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Interface structure of Fe/Ag multilayers prepared by pulsed laser deposition
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Fe/Ag multilayers with single layer thicknesses in the nanometer range have been depositétdoon Si
using pulsed laser deposition. Conversion electrorsddauer spectroscopy in conjunction with Rutherford
backscattering spectrometry and x-ray reflectivity have been used for the evaluation of the interface structure
of these multilayers. In the Fe-Ag system, with a large positive heat of mixing, a solid solution of (#ag) Fe
has been found by placing an enrichi€8ie marker layer at different distances to the multilayer interfaces. The
interface structure mainly depends on dynamic effects during the deposition processes. From the analyses, we
have obtained an asymmetric intermixing at lower and upper interfaces of the individual Fe layers: the
intermixing of Fe into Ag is lower than that of Ag into Fe. The studies of the interface structure were performed
by varying parameters such as the thickness of the elemental layers and the target-to-substrate distance during
the deposition process.
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[. INTRODUCTION towards intermixing. However, the PLD process may be ex-
pected to be similar to that of ion-beam mixingr vapor

Pulsed laser depositiofiPLD) is a well-established tech- quen_(_:hing‘*’.
nique for the deposition of thin films and multilayéré.t Mossbauer spectroscopy in conjunction with other
involves the formation of a laser-induced plasma and th&omplementary analytical techniques has been used to get
subsequent deposition of the plasma species on a substragoser information on the interface structures. THEe iso-
Plasma temperatures as high as°-1@0’ K have been tope has been used to find the interface structure at different
reached by this methde? The characteristics of the PLD Positions in a single Fe layer, enabling us to obtain some
technique for the formation of thin films have been found toknowledge about the transport of the species during the
differ significantly from other deposition methods. The in- deposition process.
stantaneous growth rate during PLD is substantially higher
than the growth rate during sputter depositfoRigh flux
and high energies of the particles reaching the substrate seem
to be particularly propitious for the growth of metastable For the preparation of Fe/Ag multilayers, 30 ns laser
phases. The quenching rate is of the same order of magnitugyises from a KrF excimer lasei &248 nm) with an en-
as those of sputtered particles. This method has especialgtgy density of 6—7 J/cfat a repetition rate of 9 Hz were
attractive features: it allows easy preservation of stoichiomysed. The multiple-target/multiple-substrate setup is de-
etry and good structural quality of the deposited films, evenscribed elsewher®=*? Along with natural Fe, a 95%-
when grown at rather low temperatures. _ enriched®’Fe probe layer was used at some specific places in

For a better understanding of the growth mechanisms, thghe multilayers. Four different sets of specimens were pre-

nature and transport of species from the target to the sulyared. The thickness of the individual layers of Ag,
strate have to be known and controlled. Contrary to convenang Fe {-) was the same in all the sets of specimens

tional desorption and evaporation, in laser ablation, particles
generally undergo a large number of collisions and thus

Il. EXPERIMENT

make the final distribution very different from nascent ones. Fe
Moreover, the atomic species in a conventional thermal pro-

cess primarily consist of neutral atoms and molecules but the 57Fe
laser-generated plasma is composed of neutral and ionized

atoms, molecules, and other spedi@Granular Fe/Ag thin Fe

films showed an effect of giant magneto-resistance and this
effect mainly depends on several preparation param@ters.

the present paper, we investigated the interface structure of
Fe/Ag multilayers by varying the geometry of the specimens
and other process parameters such as the target-to-substrate
distance.

In equilibrium, Fe and Ag are completely immiscible, and
the heat of mixing between Fe and Ag is strongly positive
(AHpix= 142 kd/mol) at equiatomic composition. Even in  FIG. 1. Schematic specimen geometry for specimen B3, set C,
the liquid state AH ;= + 28 kJ/mol)/ there is no tendency and set D.

Ag
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TABLE |. Average concentration of Fe and Ag in the multilay-
ers and total thicknesses estimated by the depth profiles of Fe and
Ag as obtained by fitting the RBS spectra. The values given in
parentheses represent the standard deviation.

