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Ab initio characterization of the giant magnetoresistance in realistic spin valves
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The electric transport properties of a rather complicated spin-valve system containing NiFe permalloy, CoFe
hard magnets and two types of spacéfs,RU are investigated theoretically in terms of the relativistic
spin-polarized versions of the Screened Korringa-Kohn-Rostoker method and the Kubo-Greenwood equation.
It is found that the regimes of antiferromagnetic coupling relevant for the giant magnetoresi@afRg are
mostly determined by the thickness of the Cu-spacer: the nodes of oscillation of the interlayer exchange
coupling (IEC) with respect to the Cu-spacer thickness are shifted only marginally by the presence of a very
thin Ru cap. Also found are oscillations of the IEC and GMR with respect to the thickness of the hard magnet
parts of the systemiCoFe and with respect to the Ru-spacer thickness. Viewed with respect to the thickness
of the Cu-spacer the minima in and the actual value of the giant magnetoresistance as a function of the
thickness of the Ru-spacer are in rather good agreement with experiment.
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[. INTRODUCTION the system governs mainly the size of a possibly present
exchange bia$.

Giant magnetoresistan¢&MR) devices seem to be used In order to sort out the effect of the thickness of the Cu
now in many fields of application; they are still considered tospacer, of the Ru spacer, and of the slabs of the hard mag-
be the mayor outcome of research in “spintronics.” The ac- nets, four partial systems are considefggstemsA-D, see
tual composition of such devices, however, can be fairlyTable ) with systemD reflecting closely the experimental
complicated and results from “chemical kitchen” experiencesample. The actual compositions of permalloy and of the
in producing relevant layered systems. Very often GMR de-CoFe alloy, which were not mentioned in Ref. 2, were com-
vices contain several ingredients such as soft and hard magiunicated by SeiglérQuite clearly not all thickness param-
netic parts, more than one spacer material, and an antiferro-
magnetic part serving as pinning material. In spite of all TABLE I. Partial systemg1 ML corresponds to 2.0488)A
theoretical effortSwith all these components it is usually not

possible to trace what kind of effect is induced from what SystemA SystemB
part of the system. In the present paper a typical spin-valvéhickness fc€l1l) Thickness fc€l1l)
system of this kind consisting of a NiFe permalloy soft mag-(ML) (ML)
net, CoFe hard magnets, and Cu and Ru spacers is analyzed NiggFen, " NiggFes,
in theoretical terms by considering the interlayer exchange6 Ni8 Fe, 6 Nis Fe,
coupling (IEC) and the GMR of the various parts of such a CéOFeO c C;OFeO
system. Such a partitioning of a given system is of coursg___,, éu 10 =12 éu 10
o.nly possible theoretically and is meant to give a better in.-5 CaFer 5 CaFer
er?:; into some rules of thumb based on chemical experi- vacuum 5 RU

The actual experimental sampleunderlayer [55 SvstemC S StemDvacuum
AJINiFe[10 A]|CoFédx A]|Cuy A]|CoFdx A]|Ru4 A]|CoFe Thi y . y

ickness fc€l1) Thickness fc€l1)

[x AJIrMn[70 A]| overlayef55 A] was grown on 3000 A of ML) ML)
SiO,, for the overlayer a thick cap of Ta is used. In here it is
modeled theoretically by considering the permall®iFe) % NigoFeyg © NigoFes
slab as substrate and replacing the artificial antiferromagnetié NigoF&yg 6 NigoFexo
(AF) part consisting of IrMn layers and the overlayer by 5 CoyFeyg 5 CoyFerg
vacuum. It should be noted that this particular replacemens Cu 5 Cu
corresponds to the use of a reflecting boundary condition as<m=12 CaoyFeq 5 CoyFeyg
easily as can be seen from Fig. 2 of Ref. 3. Clearly enough vacuum kp=<8 Ru
the main purpose of using an AF part in a spin-valve system 5 CaygFer
is the pinning effect, by which, however, the actual giant vacuum

magnetoresistance ratio remains unaffected: the AF part of
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eters can be varied in a theoretical study simultaneously, the >0; C(, prefered configuration
results, however, will show that this is indeed also not really IEC(C)= ) i . 3
necessary. <0; (; prefered configuration.

