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Interlayer exchange coupling and perpendicular electric transport in FéSiFe trilayers
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The interlayer exchange coupling and the perpendicular magnetoresistance of Fe/Si/Fe systems have been
investigated within the fully relativistic screened Korringa-Kohn-Rostoker method and the Kubo-Greenwood
equation considering interdiffusion effects, i.e., inhomogeneous Fe-Si alloy formation at the interfaces. It is
shown that the experimentally observed strong antiferromagnetic interlayer exchange coupling is caused by the
formation of Fe-Si alloys at the interface. Furthermore, our calculations give evidence that the small magne-
toresistance, which has been observed experimentally in Fe/Si/Fe trilayers has a similar origin. The results
presented here give no evidence for a direct connection between the magnetoresistance and interlayer exchange
coupling in Fe/Si/Fe systems.
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[. INTRODUCTION tallic oscillating behavior. Here we will also address these
contradicting results.

Ten years ago Fullertost all among others discovered Although there exists a large number of experimental re-
that antiferromagnetidAF) interlayer exchange coupling sults quite a few questions concerning the origin and the
(IEC) is not necessarily restricted to nonmagnetic metallicstrength of the IEC as well as its relation to other effects such
interlayers such as Cr or Aubut also exists in systems with as the magnetoresistafi¢®R) remain open. The last aspect
so-called semiconducting or insulating spacer matetifits. was especially discussed controversially in the literature, be-
this context, one system, which has been intensively studiedause is not clear at all whether or how the existence of the
is Fe/Si/Fe. Both trilayers and multilayers have been investEC is related to the magnetoresistance of the sySteH.
tigated with nonmetallic amorphous Bipr metallic Fe-Si  One aspect of this paper is to give a comprehensive discus-
alloys* The occurrence of an IEC in AF coupled Fe/Si/Fesion of the IEC in Fe/Si/Fe by varying the number of spacer
systems is often attributed to interdiffusion effects causind@yers and by taking into account interdiffusion, i.e., forma-
the spacer to become metaficLow-energy electron- tion of disordered alloys at the interfaces. The present calcu-
diffraction and Auger spectroscopy measurements havitions complement the results of Roblesal, who exam-
shown that the existence of an IEC is not restricted to alloyined the interlayer exchange withinkaspace tight-binding
ing effects at the interface, but an IEC can also be observell€ar muffin-tin orbital method in the limit of thin Fe-Si

in systems with homogeneous Fe-Si alloy spacevsith a fﬁgﬁg:ir&rzggig zag‘é;g P;:n:cg_{ma_lri dthr? tlrllszr(:me-
slightly deformedB2 structure ¢-FeS).”8 All these results - | P was examined |

work of the Bruno model whereas for thin spacers they fol-

suggest that the metallic character of the spacer is the orig%Wed the method from Robléd However, they did not ex-
of the IEC in Fe/Si/Fe. However, recent results from Garee‘émine the influence of interdiﬁﬂsion in d,etail

etal,’ Jgopard|ge th|s. conclusion. Thgy e.xamlmed The second aspect addressed in this paper is directed to
Fe/Fg _Si./Fe trilayers with 0.4<c<1.0 by using Brillouin  {he magnetoresistance of the Fe/Si/Fe trilayers for a current
light scattering(BLS) and obtained an increase of the cou- nerpendicular to the plan€CPP geometry. To our knowl-
pling constant with increasing Si content in the alloy. Thiseqge there exist nearly no experimental results concerning
means the IEC is not only present for pusemiconducting CPP transport for such systems, which grow in {60

Si, but it is larger compared to the alloyed system. Up to nowgirection. Usually the magnetoresistance is investigated for
the reason for the strong IEC in pure Si spacers is not comsamples grown on a SiQRefs. 13 and 14or NaCl (Ref.
pletely clarified, since two competing effects have been ob45) substrate on which Fe grows in th&10) direction. Fur-
served for the IEC in Fe/Si/Fe trilayers. As long as the spacethermore, experimentally a very small MR of at best 2% at
is semiconducting the IEC is expected to show an exponerew temperatures is recorded, but in most cases values
tial decay with respect to the thickness of the spacer. Similasmaller than 1%(Ref. 6 and 14 are obtained. Sometimes
behavior was found by de Vriest al® for metallic Fe-Si  even negative MR ratios have been repoffed@ihe sign of
spacers. On the other hand recent results from BLShe MR seems to depend on the growth technique, applied
experiment§ show that Fe-Si spacers exhibit a typical me-magnetic field, et&:'%!6Additional problems can arise from
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the fact that the epitaxial growth is hindered because of isferromagnetic configuration with the orientation of the mag-
land formationt® Furthermore, Fe and Si easily form non- netization parallel to the surface normal.