S Sample Thicknesénm) Fe (%) Ag (%)
°

> Al 79(5) 47(2) 53(2)
A2 67(5) 53(2) 47(3)

B1 1235) 39(4) 62(3)

B2 12465) 38(4) 62(3)

B3 1265) 35(4) 65(2)

400 500 600 700 800 B4 1265) 38(3) 62(2)
Energy (keV) B5 1185) 36(3) 64(2)

D1 805 57(2 43(2

FIG. 2. Fitted RBS spectra of the Fe/Ag multilayers A1 and A2 D2 8;5; 5022; 53((2;
with the periodicitiesA =2.3 nm (N=40) and 3.8 nm Kl=20). D3 9465) 5202) 482)

(tag=trd. In _set A, the geometry of the specimen was
. 57 . . . . .
[ Si(100)] Ag/°Fe] X N/Ag] with two different periodicities Conversion electron Msbauer spectr4CEMS) were

(A=tagtteg. In one case, it was\=3.8 nm and n the measured in a constant acceleration mode with a 15-mCi
other A=2.3 nm whileN stands for the number of bilayers 57Co/Rh source and a gas flo®4% He, 6% CH) propor-
(N=20 and 40, respectively tional counter® The spectra were analyzed by superimpos-

The geometry of specimen set B as . T . ) e
(Si(100)[ Ag/Fe(1)/Fe(2)/Fe(3)/Fe(4)/Fe(B) 20/Ag). ing Lorentzian lines with a least-squares-fit program.

The periodicity of the specimens was 5.0 nm, where
[A=tag+treqay+ treoyt tre(ayt tre(ayt tre(s)], Keeping the lll. RESULTS AND DISCUSSION
total thickness of Fe equal to that of the Ag layer. In this set
B, we prepared five different specimens by placing’Be

probe layer(thickness 0.5 ninat different positions, namely, (N=20 periods and A=2.3 nm (N=40 periods Both

in the case of specimen B1, B¢ was replaced by enriched 7 :
5’Fe while the other four layers of Fe were natural. In theSPectra look similar with sharp peaks at the Ag edge, result

case of specimens B2, B3, B4, and Bfe was deposited in ing from the top layer consisting of Ag. Other layers are not

e . resolved due to their small thicknesses. From the fitting of
the positions of H&), F&(3), Fe(z_l), and F‘@’ respectlvely._ the RBS spectra, one can estimate the total thicknesses of the
In set C, we prepared specimens equivalent to specimen

) . samples and the overall stoichiometry. The corresponding
B3 and varied the target-to-substrate distance from 50 mm t X . : .
100 mm (A =5.0 nm). A schematic diagram of the Specimen8epth profiles give the average atomic concentration of the

geometry is given in Fig. 1. In the cases of sets A and B théWo speciﬂes. The resulting values are given in Table I.
target-to-substrate was éIWays 80 mm ' The Mcssba_uer spectra of the two specimens Al and A2
In set D we followed th.e geometry  of are presented in Fig. 3. The spectrum of sample Al consists
' of a broad sextet structure. The spectra were analyzed assum-

specimen B3 and the target-to-substrate distance we}ﬁg three sextet$MO, M1, M2) and one doubletd). The

68 mm. The geometry of the specimens was ; I
(Si(100)[ Ag/Fe(1)/Fe(2)Fe(3)/Fe(4)/Fe(5) X N /Ag). doublet d represents Fe atoms located in an fcc Ag matrix, in

The numbelN was either 10, 5, or 2 whild was 10, 20, or
50 nm for the specimens D1, D2, and D3, respectively.

The films were deposited at room temperature onto
Si(100 substrates placed parallel to the target at the given
distance. The deposition chamber also contained an Auger
electron spectrometg/AES), so that the produced surface
films could be analyzeth situ by the AES. After deposition,
the samples were analyzed by means of Rutherford back-
scattering spectrometryRBS), using the 900-keV He*
beam of the Gtiingen 530-kV accelerator IONAS. The
energy spectrum of the backscattered"Hdons was mea-
sured using a silicon barrier detector at a backscattering
angle of 165° with respect to the normal incidence beam.
The detector resolution was about 13 keV and the typical
values for the beam current were between 5 and 15 nA. The FIG. 3. Fitted CEMS of Fe/Ag multilayers AIA(=2.3 nm) and
program WINDF was used for the analysis of the RBS A2 (A=3.8 nm). Experimental data points are shown by hollow
Spectral.4 spheres and the fitted subspectra are indicated by solid lines.