If more than one antiparallel configuration has to be investi-

Il. THEORETICAL AND COMPUTATIONAL DETAILS gated then the largest negative IE)(refers to the antipar-

L i ) ) allel ground-state configuratia®y,
The fully relativistic spin-polarized screened Korringa-

Kohn-Rostoker method for layered systémis applied IEC(C1)=min{IEC(C;)<0}. (4)
within the framework of the coherent potential {ci}

approximatiodi in order to calculate the electronic structure
and magnetic properties of relevant parts of the spin-valv
system described in detail in Table I. In all calculations an
fcc-parent lattic® is assumed with a lattice spacirag of
6.7060 a.u.(bulk fcc NiggFe,), i.e., no layer relaxation is
considered, and six hjFe,q layers serve as buffer to a semi-
infinite NiggFe,q substratél® In order to determine self-
consistently within the local-density approximation the
effective potentials and effective exchange fields a mini-
mum of 45k points in the irreducible wedge of the surface
brillouin zone(ISBZ) is used. All self-consistent calculations
refer to a ferromagnetic configuration with the orientation of . RESULTS

the magnetization pointing along the surface normal; all in- A. Variation of the Cu-spacer thickness
terlayer exchange energies are evaluated at zero temperature . . o . .
in terms of the magnetic force theorem via an integration in The mterlayer coupImg_ fiefdin the experimental spin-
the upper half of the complex energy plane along a contouY@!Ve system is characterized by nodes at 5.5, 10, 17, and
which starts at a real energy well below the valence band an@P°ut 21 A. As can be seen from Fig. 1 the IEC of partial

ends at the Fermi energy. For these calculations a total of 9ggyStemA, see Table |, shows the typical oscillations of a
k; points in the ISBZ is used, which—as was shéimthe  Magnetic trilayer that is antiferromagnetically coupled for

case of magnetic anisotropy energies—guarantees well cofu-spacer thicknesses between 4 and 10 A, and between 15

verged results. All electric transport calculations are per-and 21 A, which corresponds very well indeed to those ob-

formed in terms of the fully relativistic spin-polarized form served experimentally; a Ru-cégystemB) moves the nodes

of the Kubo-Greenwood equation for layered systehtg13 ~ Of oscillation only marginally.
by using a complex Fermi energy and 1880points in the The experimentally recorded GMRncreases between 5

ISBZ for the SBZ integrals, and by continuing the thus ob—'& Snd 9_’B|‘ g_f Cuf;c(;)mAabout 2% to abouthlo%, ST]OWS a h
tained resistivities numerically to the real energy axis. ;Substantial dip at , Increases again, has another muc

hould be noted that the IEC and the current-in-ple@i- gentler dip at 12 A and falls off slightly from a_bout 11%
ZME are defined in the following by urrent-in-p ) beyond a spacer thickness of about 16 A. In partial system A

the calculated GMR vanishes zt about 14 and 20 A, and has
N N a substantial dip at about 10 A, see also Fig. 1, i.e., at Cu-
IEC(C)=Eo(C)~Ey(Co). @ spacer thicknesses at which the IEC turns from ferromag-
netic to antiferromagnetic or vice versa. Interestingly enough
GMR(G) = P(C)~p(Co) (2)  in the GMR for partial systenB the dip at 10 A is much
I 1 .
p(C) more pronounced than for systef In both cases the posi-
tion of this dip coincides with the very sharp dip in the
experimental GMR, the second dip seen in experiment seems
i to be shifted there by about 1 ML towards smaller Cu-spacer
Co corresponds to the paralléferromagneticreference con-  yiynesses. The vanishing GMRig. 1) at 20 A is seen in
figuration andC; to a particular antlpa_ralledantlferfomag' the experimental data only as a very weak shoulder. It should
netig configuration. The reason for using the so-called pespe poteq that contrary to experiment in the present theoreti-
simistic definition of the GMR in Eq(2) is simply that then o1 anhroach the thicknesses can only be varied in steps of
this ratio is bounded by one. The difference to the other kind, njete(perfecy monolayers, i.e., in steps of about 2 A.
of definition (optimistic definition, namely relating the dif-
ference in the resistivities tp(C;) is usually rather small,
see also the discussion in Ref. 3.
For systemsA—C the antiparallel configuration is simply By varying for a particular given Cu-spacer thickness the
defined by reversed orientations of the magnetization in théhickness of the top GgFe o slab(systemC, see Table)lthe
two magnetic slabs (NiFeo and CggFe g on the one side, IEC is characterized by pronounced oscillations with respect
and CqgFeg on the other side For systenD this issue will  to the varied number of layers. This is shown in Fig. 2 for a
be discussed separately. According to the definition given irrrilayer system with 5 ML's of Cu. For this particular spacer
Eq. (1) this implies that thickness the coupling becomes stronger antiferromagnetic