magnetic metallic alloys, which also occur at the interfaces

of a Fe/Si/lFe heterostructlﬁ@ue to the existence of Fe-Si B. |nter|ayer exchange energy and magnetic anisotropy energy
alloys the interface to the spacer is no longer properly de- . . .
fined, i.e., the question arises whether the small measured Suppose, andC denote two different magnetic configu-

MR is the MR ratio of the Fe/Si/Fe trilayer or only due to an "ations, which differ in total energy by

FeSi alloy at the interfac¥. In this paper we will demon- _ -~
strate that the reason for this small MR is the formation of AE=E(O)~E(Co). @
Fe-Si alloys at the interface and/or in the spacer. where(C, usually is termed the magnetic reference configu-

Only very little theoretical work is devoted to the magne- ration. If we suppose further thég refers to a ferromagnetic
toresistance of Fe/Si/Fe trilayers or multilayers. Mavropou-andC to an antiferromagnetic configuration then this energy
los et al!’ have used complex band structures in order tadifference corresponds to an interlayer exchange-coupling
explain the tunneling in Fe/Si/Fe and other metal/l/metal sys¢IEC) energy. In here the ferromagnetic reference configura-
tems (I = insulatoy, but a systematic study of Fe/Si/Fe tion (C,) refers to a ferromagnetic configuration in which the
trilayers is lacking. In this paper we will present a first- magnetization in all layers is oriented perpendicular to the
principles study of CPP transport in #00/Si/FE100  surface. Furthermore, a symmetric antiferromagnetic con-
trilayers in terms of the Kubo-Greenwood equatBrour  figuration has been considered in which the orientation of the
investigations especially include a discussion of the spacehagnetization was switched in one lead and in half of the
thickness dependence and of interdiffusion effects. Addispacer layers simultaneously.
tional calculations were performed for systems with homo- If in Eq. (1) C refers to a ferromagnetic configuration with
geneously alloyed Fe-Si spacers, which allow a more dea uniform in-plane orientation of the magnetization, tie®

tailed discussion of the alloying effects on the MR. is said to be the total-energy part of the magnetic anisotropy
energy E, which also includes the shape anisotropy. The
Il. METHOD OF CALCULATION latter one is the energy difference corresponding to the mag-
AND COMPUTATIONAL DETAILS netic dipole-dipole interactioMEgyq. Since for a trilayer
system with semi-infinite leads on both sides a definition of
A. Self-consistent calculations the shape anisotropy is somewhat ambiguous, in this paper

We have performedb initio calculations within the fully ~We restrict ourselves to the investigation ®E.

relativistic spin-polarized version of the screened Korringa- The energy difference in Eql) is evaluated by making
Kohn-Rostoker method for layered systéffd in order to  Use of the magnetic force theorem which implies that only
investigate the electronic structure and magnetic propertieie reference configuration is determined self-consistently
of bee Fe/SilFe trilayers with thel00) growth direction. The ~ Within the LDA andAE s replaced by the respective differ-
local-density approximatiofLDA) in the parametrization of €nce in the grand canonical potentials,

Ref. 21 has been used to describe the exchange-correlation
potential. The trilayers have been modeled by systems of the

type

n

AE~AE,= >, AEP, )
p=1

Fe(100)/Fe,SicFer,. 1 /F100), 1<s<24, .
2o e AEg:f "[nP(e:0)—nP(e;Co)](e—ep)de, ()
with 12 layers of Fe serving as a buffer to the left substrate b
and 121 Fe buffer |a.yerS to the I’Ight substrate. This Varia'Which as indicated in Eq(S) can be written in terms of

tion of the number of right buffer layers results from the layer-dependent quantitie§EP. Here, n denotes the total
special properties of the screened structure constants, imply,mper of layers andP(e;C) is the layer-resolved density of
ing that the total number of considered layers has to be @ates for a given magnetic configuratién The valuesey,
multiple of_ three, see, e.g., Ref. 20. !n all cal_culatlons a begyg ¢r are the valence-band bottom and the Fermi energy of
parent latticé” has been assumed with a lattice constant ofpe supstrate, respectively. It should be noted that according
5.27 a.u., which corresponds to the bulk lattice constant of, Eq. (1) AE,>0 means thaty, is the energetically pre-
bcc l_:e in the LDA, i.e., no I_ayer relaxation is cons!dered.ferred magnetic configuration. In the present papen\&l,