Figure 2 shows the RBS spectra of the Fe/Ag multilayer
specimens Al and A2 with the periodicities 4f=3.8 nm

Relative Intensity
= o

3

- 0
Velocity (mm/s)
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TABLE Il. Relative abundancéarea fraction in % of the dif-
ferent subspectra as evaluated by CEMS analysis. The values given
in parentheses represent the standard deviation.
Sample MO M1 M2 d L

©

Al 68(2) 21(2) 8(2) 32 2r
A2 44(2) 28(2) 26(2) 2(2)
B1 56(2) 29(2) 13(2) 2(2)
B2 7502) 16(2) 7(2) 2(2)
B3 482) 31(2) 18(2) 3(2)
B4 382) 35(2) 25(2) 2(2) 1
B5 31(3) 39(2) 28(2) 2(2) 300 400 500 600 700 800
D1 872) 10(2) 3(2) Energy (keV)
D2 953) 3(2) 2(2) FIG. 4. Fitted RBS spectra of Fe/Ag multilayers with a period-
D3 922) 52) 32 icity of 5.0 nm of sample set Bspecimens B1-B5

accordance with previous measureméntsl’~1%The mag- Fe and Ag have been obtained by fitting the RBS spectra, the
netic subspectra MO—M2 correspond to the bcc-Fe phasél,ames are depicted in Table I, and they agree within the error
where some Ag atoms are substitutionally incorporated, givimits. Figure 5 shows the CEMS spectra of samples B1-B5.
ing rise to some Fe atoms having one, two, or more Aglhe 5’Fe marker layer, which is only sensitive to Mgbauer
atoms in their nearest neighborhood. The hyperfine fields arépectroscopy, was introduced at various positions within the
linearly decreasing with the number of Ag nearest neighborédividual natural iron sublayers. The position of the marker
(nn).Y"18 The mean values found here are 32)0T (MO), layer was changed in identical steps of 0.5 nm from the
30.53) T (M1), and 28.85) T (M2).2%?! Thus, MO corre- lower interface(B1) to the upper interfacéB5) with a peri-
sponds to Fe atoms having no direct Ag neighbors, M1 tedicity of 5.0 nm(20 periodg, thus giving information on
those having one, and M2 to those having two or more Aghe processes between the Ag/Fe interfaces and the Fe/Ag
neighbors. The magnetic hyperfine fieg; of Fe nuclei is  interfaces. Thus, the information collected has different ori-
dependent on the actual environment of the nud@gj.de-  gins and information about the processes that occurred dur-
creases with the number of neighboring nonmagnetic Ag at-
oms. It is mostly affected by the nearest neighbors. Never-
theless, more distant Ag neighbors also affect the hyperfine 1.05
field. Therefore, the hyperfine field is also influenced by the
layer thickness and the overall Ag concentrati6f Doublet
d shows no magnetic interaction, therefore it originates from 1.00 =
Fe nuclei in a nonmagnetic environment. The doublet is 1.05
broad, indicating structural disorder, and it suggests that one,
two, or more Fe atoms and defects segregate in the fcc-Ag
lattice.

The spectral areas of the different components for both
the specimens are given in Table Il. The relative abundance
of the sextets M1 and M2 slightly increases for the

e
o
o

Rel. Intensity
3

multilayer with the smaller periodicity. This means that there 1.00 F
is more Ag in the bcc phase, i.e., there is more intermixing

between the individual layers in the thinner multilayer struc- 1.05
ture, as one would also expect. Moreover, the relative line

intensity ratios change with periodicity. Far=3.8 nm all 1.00
subspectra show the magnetization orientation in the layer 1.05
plane, because the line intensity ratio of the secéggand '
fifth (15) lines with respect to the inner third3) and fourth -
lines was 12/13=4.0(2). For A=2.3 nm the intensity ratio 1.00 b
was 12/13=2.0(3), which suggests that the spins are more

randomly oriented. Velocty (mm/s
The RBS spectra of the specimens B1-B5 are shown in y( )