t should be noted that experimentally the ferromagnetic con-
iguration refers to a uniform in-plane orientation of the mag-
netization. However, since anisotropic effects in the resis-
tances of Co/Cu related spin valves are rather very small
indeed, see an actual calculation thereof in Ref. 3, by choos-
ing a uniform perpendicular orientation for the ferromagnetic
configuration this small deviation from the experimental situ-
ation is of no importance at all for the purposes of the
present investigation.

where E,(C) refers to the grand-potential dt=0° for a
particular magnetic configuratiaiy, the p’s are resistivities,

B. Variation of the thickness of a particular hard magnet slab
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'200 5 4 6 8 10 12 14 16 18 20 22 24 26 FIG. 2. IEC (top) and the GMR(bottom of partial systemC
. 2 versus the thickness of the top §Be,, magnetic slab. For the
Cu spacer thickness [A] GMR squares, triangles, circles, and diamonds refer to an imaginary

part § of the Fermi energy of 0, 1, 2, and 3 mry. Note that the

FIG. 1. IEC(top) for partial system#\ (squaresandB (circles.  thickness of the CgFey, slab is given ifA], 1 ML corresponds to
In the GMR for systemA (middle) and B (bottom) diamonds, tri- about 2 A.

angles, circles, and squares refer to an imaginary paof the
Fermi energy of 0, 1, 2, and 3 mry. The inset shows the experimenperimental sample¢a value of =2 mry corresponds to
tal results from Ref. 2. Note that the thickness of the Cu-spacer isbout room temperature For §=2 mry the calculated
given in[A], 1 ML corresponds to about 2 A. GMR is in about the range of the experimentally recorded
values.
with increasing hard magnet thickness; the corresponding In the top of Fig. 3 the actual cause for the functional
GMR (Fig. 2, bottom exhibits the same kind of oscillations form of the GMR with respect to the Cu-spacer thickness is
as the IEC and results into an overall decrease of the GMRIustrated for systend: in straight correlation with th&/AF
with increasing thickness of the gfey slab under investi-  switching, see Fig. 1, the maxima of the AF resistivity at 14
gation. These oscillations in the GMR are not to be relatecaind 20 A of Cu are even higher than the respedivesis-
with switches from ferromagnetic to antiferromagnetic re-tivity. The lower part of this figure shows that the oscillations
gimes of coupling since at the chosen Cu-spacer thickneda the GMR with respect to the thickness of the fajght)
(Fig. 2, top all the coupling is antiferromagnetic. CoggFe g slab displayed in Fig. 2 is induced by correspond-
It should be noted that in Figs. 1 and 2 the GMR is showning oscillations in the resistivity of the parallel, as well as the
also for finite imaginary parts of the complex Fermi energyantiparallel configuration. Although in absolute values these
Er+i 6 since nonvanishing values éfmimic finite tempera-  oscillations are not very big, they significantly determine the
ture effects and macroscopical roughness present in the ewscillations in the GMR.
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5.0 TABLE Il. Magnetic configurations investigated in systdn
1 The labels 0 and 180 refer to orientations of the magnetization
4'5'_ System A parallel and antiparallel to the surface normal.
4.0 -
. Head 0 1 2 3 4 5
3.5 \ e
1 @ L] [ ] NigoF@o 0 0 0 0 0 0
= 3.0 (CoggFer0)s 0 0 0 0 0 0
G 55 A (Cu); ,i<n/2 0 0 0 0 0 0
% : (Cu) ,i=n/2 0 0 180 0 180 O
= 201 (CosoFer)s 0 180 180 180 180 O
a5 (Ru); ,i<p/2 0O 180 180 180 180 O
: (Ru); ,i=p/2 0 0 0 180 180 0
107 . '\ (CosFery)s 0 0 0 180 180 0
0.5 Vac 0 0 0 180 180 0
OO T v 1 v 1T 7T 7T T T T 7T 7T  "T " T1°
0 2 4 _6 8 10 12 14 16 18 20022 2 2 are additionally reversed. In Fig. 4 the IEC’s for these