Thg mterlayer distance obtamedgfrom Bragg reflection €X3re evaluated by using 998, points in the ISBZ, which was
periments is about, =1.4331 A’ which reflects closely shown to be sufficient in the case of magnetic anisotropy

the experimental bce Fe lattice constant, i.e., the mismatch e gie20 A detailed discussion of this method based on the
between the experimental and theoretical lattice spacing, majism developed by Jangdris given in Ref. 20.
amounts only to 3%.

In order to determine self-consistently within the LDA the
effective potentials and effective exchange fields for each
particular system under consideration a minimum of k5 The electric transport properties of the Fe/Si/Fe trilayers
points in the irreducible wedge of the surface Brillouin zonehave been investigated within the fully relativistic spin-
(ISBZ) was used. All self-consistent calculations refer to apolarized Kubo-Greenwood equatihA complete descrip-

C. Transport perpendicular to the planes
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tion of this method can be found elsewhé&té® Here, we

focus only on some aspects that are important for the present 80~ 1 :
calculation. By implying that a current at laygrcauses a - 2
resistivity p,q at layerp, this resistivityp, is defined* as 601 i€ 104
the inverse of the layer-resolved conductivityy, L :
S
n g 40
qzl Ppqap’ = Opp’ (4) 3 T ;
g 20- FM
with n being the total number of layers in the system. For a o | :
given magnetic configurationC the resistance of the g o
trilayer—the so-called sheet resistance—can then be defined §
as sum over these resistivitipg, e T
S 20|
n &
[(C.N,8)=2 ppg(C.N,&), (5) 2
p.q = 40
where é is the imaginary part of the complex Fermi energy i
ez +i6. For practical purpose$ is usually chosen to be 60~
between 1 and 3 mRy. Heré=2 and 3 mRy have been - :
used. The actual sheet resistance is then determined from Eq. 80 PR I Y I B I
(5) in the limit of 5—0 by numerical continuation to the real 0 s 10 15 20 25
axis. However, it was shown in a preceding papétthat for s, number of spacer layers

a given system of siza=2ny+s (ng is the number of Fe ) ,

layers on each sidehe sheet resistance varies linearly with /G- 1. Interlayer exchange energfC) of Fe/Si/Fe trilayers vs

5 provided that the number of Fe buffer layers is larget® number of spacer layess

enough, see Sec. Il A. Therefore, the sheet resistance

r(C,n,6=0) can be obtained from calculations for finite val-

ues of . Using the definition of the sheet resistance in Eq.three characteristic parts marked by Roman numbers: leads
(5) the magnetoresistance of a particular trilayer can then bé, V), interfaces(ll, IV ) and the spacefill ). The interface

written in the form regions contain the real interface and three additional layers
from the leads, for details see Ref. 26. It should be noted,
R(n)= r(AP,n)—r(P.n) . R(M=1, (6  however, that only the sum over all layer-resolved sheet re-

r(AP,n) sistances ,(C,n, o) is well defined.

whereP and AP denote the magnetic configuration of the

layers. Here,P refers to the ferromagnetid=M) reference

configurationC, and AP to the antiferromagnetic configura- lll. RESULTS AND DISCUSSION
tion, see Sec. Il B.