Fig. 4. The spectra look identical for all samples, thus the FiG. 5. Fitted CEMS of Fe/Ag multilayers with =5.0 nm for
multilayer structures of these films are identical, as the%pecimens B1-B5. The distance of tH&e marker layer from the
should be t'Fe and®®Fe are just distinguishable with RBS lower Ag/Fe interface is given. Experimental data points are shown
at this energy for the ideal case, but here the difference iby hollow spheres, and fitted subsprectra are indicated by solid
very smal); the total thickness and average concentration ofines.
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. . . can either remain at the surface or be embedded in the sub-
strate layer depending on the sign of the difference in surface
energy. Such studies have been performed in Fe/Cu, where
® cAg the heat of mixing is positive as wéft:*> However, one may
1 note that due to the lattice mismatch the interfacial disorder
is larger while depositing Ag on Fe than that of Fe on Ag. In
AgonFe . equilibrium, Ag only occurs in the fcc structure, whereas Fe
/ can exist both in fcc and bcc phagéar thin films). During
Fe on Ag . the process of PLD, the energy of the deposited ions and
%oog o 4 atoms was measured to be in the range of 10-208°eV.
0; s - ) 5 10 According_ to the theory of energy loss in matter, t_he range of
Deposited layer thickness [nm] Ag deposited onto Fe and vice versa can be estimated to be
1 nm for Ag onto Fe and 2 nm for Fe onto Agt 100 eV,

FIG. 6. Ag concentration profile for Fe deposited on top of Agi.e., Fe originally penetrates deeper into Ag than Ag into
(@) and Fe concentration for Ag deposited on top of E&) (ob- Fe24?°Ma et al?® have also observed that high-energy ball
tained fromin situ Auger electron spectroscogpES). milling of Fe and Ag powders does not produce any solid

solutions, not even at liquid-nitrogen temperature. In contrast
ing deposition inside the layers may be extracted. From lowio this, they could prepare a solid solution of Fe-Cu at room
angle x-ray reflectivity, one can also estimate the exact peritemperature under similar conditions. Both systems are im-
odicity on the basis of the first-order Bragg peaks. The estimiscible and exhibit a positive heat of mixirfthe difference
mated thicknesses of B1, B3, and B5 are(8.3), 5.40.3), isthat Fe/Cu is miscible in the liquid phas&hey argue that
and 5.60.3) nm, respectively. the mixing of Fe and Ag exists on the atomic level along

The Massbauer spectra were fitted by the same procedureith the demixing process between the two elements, and,
as mentioned above. All four componefit40, M1, M2, and  therefore, the mixing and demixing processes simultaneously
doublet d are present in all the spectra with a slight variationoccur. Consequently, it is not possible to make any substan-
of the hyperfine parameters within the error limits. The hy-tial changes in the powders. Recent experiments on small
perfine fields of the sextets were first fitted freely and therangle x-ray scattering of Fe-Cu, prepared by ball milling,
adjusted to their mean values in order to achieve a bettesuggest large heterogeneities on a nanometer $c&i&imi-
accuracy in the relative abundances of the subspectra, whidar behavior can also be predicted in the present case: the
sensitively depend on the hyperfine fields. The mean valuesobility of Fe in Ag is higher than that of Ag in Fe. The
are 31.7 TIM0), 30.4 T(M1) and 28.4 T(M2). Table Il gives  same holds for the reverse process, hence the concentration
the relative spectral areas of the 84bauer components MO, of energetic Fe atoms in Ag atoms is lower than that of Ag
M1, M2, and d. There are no changes in the relative lineatoms in Fe atoms, as we have observed in samples B1 and
intensities of the sextet within the error limits for these B2. Due to the dissipated kinetic energy of the impinging
samples. Table Il reveals that the abundance of M1 and M8pecies, their internal excitation energies, and their heat of
in sample B5 is quite high compared to B1. Here, one mayondensation and desorption, the temperature on the sub-
note that in the case of B1 the marker layéFe is deposited strate surface changes during and between laser pulses. The
on Ag while in the case of B5, Ag is deposited on thHEe  rise in temperature enhances the de-mixing process in the
marker. A similar behavior can also be observed for B2 andgystem. In an x-ray study of ion-beam mixing of Fe/Ag mul-
B4. Thus we can say that the concentration of Ag atomdilayers, Krebset al. proposed that ballistic mixing in the
located inside the iron layéiron lattice is higher for depos- collisional phases of the recoil cascade is counterbalanced by
iting Ag onto Fe than vice versa. From Table Il, one may alsodemixing and phase separation in the thermal spike pHase.
observe that the relative spectral areaveffe (M0O) decreases Figure 7 gives the CEMS of the specimens deposited by
steadily from sample B2 to B5. We have obtained similarvarying the target-substrate distancéFe is placed in the
results inin situ Auger electron spectroscopy during the middle of the individual iron layers and its thickness is nomi-
deposition process, as shown in Fig. 6, where the Fe concenally 0.5 nm. The spectra look quite similar. The total thick-
tration was measured during deposition of Ag onto Fe andesses of the specimens were determined by fitting the cor-
the Ag concentration was measured during deposition of Feesponding RBS profile, shown in Fig. 8. The average
onto Ag. Fe covers Ag much faster than Ag covers Fe, indiconcentration of Fe and Ag is )%, each. In this case,
cating a larger intermixing when depositing Ag. instead of three magnetic sextets, we used four magnetic