thickness of Cu spacer [A] antiparallel configurations are displayed for given thick-
nesses of the GgFey slabs m=5, 10 A) and the Cu spacer
4.0 (n=5, 10 A) as a function of the thickness of the Ru spacer.
1 As can be seen from this figure only those configurations in
3871 | systemC which the orientations of the magnetization in the two
3.6 CogoFe g are antiparalle(configurations 1 and 2 in Table)ll
1 show characteristic oscillations with respect to the Ru-spacer
3'4'_ thickness; energetically, however, they are not automatically
— 3.2 0\. the most likely ones to occur. In the top part of Fig. 5 a
g 1 schematic view of the lowest IEC’s, see also E4), is
o 3.0 shown for two and four ML of Ru. For two ML Ru the
= o8- ground-state configuration refers to configuration 4 in Table
a ] I, for four ML of Ru to configuration 2. In the investigated
| o . . . .
2.6+ e range of the Ru-spacer thickness antiferromagnetic coupling
2_4_' — * \ of the two CqgFeg slabs via the Ru-spacer occurs only be-
2.2 50
2.0 +—————————————————r 40_' Ferromagnetic coupling
8 10 12 14 16 18 20 22 24 26 )
. R 30_
thickness of top (Co, Fe, ) slab [A] ]
20
FIG. 3. Resistivities for partial systendsand C in the parallel ]
(squares and the antiparalle(circles magnetic configuration ver- = 101
sus thickness, see also Table |. Note that in both cases the thickness D 1
is given in[A], 1 ML corresponds to about 2 A. £ O'_
C. Variations of the Ru-spacer thickness 8 _10__
Since in a system containing three magnetic slabs sepa- '20'_
rated by two spacers a definition of the antiparallel configu- 304
ration no longer isa priori obvious, various such configura- ;
tions were assumedee Table Nl and the corresponding IEC -40-_ Antiferromagnetic coupling
and GMR evaluated, see also E@3) and (4). In order to 50 v

understand this table correctly it is important to recall that
both spacers, Cu and Ru, cartyery) small induced mag-
netic momentsgless than 0.4g in the vicinity of an interface
to Co), the directions of which have to be specified in a

0

2 4 6 1I0 1I2 1I4 1I6 1I8 20
Ru spacer thickness [A]

FIG. 4. IEC of partial systend, see Table I, with respect to the

proper definition of magnetic configurations. These inducedhickness of the Ru spacer. Full squares and triangles refer to the
magnetic moments vanish eventually in the middle of suffi-Ec’s corresponding to configurations 1 and 2 in Table I, open

ciently thick spacers.

triangles and diamonds to configurations 3 and 4. Note that the

It should be noted that configurations 1 and 2, and alsehickness of the Ru-spacer is given[iA], 1 ML corresponds to

in turn 3 and 4, only differ by the number of Cu layers thatabout 2 A.
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Ru spacer thickness [A] FIG. 6. Resistivitiegtop) and GMR (bottom) as a function of

the thickness of the Ru spacer. Full circles, squares and diamonds

FIG. 5. Top: The lowest configuration dependent IEC’s for 2 refer to configurations 0, 1, and 3, open squares to configuration 2,
(squaresand 4 ML (circles of Ru in partial systenD. The (col- ~ see also Table Il. Note that the thickness is giverfAd, 1 ML
linean ground-state configuration is marked by a box. Bottom: Os-Corresponds to about 2 A.
cillations of the IEC corresponding to configurations 2 and 4 with
respect to the thickness of the Ru spacer. Note that the thickness aésponding to configuration 3 is confined to about 2—4%. In
the Ru-spacer is given fiA], 1 ML corresponds to about 2 A. The systemA the corresponding valu€lO A Cu spacer, no Ru
antiparallel configurations, see Table Il, are marked explicitly. cap is about 19%, in systerB (Ru cap the GMR at this

