkin~KL ! model11 considers the redistribution
of Abrikosov vortices trapped in the superconductor upon
transition to the superconducting state, leading to the app
ance of the paramagnetic signal inm(T). ~iii ! The giant vor-
tex state, existing in the surface superconductivity state,
also lead to a total paramagnetic signal if the temperatur
decreased and the trapped flux within the giant vortex
compressed.12,13 The observations of PME in convention
superconductors withs symmetry5–9 have indicated thatd
symmetry of the order parameter is not a necessary cond
for the appearance of PME. The giant vortex approach o
lined in Refs. 12,13 assumes a special geometry with
sample’s extended surfaces oriented parallel to the field
order to facilitate the appearance of the giant vortex st
However, a large number of experiments have been car
out on films in fields perpendicular to the largest film su
faces. Therefore, the quantitative comparison of theoret
dependences obtained in the framework of the giant vo
model12,13 with experimental results is inadequate due to
necessity of taking into account the real boundary conditio
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Nevertheless, this model can be the most appropriate for
explanation of PME in the vicinity of the superconductin
transition, since fluctuations of the order parameter do
permit the formation of a pure Abrikosov vortex state, whi
is a necessary condition for the explanation of PME in
framework of the KL model. Well belowTc ~or below the
irreversibility lineTirr) the KL model is the most suitable on
for the description ofm(T) in thin films. Therefore, the
analysis of the experimental results obtained in this w
will be carried out within the framework of this model.

In this work temperature dependences of the magn
moment have been measured over a wide magnetic-
range in YBa2Cu3O72d ~YBCO! thin films grown by differ-
ent methods. The experimental results obtained have b
analyzed in the framework of the KL model,11 which turns
out to be the most appropriate for our experimental con
tions.

II. GROWTH AND CHARACTERISTICS OF EPITAXIAL
YBCO FILMS

Single-crystalline high-temperature superconduct
~HTS! YBCO thin films have been investigated in this wor
The films were grown by~i! pulsed-laser deposition~PLD!
~Ref. 14! and by~ii ! off-axis dc magnetron sputtering15 tech-
niques. These techniques produce epitaxial films with
crystallographicc axis oriented perpendicular to the film
surface.16,17 In this case, as shown by high-resolution ele
tron microscopy,18–20 the films grown on a mismatched sub
strate develop numerous out-of-plane edge dislocations.
dislocations are usually arranged in so-called dislocat
walls ~rows!, forming 30–250 nm large domains. The d
mains are typically misaligned by;0.5° –2°, depending on
film growth conditions. In this work, a;300 nm thick PLD
film ~PP17! with Tc.87.9 K, as well as two;300 nm thick
magnetron sputtered films~K21 and K1509! with Tc
.86.5 K have been investigated. The most extensively
vestigated K1509 film was sputtered onto a rotating sapp
©2004 The American Physical Society06-1
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D. A. LUZHBIN et al. PHYSICAL REVIEW B 69, 024506 ~2004!
substrate buffered by CeO2 with a diameter of 51 mm. All
the films investigated have a quite narrow transition width
DTc50.2–0.5 K and a high critical current density ofJc
;23106 A/cm2 at T577 K in self-field. The film growth
rate of the magnetron sputtering was approximately 0.0
0.02 nm/s. In these films, the layer-by-layer~nearly two-
dimensional! growth mechanism is realized. In contrast,
the films grown by the PLD procedure with a growth rate
0.1–0.2 nm/s, the three-dimensional islandlike mechanism
most likely to occur. Therefore, the magnetron sputte
films usually have a significantly smaller density of stacki
faults and accompanying dislocation loops (;109 lines/cm2

as estimated by high-resolution electron microscopy21! than
is in the case of the PLD films. The size of the domains
the magnetron sputtered films is usually larger~up to 250
nm!, as well as more ordered and equidistantly spaced t
in the PLD films. The misalignment angles are typica
,1°.21,22 The average density of the edge dislocations
likely to be slightly smaller than in the PLD films. Simila
characteristics should be expected for the K1509 film w
Jc(H50,T577 K).2.343106 A/cm2.

All the measured pieces of the films were of a simi
rectangular shape with dimensions.1.5 mm2.

III. EXPERIMENTAL DETAILS

The temperature and field dependences of the magn
moment were investigated by employing a Quantum Des
MPMS superconducting quantum interferometer dev
~SQUID! magnetometer in fieldsuHu<5 T and temperature
5<T<95 K. The temperature dependences were meas
in the field-cooled~FC! regime, i.e., the films were coole
throughTc with a magnetic field applied.