The number of Fe buffer layerg, was 11 for all systems,
which is sufficient to reflect even very tiny oscillations in the . o o
layer-resolved Madelung potentials, see Ref. 25. Further- The IEC as obtained from Edl) is displayed in Fig. 1
more, for a magnetic configuratigha sheet resistance of a Versus the number of spacer laysrsAs can be seen from
single layerp can be defined for illustrative purposes as this figure the IEC shows enormous oscillations especially

. for thin spacers, which for increasing spacer thickness de-
crease. Furthermore, from Fig. 1 it is obvious that these os-
rp(C,n,6)=q§l Ppg(C.N.6). (@) cillations refer to permanent changes from FM to AF cou-
pling, whereby FM coupling is preferred in the case of very
This allows us to detect in detail, which part of the trilayer tpin spacers<3 ML. Characteristic periods of oscillations,
actually contributes to the sheet resistance. Starting from thgg\wever, are not visible within the investigated range of
sheet resistances of the two magnetic configurations we d@pacer thicknesses. In most heterostructures interdiffusion ef-
fine fects at the interfaces are of crucial importance for the IEC,
- the magnetic anisotropy energy, but also for transport
Ar(n,8)=r(AP.n,8)=r(P.n,s) ®) properties’'® Here a two-layer interdiffusion is considered,
and use Eq(7) to analyzeAr(n,d) for different parts of the meaning that for a system with Si layers the following
system. Here, we suppose that the heterostructure consistsa@ises have been investigated:

A. Interlayer exchange coupling and magnetic
anisotropy energy

- Fe/FQ,cdSicd/FecdSil,cd/Sis,z/FecdSil,Cd/Fel,cdSicd/Fe cey
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FIG. 3. Changes of the IEC with respect to the number of spacer
with ¢4 denoting the interdiffusion concentration and replac-layers for different interdiffusion concentrationg.

ing the experimentally suggest&® structuré® by an inho-
mogeneously disordered alloy. Experimental studies witlcy=0.2 froms=4 tos=12. Thus strong interdiffusion at the
Mossbauer and photoemission spectroscopy have shown thiaterfaces helps to stabilize the antiferromagnetic coupling.
the Fe/Si and Si/Fe interfaces are not equivalent with respect A similar oscillating behavior was observed in recent ex-
to the Fe-Si formatiofi?’ The compositions on the top and periments from Gareeet al” They used a somewhat differ-
bottom of the sample are different, because more Fe diffusesnt system with an epitaxial e Si. spacer, which cannot
from the top into the spacérin the present paper this has directly be compared to our results. However, the occurrence
been neglected and the two interfaces have been chosen to bkoscillations suggests that the mechanism of the IEC in this
identical. system is the same as in usual metallic trilayers. Earlier re-
From a comparison of total energies it can be seen thagults from de Vrieset al,”> who examined systems with an
trilayers with a sufficiently large interdiffusion concentration orderedc-FeSi spacer, cannot be confirmed. They found an
are energetically favored as compared to the system withxponential decay of the IEC with respect to the spacer
ideal interfaces. In Fig. 2 the total-energy differenégs,) thickness and therefore predicted a new type of coupling for
—E(cy=0) are shown for particular spacer thicknesses withmetallic Fe/FeSi/Fe trilayers. This seemingly was confirmed
respect to the interdiffusion concentratiog. If the interdif- by recentab initio and molecular-dynamics calculations
fusion concentration exceeds 20% interface alloys are prerom Prunedaet all? One possible reason for the two types
ferred by the majority of the systems. For interdiffusion con-of results can be ordering of the alloy. We always use disor-
centrations below 20% the solution without interdiffusion dered alloys and so did Gareet al,” whereas de Vries
seems to be stable. However, the energy difference is rathet al® and Prunedat al!? investigated systems with ordered
small (=0.07 mRy), which means that the two states arec-FeSi spacers. In general an exponential decay of the IEC is
almost degenerated. The results shown in Fig. 2 suggest thekpectedito occur if the spacer becomes semiconducting and
for thicker spacers higher interdiffusion concentrations arealloy formation is mainly suppressed. Such an exponential
needed to stabilize the system. From this figure, however, ilecrease cannot be observed in our results for the ideal sys-
is clear that Fe/Si/Fe trilayers are stabilized by interdiffusiontem (Fig. 1), because for the chosen parent lattice even with-
Since the calculations refer to zero temperature, these argout interdiffusion Si this system turns out to be a poor metal.
ments apply only for sufficiently low temperatures. It is important to note that semiconducting Si in such hetero-
In Fig. 3 the IEC is presented for a variety of interdiffu- structures is amorphous, which cannot be described within
sion concentrations as a function of the number of Si layersthe present theoretical framework. Furthermore, we have
From this figure it can be seen that with increasing interdif-seen that the oscillating behavior is strongly influenced by
fusion the large oscillations for small spacer thicknesses armterdiffusion. Experimental data for the IEC with varying Si
reduced dramatically, while for larger spacer thicknesses inthicknesses, obtained for Fe/Si multilay@edso show a kind
terdiffusion effects seem to be less important. It should bef oscillations. For spacers thicker than 10 A AF coupling is
noted, however, that focy;>0.15 the regime of antiferro- preferred, which is in agreement with the results from Ga-
magnetic coupling is considerably enlarged extending foreevet al® for Si and Fe-Si spacers. From our calculations
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FIG. 4. Band energy part of the magnetic anisotropy energy <
AE, for Fe/Si/Fe systems with two-layer interdiffusion at the inter- 04k
faces vs the number of spacer layers. The results are shown for ---@--- homogeneous alloying
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we can conclude that the AF coupling is stabilized by inter- Fe concentration