The relative variation of the concentrations in the case okextets assuming one more sexMB) with a field of 27.5 T
Ag/Fe (sample Bl and Fe/Ag(sample BY, besides the and a larger number of Ag neighbdthree and morein iron
asymmetric intermixing, may be due to the dissolution modehan for the magnetic sextet M2.
which depends strongly on the temperature and the differ- We plotted the spectral areas of the different magnetic
ence in surface energy between the deposit and the substrasextets and doublets in Fig. 9. This figure suggests that with
For systems with a phase-separation tendency such as Fe-Aggreasing target-substrate distance, the spectral area of the
before the inevitable total dissolution, the deposited atomsextet(MO0) corresponding to 8 nn Fe increases, while the
will try to form clusters or layers in order to minimize the spectral area of the sextet M3 representing Fe atoms with
number of heteroatomic neighbors. These clusters or layeithiree and more Ag nearest neighbors decreases with increas-

Concentration [at.%]
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1.00 FIG. 9. The abundance of the different magnetic and nonmag-
netic subspectra as a function of the target-substrate distarte

1.05
C). Details for MO, M1, M2, M3, and d are given in the text.

8 3 0 3 6 rial does not change much. Therefore, the implantation be-

: havior of the ablated material or ions will remain unchanged
Velocity (mm/s) while varying the target-to-substrate distance. Thus, the

FIG. 7. Fitted CEMS of Fe/Ag multilayers of set C with change at_ the interface may be_ affecte_d mainly by the ther-
=5.0 nm as a function of the target-substrate distance. The targeff0dynamic effects of the deposited solid. Due to the smaller
substrate distance is given in mm. TH&e marker layer is placed thickness of the deposited material per pulse, there will be
in the middle of the specimen Fe layers. Experimental data point§ufficient time to demix at the interface due to the positive
are shown by hollow spheres and fitted subspectra are indicated #yeat of mixing of the solid solution, when the target-to-
solid lines. substrate distance increases. While depositing the materials

onto the substrate one should not only consider the effects of

ing distance. The spectral area of sextet M2 also decreast¥ implantation on the substrate and the deposition of low-

with distance, while that of the doublet remained constan€N€rgy ions and materials but also the sputtering of the ma-

within experimental error. The increment in the spectral ared€'als ~from the substrate, sometimes also called

. g . .
of sextet MO suggests that intermixing decreases with distesputtering”” When  the target-to-substrate distance is
tance. These changes in the CEMS may be understood cofmaller, the number of atoms and ions on the substrate is
sidering the fact that the plasma particle densifyx) higher. Therefore, the resputtering effects at the substrate
changes with the distance. The thickness of the deposite¥fill P& more pronounced compared to the?effects when the
material per pulse also depends on the target-to-substrate ddistance is larger. At a laser fluence of 4 Jicrtne number
tance. To deposit the same thickness with an increasingf @olated particles per square millimeter is two-times higher
target-to-substrate distance means that the number of pulsE¥ Ag than for Fe and the difference increases with increas-
for the individual elemental layer is higher and inverselyNd 1aser fluencé’ Therefore, while depositing the Ag layer
proportional to the square of the target-to-substrate distanc@" & Substrate containing Fe at the top, the deposition reac-
During deposition the kinetic energy of the implanted mate-ion would include the diffusivity of Ag on Fe, which is