The MPMS SQUID detection system comprises SQU
sensing loops configured as a highly balanced seco
derivative pickup coil set with a total length of;3 cm. The
coils are designed to reject the uniform field from the sup
conducting magnet to a precision of approximately 0.1
The magnetic moment of a sample is calculated from
response curve of the SQUID pickup coils which is me
sured as the sample moves through the coils along a
length ~typically 4 cm!. The temperature of the sample
measured, depending on the temperature range, either
sensor fixed at the null point of the pickup coils in the co
ing annulus around the sample space or by a sensor loc
under the bottom of the sample tube.23 This quite ‘‘remote’’
temperature sensing is expected to be insensitive to any
sible temperature gradient along the scan length. Experim
tally, we did observe some temperature destabilization
scan lengths>7 cm, which is a common feature for th
kind of instrument. This observation can imply that we
indeed deal with a temperature gradient. Accordingly,
smaller the scan length is, the smaller the difference betw
the minimal and maximal temperatures will be. Therefo
the possibility of significant temperature fluctuations in t
measured samples becomes negligible for sufficiently sm
scan lengths.

The Jc(H,T) dependencies shown in Fig. 1, which a
necessary for the quantitative result analysis, have been
02450
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tained from the width of the magnetization loops.22 The so-
obtainedJc(H,T) were highly consistent withJc(H,T) ob-
tained by the direct transport method and from Cle
Sanchez analysis24 of ac susceptibility measurements of th
films in perpendicular fields.22 The Jc(H,T) behavior has
suggested22 that the mechanisms of critical current limitatio
can be attributed to strong pinning of vortices on linear d
fects, most likely edge dislocations which are perpendicu
to the film surface.

IV. EXPERIMENTAL RESULTS

The FC dependences ofm(T) measured in the K1509
PP17, and K21 films are qualitatively consistent with ea
other, and therefore, in what follows, the results for t
K1509 film will be shown. The measurements at differe
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 ra
do not have a significant qualitative influence on them(T)
behavior. The small discrepancies might be explained ei
by temperature lags at the highest sweep rates or by
influence of the magnetic-flux distribution effects describ

FIG. 1. Critical current density as a function of the appli
magnetic field measured at different temperatures for the K1
film.

FIG. 2. Temperature dependence of the FC magnetic mome
the K1509 film for different cooling rates~0.05, 0.1, 0.25, and 0.5
K/min!.
6-2
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ORIGIN OF PARAMAGNETIC MAGNETIZATION IN . . . PHYSICAL REVIEW B69, 024506 ~2004!
in the following section. In contrast, changes in scan len
qualitatively modify them behavior belowTc . As the tem-
perature is further decreased them signal rises, and the sig
nals become comparable for all the measured scan len
Them(T) behavior has also been measured at different m
netic fields~Fig. 4!. As the field changed by more than thre
orders of magnitude them value was changed by less tha
one order of magnitude over the temperature range of
measurements.

The characteristic features of the dependencies in F
2–4 are as follows.~i! The diamagnetic response is abse
below Tc at the scan length>1 cm. At shorter scan length
a magnetic moment,0 can be measured in the vicinity o
Tc . ~ii ! The change inm is rather moderate compared to th
large change inH. In addition,m(T) depends nonmonoto
nously on the applied field.~iii ! The paramagnetic value ofm
monotonically increases in decreasing temperature, indi
ing the absence of saturation. Feature~iii ! has been obtained
in a number of works,1,4 whereas features~i! and ~ii ! are
observed.

The measurements indicate that the profile of the trap
magnetic flux which determines the value of them signal

FIG. 3. Temperature dependence of the FC magnetic mome
the K1509 film for different scan lengths~4, 2, 1.5, 1, and 0.75 cm!
and 0.1 K/min cooling rate.

FIG. 4. The field-cooled magnetic moment as a function of
reduced temperaturet5T/Tc(H) in the K1509 film measured with
0.1 K/min cooling rate at different magnetic fields applied perp
dicular to the film.
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may be influenced by certain experimental conditions, s
as the scan length and the applied magnetic field. As will
shown in the following section, changes in them value ob-
served in the experiments are governed by relatively sm
changes in the vortex compression. Moreover, we show
the vortex compression in the films isextremelysensitive to
seemingly negligible changes in experimental conditio
which can explain various experimental results reported
the paramagnetic Meissner effect in the literature and
Fig. 3.