face alloying(Fig. 3), whereas in the case of a pure metallic  FIG. 5. Upper panel:The layer-resolved band energy part of the
Si spacer the IEC alternates between FM and AF couplingnagnetic anisotropy energ&Ef for Fe(100)/Sj/Fe(100) for a
(Fig. 1). It should be mentioned that experimental results arelean interface(squares and a finite interdiffusion concentration
available only for spacers thicker than @ Ar even 10 A°  (circles. Lower panel:AEP vs the Fe concentration. The dashed
Furthermore, Inomatat al® simply assumed that the system line marks the results for the homogeneously alloyed spacer
stays FM below this thickness, which of course must not bé-&Si; .
the case. The present results give rise to the assumption that
additional oscillations exist for thinner spacedfg. 1). In ropy energy in the same systemine Si layers As can be
principle, it is plausible that a sufficiently large interdiffusion seen forc<0.05 both cases of disorder show about the
concentration suppresses the FM coupling completely, whicBame reduction ii\E,,, whereas forc>0.05 homogeneous
is in accordance with existing experimefitaland  alloying causes a much slower reduction AE, with
theoretical*? work. increasingc.
In Fig. 4 the band energy part of the magnetic anisotropy
energy, see Eq3), is displayed considering a two-layer in-
terdiffusion at the Fe/Si interfaces. The curves for different
interdiffusion concentrationsy seem to differ in size only by The dependence of the MR on the Si thickness was stud-
a rigid shift. With increasing interdiffusion concentration ied first for the ideal system, i.e., for clean interfaces and no
AEy is reduced and shows an oscillation period of 3 ML.alloying in the space(Fig. 6). The spacer thickness varies
Since AE,, remains positive for all spacer thicknesses andagain between 2 and 24 ML, that is, between 2.79 and 33.45
interdiffusion concentrations, it favors a perpendicular orien-A. The black line in Fig. 6 represents a fourth-order fit to the
tation of the magnetization, a fact that of course is importantata points. The MR oscillates around this fit with a small
for the transport properties, which will be discussed below. amplitude. This can be seen from the inset of Fig. 6, where
The mentioned reduction &E, with increasing interdif- the difference between the calculated points and the fit is
fusion concentration essentially occurs at the interfdEas  displayed. These oscillations show no characteristic period.
5, top. In this figure the concentration-dependent changes oBince an oscillating behavior was obtained for the IEC and
the layer-resolved\E,, for the system with nine Si layers the magnetic anisotropy energy, see Sec. lll A, it is tempting
prove to be restricted to about three layers at the interface. [to assume common periods for all three properties. Concern-
the bottom part of Figs a comparison between the effect of ing the IEC this cannot be confirmed. The oscillating behav-
interdiffusion and of homogeneous alloying in the spacer igor of the MR is different from what we have obtained for the
presented for the band energy part of the magnetic anisotEC. The oscillations for the magnetic anisotropy energy

B. Perpendicular electric transport
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FIG. 6. Magnetoresistance for Fe/Sie trilayers versus the FIG. 7. Dependence of the magnetoresistance on the interdiffu-
number of Si spacer layess The full line is a fourth-order fiMR, ~ Sion concentration for Fe/JiFe systems.

to the data points. Inset: Difference between the calculated points . . .
and the fitMR, depending on the number of Si layers. at the Fe/Si interfaces® From the present investigations a