particular thickness of the Cu-spacer vanishes completely.
low 3 A, and inbetween 7 and about 13 A, in all other casesThis immediately shows that the actual value of the dip in
the coupling between the two Gfe, slabs is ferromag- the GMR seen experimentally at about 10 A obviously de-
netic, the oscillations with respect to ground states, see lowgrends very much on the kind and quality of theygF®, o/ Ru
part of Fig. 5, are between configurations 2 and 4, i.e., beinterface, the origin thereof, however, is primarily related to
tween configurations in which either only the two outerthe Cu spacer. For the reported Ru thicknesst dA the
CoyoFe g slabs are antiferromagnetically coupl@mnfigura-  present calculation in terms of systdbnpredict a GMR of
tion 4) or all three are antiparallel to each otHepnfigura-  about 4% which compares quite favoritely with the experi-
tion 2). It should be recalled that in all figures thicknessesmentally measured value of about 7%, see also lower part of
given in A are with respect to the interlayer spacing of theFig. 6.
thick NiggFeyq film assumed to serve as electron reservoir,
i.e., 1 ML corresponds to about 2 A.

In Fig. 6 the resistivities and the GMR corresponding to
some of the configurations listed in Table Il are shown. It is The final question to be addressed is what changes char-
interesting to note that the GMig. 6, bottom correspond-  acterize the IEC, resistivity and the GMR if the orientation of
ing to configurations 1 and 2 oscillates around 10% withthe magnetization is varied continuously from one configu-
respect to the Ru-spacer thickness, while, e.g., the GMR coration to another one in the vicinity of a node in the oscilla-

D. Rotational behavior
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TABLE lll. Expansion coefficients related to magnetic configu-
304 = _u—= ration 2.
251
20 A m=2  m=2 m=4 m=4
% :3 /./rr. Property a, a, a, a,
-E- 51 _u IEC [meV] 14.932 —0.388 —6.681 0.998
TR ""'\o\*’ e [ Q cm] 0.366 —0096 0340 —0.127
< ] —.—, CIP-MR [%] 580  —1.86 527  —2.22
15 Te—e
-20 ——————T——T——T——T——T——T—
20 O 20 40 60 80 100 120 140 160 180 200 N ~ . .
6.5 parameters,(n) anda,(n) for these two cases are listed in
6.4 Table Ill. While the IEC for both cases mostly shows$la
6.3 ._./ . —cos@)] like behavior, the resistivity, as well as the GMR
— 6.2- o ./. do exhibit considerable deviations from this form: there is a
g 6.11 - well-pronounced shoulder at 90°. It should be noted that for
Ci 6.0+ matters of comparison in both cagéso and four ML of Ry
= 597 one and the same type of “switching” is shown although
. 58 only for four ML of Ru configuration 2 is thécollineay
o 577 antiparallel ground-state configuration.
5.6
5.5 ——— 17—
14—20 0 20 40 60 80 100 120 140 160 180 200 IV. DISCUSSION
124 = If one is primarily interested in the IEC then perhaps the
] ./: e qqestion of the asymptotic behavior. of this quantity' might
X _3 - arise. In order to give a nonspeculative answer to this ques-
— 81 -8 * tion, a discrete Fourier transformation of the IEC has to be
C s performedt®>~1°the positions of peaks in the absolute value
E. al of this transform then refer to the periods of the oscillation
o under question. In performing such a discrete Fourier trans-
O 2] formation not only the IEC with respect to many layers is
0 needed, but also the so-called preasymptotic redspacer

rotation angle ©

20 0 20 40 60 80 100 120 140 160 180 200

thicknesses below 10-15 Mihas to be excluded. Only once

well pronounced peaks are found their position can be cor-
related to Fermi vectors of the bulk spacer material as a kind
of asymptotic characterization. Clearly enough Fermi sur-