V. THEORETICAL CONSIDERATION

As was mentioned in Sec. I, from the point of view of th
real geometry of the experiment, the most likely mechani
for the appearance of the PME is the inhomogeneous re
tribution of vortices upon cooling a YBCO film belowTc .
Note that in this case the term—paramagneticMeissneref-
fect ~PME!—would inappropriately reflect the nature of th
effect, which should be rather referred to as the paramagn
effect or the positive magnetization effect~PME!. Vortex dis-
tributions leading to the PME are considered in the mo
developed by Koshelev and Larkin.11 The geometry of this
model is shown in Fig. 5. The model assumes that if the fi
is cooled down belowTc in a perpendicular fieldH' then,
first, the film enters the vortex~mixed! state and, second, th
gradient of vortex density in the regionuxu,ubu,uwu corre-
sponds toJc . Such a vortex distribution can be formed du
to the interaction between vortices and surface Meissner
rents~‘‘sheet currents’’!. There is no pinning above the irre
versibility line and vortices located near the film edges fre
leave the film due to vortex-vortex repulsion. The sheet c
rents flowing in the vortex-free regions force vortices inwa
from the film edges. This redistribution takes place until t
equilibrium vortex configuration is reached. Depending
cooling conditions this configuration can exhibit the sta
shown in Fig. 5 if the film is cooled down below the irre
versibility line. Generally, the current density in thin films
defined by the curvature of the flux lines rather than by
gradient of vortex density.25 This is due to the crucial role o
demagnetization effects for this geometry. However, if
assume an infinitely thin film as implied in the KL model th

in

e

-

FIG. 5. The complete Bean state is schematically shown i
superconducting film upon cooling in a perpendicular field@the
model of KL ~Ref. 11!#. The vortices concentrate in theuxu,ubu
,uwu region, whereas the Meissner shielding currents (Js) flows in
the ubu,uxu,uwu region.
6-3
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D. A. LUZHBIN et al. PHYSICAL REVIEW B 69, 024506 ~2004!
vortex curvature can effectively be replaced by the equi
lent picture of straight vortices which are distributed with t
gradient corresponding to the given current density. In t
case we can also employ the one-dimensional approac
the KL model.11 In the framework of this approximation
changes in the critical current density are created by chan
in the gradient of the vortex density.

Hereb characterizes the degree of the vortex compress
within the film and unambiguously defines the density of
dimensionless magnetic fluxf 5FS/2wH' through the film
per unit length of the film in thez direction:

f 5FH2
4dJc

cH'

FJ , ~1!

provided thatJ(uxu,ubu)5Jc . FS is the full magnetic flux
through the film in gauss cm2, FH5E(k)2(12k2)K(k) is
the field contribution, andFJ5@E(k)2(12k2)K(k)# ln@(1
1k)/(12k)#22kK(k) is the shielding current contribution
E(k) andK(k) are the complete elliptic integrals of the fir
and second kinds, respectively,k5b/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 momentmr(H' ,T) is
the sum of two components:11

mr52
H'w

8d S mH2
4dJc

cH'

mJD , ~2!

where mH512k2 is the diamagnetic part of the Meissn
currents andmJ5(12k2)ln@(11k)/(12k)#12k is the para-
magnetic part, arising due to the gradient of the vortex d
sity. The total magnetic momentm(H' ,T) is mr(H' ,T)
multiplied by the film volume.

TheJc dependence on temperature results inb being tem-
perature dependent. In turn, this leads to two independ
variablesJc andk in Eq. ~2!. This fact does not allow us to
directly calculate the critical current density and parametek
~and f ) from m(H' ,T) alone. Independent measurements
these films provided us withJc(H' ,T),26,27 which turned
out to be well described by the following empirical formu

Jc~H' ,T!5Jc0~H'!~12T/Tc!
a, ~3!

where Jc0(H')5Jc0(0)ã ln(H* /H') at H'>Htr and
Jc0(H')5Jc0(0) at H'<Htr . Htr5H* exp(21/ã) defines
the crossover field from the plateau to the decreasing pa
Jc(H') ~Fig. 1!.26,27 The temperature dependence ofH* is
H* .Heff(12T/Tc). For the YBCO films the parameter
Jc0(0), ã, a, andHeff are determined by the conditions an
method of preparation. The variation of these parameter
negligible for films obtained under the same preparat
conditions. These parameters can be independently
tained from transport, ac susceptibility and magnetizat
measurements at low temperatures. For the K1509 fi
the following values were obtaineda.1.13, ã.0.24,
and Heff.6.43104 Oe.22 Jc0(0) was chosen so thatJc at
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T577 K is equal to the experimentally obtained value
2.343106 A/cm2, therefore, Jc0(0)52.343106(1
277/Tc)