MR of about 2.2% is obtained for an interdiffusion concen-

(Fig. 5 appear to be of the same type as for the MR as londration of 50%(Fig. 7). This means if realistic interdiffusion
as the spacer is thin enougls<(12 ML). However, this concentrations are considered the calculated MR is rather
similarity does not give sufficient evidence for a commonsmall (=2%). This is in quite a good agreement with the
origin of the oscillations in the magnetic anisotropy energyexperimental findings, which lie between ORef. 6 and
and the electric properties. 2.2% 1314 depending on the preparation technique, the sub-

In viewing Fig. 6 it can be seen that the MR slightly strate, and the structure of the sample. In comparing these
decreases with the number of Si layers. Previous investigaesults one should keep in mind that most of the experimen-
tions have shown that for a sufficient large number of spacetal results were obtained for systems grown in[thE0] (Ref.
layers the MR becomes constant® Here, at 24 ML this 6 and 14 direction. Therefore, a direct comparison of abso-
asymptotic value of the MR is not yet reached and the MR olute values must be handled with care. Nevertheless, the cal-
the trilayer still decreases, but, nevertheless, it is obvious thatulated results already show the right trend.
a reasonably large MR exists even for thick spacers. The Up to now interdiffusion was assumed to be restricted to
largest system with 24 ML Si still shows a MR of 41%, the vicinity of the interfaces, which surely is a simplification,
which is comparable in value to previous results for Gebecause Mssbauer experiments have shown that ii6Be
spacer® and FelZn-Sd/Fe trilayers with Se terminatiof. ~ A)/Si(30 A)/Fe systems the average spatial regime of inter-

However, such large MR’s have not been reported experidiffusion comprises 3.3 A Fe dn8 A Si® This means ap-
mentally for Fe/Si/Fe systems. We presumed that the differproximately eight layers are affected by interdiffusion,
ences may arise from the fact that we used a perfect trilayevhereby the actual compositions are layer dependent. In-
with clean interfaces. Therefore, the calculations have beestead of such a complicated interdiffusion profile we have
repeated for three particular systems with 6, 9, and 12 ML Sstudied a somewhat different system, namely, replacing the
taking into account a two-layer interdiffusion, see Sec. lll A.whole spacer by a homogeneous bcgStge . alloy with the
The MR for finite interdiffusion concentratiorgg, is shown  Fe concentration varying between 0 and 40%. From Fig. 8 it
in Fig. 7. Independently from the number of spacer layers thean be seen that the MR rapidly decreases with increasing
MR immediately is lowered if Fe diffuses into the spacer.For a FgSi, g alloy the remaining MR amounts only to 5%.
With respect to the MR forcy=0.0 the concentration- At a first glance the MR seems to drop faster than in the case
dependent curves are more or less rigidly shifted. An interof the interface alloy, but a direct comparison of the two
diffusion concentration of about 20% is sufficient to reducecases is somehow difficult, because in contrast to the inter-
the MR to a fifth of the value focy=0. Since all systems face alloy in the homogeneous alloy a nominal amount of Si
show the same trend, in order to examine the MR at largechanges witlt.
interdiffusion concentrations the 6 ML Si systems serve as an The smallest MR was obtained for 30% Fe. From Fig. 8 it
example, see inset of Fig. 7. As expected a further increase @ obvious that with a further increase of the Fe concentration
cq4 leads to even smaller values of the MR. From the literain the spacer the MR grows again. This is an artifact since
ture it is known that a QisFe, 5 alloy is quite likely to occur  the Fe/(FgsSipee/Fe system contains only 3.6 ML Si in
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Fe or Vac content per layer. | I mn v v

FIG. 9. Normalized fractions of the layer-resolved sheet resis-
total. Therefore, the character of the system is mainly detertance differencedr, for characteristic regionp of a trilayer with
mined by Fe and th®=FM magnetic configuration is pre- six spacer layers. In the upper panel the results for homogeneous
ferred. This means that the sheet resistance oftbenfigu- alloying of the spacer are shown. The results for interface alloying
ration vanishes, whereas the sheet resistance ofARe &€ displayed in the bottom panel. Roman numbers mark particular
configuration grows, which in turn leads to an enhancemenrtegions of the sys.tem: I left lead, Il left interface, Il spacer, IV right
of the MR, see Eq(é). Interface, and V right lead.