FIG. 7. IEC(top), resistivity (middle), and GMR(bottor) for 2 . . : o
(squaresand 4(circles ML of Ru in systemD as a function of the faces are well-defined only for three-dimensional periodic

rotation angle®, see also Table II. For the electric transport prop- SyStéms. For the usual spin-valve systems with Cu-spacer
erties shown in here an imaginary part of the Fermi energy of 2 mrjhicknesses below 30 A it does not make sense to even use

is used. the concept of a “colloquial” Cu Fermi surface.
One-dimensional discrete Fourier transformations of
tions of the IEC with respect to the number of Cu-spacercourse apply only to trilayer systems with fixed thicknesses
layers. From Fig. 1, e.g., one can see that there is such a no@éthe magnetic slabs. It is well-known e.g., that by increas-
in the oscillations at about 10 A of Cu. ing the thickness of one of the magnetic slabs additional
In Fig. 7 the orientation of the magnetization is rotatedoscillations with respect to this thickness parameter set in,

(rotation angle® around an axis perpendicular to the sur- See Ref. 18. Fl,!rthermore, if the two magn.e_tic slabs poqsist of
face normal in finite steps from 0°(ferromagnetic configu- different materials different kinds of additional oscillations

ration) to 180° (configuration 2, see also configuration 5 in a_nd/ ora b_|as can be observe_zd. For a syste_m of type D a
Table I1. It should b lled th f i66n. 0 b six-dimensional discrete Fourier transformations would be
f'a d?“ s t shou f ﬁ r?Cﬁl ec that a un'ct| .(1n, ) can be needed in order to sort out periods of oscillation, since the
itted™ In terms of the following expansion: IEC in principle depends on the thickness of all relevant

o parts of the spin valve, namely the fjfie,q, CoggFeg, Cu,
fF(RO)=F(R.0) + A (1—cod"® 5 an_d.Ru sIabs._Sinpe the aim of this study i; t_o inve_stigatg the
(n.©)=1(n0) mzzl am(N)(1=cos™®), ©) origin of the dips in the GMR such a multidimensional dis-

crete Fourier is well beyond the scope of the present paper.
whereby usually two important cases can be distinguished, pinning effects caused by the AF-part of the experimental
namely(1) a;(n)>a,(n) and(2) |a;(n)|~|ay(n)|. InFig. 7  system can only be shown by actually including this part
the functional form of configuration 5 is depicted for two in the calculations and comparing again IEC’s for different
systems of typd®, namely, for two and four ML of Ru, the possible configuratiorfs.Unfortunately in most spin-valve
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systems the energy corresponding to the exchange bias is toespect to the number of Cu-spacer layers is unchanged by a
small to be described in terms ab initio like methods. rather thin Ru cap(3) increasing the thickness of the mag-
Clearly enough the closer one gets to the edge of an antifenetic slabs can increase the antiferromagnetic coupling
romagnetic coupling regime the smaller the magnetic fieldstrength but simultaneously results into a dilution of the
have to be in order to achieve switching. The switching it-GMR effect, and(4) by changing the thickness of the Ru-
self, however, very well then might not follow a simple spacer the dips in the GMR caused by a node in the IEC with

[1—cos@)] behavior. respect to the thickness of the Cu-spacer can be monitored.
In brief it can be said that in the present case a clear expla-
V. CONCLUSION nation of the experimentally observed “dips” in the GMR

) ) ] ) has been provided; the calculated values for the GMR fit
It was shown in this paper that in order to interpret ex-remarkably well to the experimental data.

perimental GMR data for a spin-valve as complicated as in-
vestigated in here it is extremely useful to partition such a
system into significant parts and investigate the physical
properties of these partial systems separately. Using this kind This work was supported by the Austrian Ministry of Sci-
of procedure it is found thatl) the major effect of antifer- ence(Grant No. GZ 45.50¢ the Hungarian National Science
romagnetic coupling for the GMR is— as to be expected—FoundationGrants Nos. OTKA T030240, T0378bénd the
connected with the number of Cu-spacer layé®$;the ac- RTN network on “Computational Magnetoelectronics”
tual position of the nodes in the oscillations of the IEC with (Grant No. HPRN-CT-2000-0014.3
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