2a A/cm2.
For the detailed quantitative analysis of the experimen

data, the dependencies obtained for the K1509 film~Fig. 4!
have been used. Using Eqs.~1! and ~2!, as well as the ex-
perimentally obtained formula~3!, we have calculated the
temperature dependences of the parametersk and f for the
vortex arrangement in the film~Figs. 6 and 7, respectively!.
In the immediate vicinity of the irreversibility line, where th
critical current density is rather small, the PME cannot
obtained in the frame of the KL model.11 Therefore, the be-
havior in Figs. 6 and 7 was obtained within the temperat
range of the KL model applicability. Note that our expe
mental geometry and, correspondingly, our current distri
tion are different from the geometry shown in Fig. 5. How
ever, there are no analytical expressions form(k,H,Jc) for
our case of finite sample length. The existing expressions
a circular sample11 would only insignificantly shift thef (t),
k(t) curves along the corresponding ordinate axis, whert
5T/Tc(H) with Tc(H) being the critical temperature ob
tained from the experiments performed at correspond
fields. Moreover, the magnetic response of a sample we
depends on its shape.28 Thus, the original KL model can be
employed.

It is shown that for relatively high fields (H'.100 Oe)
the m(T) behavior corresponds to the case of weak vor
compression (12k!1). For low fields (,10 Oe) the com-
pression becomes quite large (k!1) at low temperatures
which does not allow us to use the asymptotical relations
between the parametersm, k, andf 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 parama

FIG. 6. Temperature dependence of the vortex compression
efficient k5b/w for small ~a! and large external fields~b!.
6-4
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ORIGIN OF PARAMAGNETIC MAGNETIZATION IN . . . PHYSICAL REVIEW B69, 024506 ~2004!
netic moment~Fig. 4! can be entirely explained by a sma
change in the flux and the compression of the vortex arran
ment in the film~for example, as a result of flux creep!. This
is due to the fact that over this field rangeJc does not depend
on the applied field~Fig. 1!. In high fields, the degradation o
Jc in increasing field is compensated by an increase in
magnetic flux in the film~Fig. 7! and a decrease in the vorte
compression~Fig. 6!. In this case, the weak compressio
regime (12k!1) is realized, i.e., the vortices almost e
tirely fill up the film. As the temperature decreases, vortic
near the film’s edges can freely leave the film~due to flux
creep! via edge microcracks and other defects inherent
every film.29 This process results in increasing compress
and decreasing flux in decreasing temperature.

Despite the fact that them(t) dependence on the field i
nonmonotonic~Fig. 4!, f (t) andk(t) monotonically increase
with increasing field for all the fields exceptH55 Oe @Fig.
7~a!#. Moreover, in contrast to thef (t) behavior for all the
other measured fields,f (t) at H55 Oe starts increasing in
decreasing temperature att,0.965. For this particular case
the deviation off (t) from monotonic behavior as a functio
of field and temperature at thelowest measurement field
might be explained by the entry of additional vortices fro
the film edges as the temperature is decreased. The co
tions for vortex entry would be defined by the sheet curre
If a vortex is nucleated at the film edge due to, for examp
structural or temperature inhomogeneities, then the Lore
force arising from interaction with the sheet currents wo
drive it inside the film ~Fig. 5!. Energetically, the vortex
entry in this low-field case would be facilitated by the sm
number of vortices and the strong compression as a resu
relatively large sheet currents.

FIG. 7. Temperature dependence of the magnetic flux in the
state belowTc , normalized to the flux in the film in its normal stat
for small ~a! and large fields~b!.
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A. m„T… behavior as a function of the scan length

The parameters of the KL theory, the vortex compress
k, and the density of the magnetic fluxf within the film also
enable us to quantitatively account for them(T) behavior as
a function of the scan length~Fig. 3!. Indeed, the PME can
be affected by inhomogeneity of the magnetic field inside
magnet,30 which can influence the flux profile within th
film. From the curves in Fig. 3 it is possible to estimate
magnetic-field change (DH) or field gradient in the magnet
which would result in the differentm(T) behavior as a func-
tion of the scan length. In the general case, the magn
moment can be written asm5m(k,H), so its change is

Dm.
]m

]k
Dk1

]m

]H
DH. ~4!