Furthermore, additional calculations have been performed

for a homogeneous silicon-vacancy alloy, which simulates a ﬁ‘ corrlnpletely different p'.Ctu”re applles for lt:he .sysr:ems
larger average volume of the Si atoms. If Si in the spacer iW't a nomogeneous Fe-Si alloffig. 9, .tOp' e in the
' . Spacer region not only lowers the MR ratio, but, in addition,

. X %so the importance of the different regions changes. In the
vacancy concentration; however, the decrease is smaller ASse of homogeneous alloyingig. 9, top the interfaces

compared to the homogeneous Fe-Si allbig. 8. The MR |56 their importance. With increasing Fe concentration the
of Vag;Sipg is of the same size as the MR of an Fe-Simgain contribution to the MR comes from the Fe-Si spacer. If

interface alloy with 10% Fe. the Fe concentration in the spacer amounts to 40% the spacer

The above presented results nicely demonstrate that théyntributes 85% of the total MR. Furthermore, from Fig. 9 it
formation of Fe-Si alloys at the interface is the main reasons obvious that in any case the outer Fe layers—the

for the extremely small MR obtained in experimental mea-eads—do not give a sizable contribution. The above-
surements: the presence of Fe or vacancies in the spacerdescribed results show that except for the ideal system the
responsible for the observed low value of the MR. main contribution toAr stems from that part of the system

In order to demonstrate which parts of the heterostructur¢ghat contains Fe-Si alloys.
contribute mostly to the MR the sheet resistance fractions
defined in Eq.(8) can be used. Again the 6 ML Si system
was chosen as an example. Previous investigations on Fe/
ZnSe/Fe systems have shown that for not too thin spacers the In this paper we have presented @m initio study of the
main contribution to the MR stems from interfac8sThis  IEC and electric transport properties of Fe/Si/Fe trilayers
fact is confirmed by the present calculations for the nonalwith respect to the spacer thickness and the influence of two
loyed system and for interdiffusiofirig. 9), although a rea- different types of interdiffusion. In accordance with recent
sonably large contribution (20%) arises from the spacer. Arexperimental findingsthe IEC shows an oscillating behav-
increase of the interdiffusion concentratiop causes a de- ior, which is typical for metallic spacers. It has been shown
crease of the spacer contribution Ao (Fig. 9, bottom,  that two-layer interdiffusion damps the amplitude of the os-
which means the MR ratio is mainly determined by the in-cillations and with increasing interdiffusion concentration the
terfaces. AF coupling is preferred. This is, in principle, agreement

IV. SUMMARY
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with previous investigations from Robles al!* However, of about 2%. If a homogeneous Fe-Si spacer alloy is used,
in contrast to their results we obtain FM coupling for very the decrease of the MR is even faster. In this case a Fe
thin spacers, which is essentially due to the fact that we haveoncentration of 30% is sufficient to reduce the MR to below
used disordered FeSi alloys and smaller interdiffusion consos. From this we can conclude that the small MR of Fe/
centrations than Roblest al** The present results show sj/Fe trilayers is essentially caused by the formation of me-
more or less the same trend as the experimental findifigs. tallic Fe-Si in the spacer and/or at the interfaces. In conclu-
It has been mentioned before that the results from de Vriegjon, it can be predicted that the MR of Fe/Si/Fe trilayers can

etal’® could not be reproduced. The exponential decay repnly be enhanced if the interdiffusion of Fe into the spacer is
ported in this paper is possibly caused by their preparatiogonsiderably suppressed.

technique. A comparison of our present results with the men-
tioned theoretical and experimental findings seems to pro-
vide the conclusion that the two different types of IEC are
caused by the degree of order of the spacer alloy, at least
when considering homogeneously alloyed spacers. This work has been partially funded by the RTN network

Although the MR also oscillates with spacer thickness,“Magnetoelectronics” (Contract No. RTN1-1999-00145
like the IEC, no direct connection between these two propand by the Austrian science ministf€ontract No. BM:bwk
erties can be observed. It was shown that the calculated MB&Z45.504. Financial support was provided by the Hungar-
is of the same size as the experimental one, if we allow foian National Science FoundatiofContract Nos. OTKA
interdiffusion. Without interdiffusion the MR would amount T030240 and T038162In addition, we wish to thank the
to ~50%. An interdiffusion concentration at the interfaces ofcomputing center IDRIS at Orsay where a part of the calcu-
only about 50%, which correspondsad-eSi, leads to a MR  lations was performed on a Cray T3E computer.
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