Yield

Yield (arb. units)

200 300 400 500 600 700 800 400 500 600 700 800
Energy (keV) Energy (keV)

FIG. 8. The fitted RBS spectra of Fe/Ag multilayers with FIG. 10. The fitted RBS spectra of the Fe/Ag multilayers
A=5.0 nm as a function of the target-substrate distasee Q. of set D.
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TABLE Ill. Individual layer thicknesses evaluated from the
RBS spectrum of specimen D@rom surface to substragteThe 1.05!
values given in parentheses represent the standard deviation.
. 2 1.00
Element Thicknessnm) @
D
Ag 18(3) £ 1.05
Fe 213) 2 ool
Ag 1903) %
Fe 223) @ 105}
Ag 19(3)
1.00F

-6 -3 0 3 6
Velocity (mm/s)

lower than that of Fe on Ag, but the resputtering yield of Fe

due to energetic Ag ions is considerably lower. JOFG_'Bﬂ'-gl FIG. 11. The fitted CEMS of the Fe/Ag multilayers of set D.

and Lunney” have shown that sputtering may be important

for the deposition rate in standard geometry. They demonarea of M1 is smaller than that of M1 in sample B3. Thus,

strated that self-sputtering by copper atoms from the plasm#éne concentration of Ag in Fe is considerably smaller in this

plume can reduce the copper deposition rate by a factor of Ziase. The relative areas of M1 and d are similar in samples

However, when resputtering plays a dominant role for theD2 and D3. The concentration of Ag in Fe is higher in set B

high-energy patrticles, the low-energy particle is importantthan in set D. Thus, as the distance between target and sub-

for the number of sticking particles on the substrate. strate decreases, the diffusivity in the inverse direction in-
We have also deposited the multilayer specimens D1-D8reases compared to set B as observed in the case of set C

with a target-to-substrate distance of 68 mm. The samplalso.

geometry of specimens D1-D3 is exactly the same as that of

specimen B3, wheré’Fe is placed in the center of the natu- IV. CONCLUSION

ral iron. The periodicity of samples D1-D3 is 9.4 niN ( . . .
_ _ _ . We deposited Fe/Ag multilayers by pulsed laser deposi-
10), 19.5 nm N=5), and 48.0 nm{=2), respectively, tion (PLD) by varying the geometry of the multilayers and

as obtained by low angle x-ray-diffraction analysis, keepin . ! N .
the total thickness constant. RBS spectra of samples D1-D, varying the target-to-substrate dlstanpe. Qualitatively, dif-
erent diffusion rates for Fe in Ag and vice versa have been

are shown in Fig. 10. From this figure one can easily observ . :
the position of the individual layers of Fe and Ag in Sampleobserved. The interface structure of the multilayers was af-
fected by different implantation ranges and a different mo-

D3. The estimated thicknesses of the individual layers ig)ilit of the elements in their counterparts. The target-to-
sample D3, after fitting the RBS spectra, are given in Tabl Y : . parts. g
Substrate distance experiment proves that an increased

lIl. Due to the energy straggling of the backscattered He istance leads to a sharper interface structure. So, to achieve
ions, the depth resolution is too low to resolve the intermixe . P e
he sharp interface structure one has to keep a lower instan-

zone. Therefore, the thickness has been given assuming ﬂ}%tneous denositi i
there is no intermixing at the interface and assuming bulk position rate.
densities of the elemental layers.

Figure 11 shows the CEMS of samples D1-D3, and their
fit parameters are listed in Table II. It is seen that the spectra The authors are grateful to D. Purschke for expertly run-
are quite sharp compared to the spectrum of specimen Bging the IONAS accelerator for the RBS measurements. This
and, therefore, while fitting the CEMS, we considered onlywork was supported by the Sonderforschungsbereich 345 in
two sextetyMO and M1) along with doublet d. The relative Gattingen (Projects Nos. B8 and A1l
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