It can be equivalently rewritten as

Dm.S ]m

]k

]k

]H
1

]m

]H DDH, ~5!

where]k/]H is unknown function and can only be rough
estimated with the help of the experimental data in Fig.
Therefore, we have used Eq.~4! for DH andDk estimations.

Assuming DH50, in Fig. 8 we show the calculate
change of the compression coefficient@Dk5k(4 cm)
2k(1 cm)# of the frozen vortex ensemble in the K1509 fil
measured under the same conditions, but with two differ
scan lengths: 4 cm and 1 cm~Fig. 3!. As can be seen, the
change in the maximum does not exceed 0.01%, which
responds to a maximum change in the magnetic fluxD f
within the film of .0.03%. The dependence ofD f
5 f (4 cm)2 f (1 cm) can be calculated either similarly t
Dk by direct solution of Eqs.~1!–~3!, or in agreement with
the expressionD f @ t,Jc(t)#5@] f (t)/]k#Dk(t), whereDk(t)
is the dependence in Fig. 8. Therefore,D f (t) behaves essen
tially the same asDk(t).

If we now assume that in Eq.~4! Dk50 ~correspondingly
D f 50), which isa priori not correct, we can calculate th
maximalfield change (DHmax) responsible for the maxima
Dm5m(4 cm)2m(1 cm): DHmax.50 Oe for H5500 Oe
~Fig. 3!. Apparently,DHmax,0, since]m/]H,0 and Dm

C

FIG. 8. Temperature dependence of the relative change ofDk
5k(4 cm)2k(1 cm) caused by the change of the scan length fr
4 cm to 1 cm atH5500 Oe.
6-5
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D. A. LUZHBIN et al. PHYSICAL REVIEW B 69, 024506 ~2004!
.0 @see Eqs.~2!, ~4!, and Fig. 3#. SinceDk.0, this field
change can be considered as asignificantly overestimated
10% field gradient over the 4 cm scan length in the mag
bore along its axis.

It is worth mentioning that the change of the magnet
flux densityD f within the film does not necessarily impl
the entry or exit of vortices. This is because for a giv
vortex distribution the flux is defined by the gradient of t
vortex density in thex direction (Jc) and compression (k).
This means that with a fixed density of vortices inx direction
we get different values off by changingk as a result of the
change of the uniform vortex density in thez direction.
Changes ink mainly occur due to changes in the sheet c
rents, flowing in vortex-free film regions~Fig. 5!. Thus, the
discrepancies between them(T) curves in Fig. 3 are due to
changes in the magnetic-flux profile in the film, which are,
turn, caused by inhomogeneous field distribution in the m
net.

Moreover, as the sample moves through the SQU
pickup coils it is likely to experience not only the field inho
mogeneity, but also the temperature gradient along the le
of the scan. The latter factor would play a boosting role
redistribution of the flux profile, which would occur due
temperature variations within the sample. In the vicinity
Tc , the effect of the temperature variations can be even m
pronounced due to strong fluctuations of the superconduc
order parameter. The influence of the temperature gradie
a rather unpredictable factor, which may depend on temp
ture, the parameters of the temperature controller and
level of liquid helium inside the cryostat. In addition, th
field gradient of a magnet can also be a variable. It m
depend on the field prehistory and the remnant field.30 There-
fore, the influence of these factors on the flux profile m
have led to somewhat nonreproduciblem(T) behavior in
Fig. 3 and might explain various experimental results av
able in the literature.1,3,5,7–9

The question arises why three orders of magnitude of
external field introduce a relatively small change inm(T)
behavior~Fig. 4!, whereas a small field gradient,10% can
introduce not only comparative changes inm(T), but also a
qualitative change at small scan lengths~Fig. 3!. The first
part of the question is dealt with in the preceding secti
where the compensating interplay betweenk(T,H) and
Jc(T,H) is identified in the quasistatic, steady scenar
What if the field is suddenly changed~due to the gradient!.
This change would affect the sheet currents and, corresp
ingly, the vortex arrangement, i.e.,k. The degree of the vor
tex rearrangement depends on the vortex mobility, which
turn, can depend onH andT. On the other hand, theJc(H)
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H. Claus, A. Erb, and G. Mu¨ller-Vogt, Phys. Rev. B49, 13 283
~1994!.
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