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Abstract: We review selected results concerning the interlayer exchange coupling in Fe/SixFe1−x , Fe/Ge and Co/Si
layered structures. Among the ferromagnet/semiconductor systems, Fe/Si structures are the most popular
owing to their strong antiferromagnetic interlayer coupling. We show that such interaction depends not only
on semiconducting sublayer thickness, but also on deposition techniques and on the chemical composition
of the sublayer as well. In similar heterostructures e.g. Fe/Ge, antiferromagnetic coupling was observed
only in ion-beam deposited trilayers at low temperatures. In contrast, in Fe/Ge multilayers deposited by
sputtering, no such coupling was found. However, when the Ge is partially substituted by Si, antiferromag-
netic interlayer coupling appears. For Co/Si multilayers, we observed a very weak exchange coupling and
its oscillatory behavior. The growth of Co on Si occurs in an island growth mode. The evolution of mag-
netic loop shapes can be successfully explained by the interplay between interlayer coupling and anisotropy
terms.

PACS (2008): 72.315.Rn, 75.47, 75.75, 81.07, 85.75

Keywords: magnetic multilayers • antiferromagnetic coupling
© Versita Sp. z o.o.

1. Introduction

Metal-semiconductor multilayers (MLS) preparedby various methods are extensively studied be-cause of their potential applications in electronics.Ferromagnet/semiconductor (FM/SC) heterostructuresseem to be especially promising for application inspintronic devices. The most widely investigated systemsare Fe/Si heterostructures owing to their very strongantiferromagnetic (AF) interlayer coupling [1–6]. The an-tiferromagnetic (AF) coupling in an amorphous Fe/Si/Fe
∗E-mail: lucinski@ifmpan.poznan.pl

trilayer evaporated onto amorphous substrate was firstobserved in 1992 by Toscano et al. [6]. They suggestedthat the coupling mechanism was phonon-assistedhopping conductivity. Their discovery showed thatthe AF coupling may occur across a nonmetallic andnoncrystalline spacer. The structural and magneticproperties of this system are strongly influenced byinterface diffusion. Various intermetallic phases mayappear. The complex Fe-Si phase diagram includes alot of ferromagnetic and paramagnetic structures, bothmetallic and semiconducting [7].In 1992, Fullerton et al. showed that the AF couplingin multilayered systems is due to formation of crystallineFe-Si phases at interfaces [8].Kohlhepp et al. studied magnetron-sputtered Fe/Si MLS
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[9]. Collecting signals from the whole sample volume(VSM, SQUID) revealed strong biquadratic coupling,whereas surface-sensitive methods (MOKE, PNR) showedthat the configuration of magnetization vectors depends ontheir position in the multilayer stack. The latter resultsof the same group on epitaxial Fe/Si/Fe trilayers showedthat, due to interdiffusion, a metallic FeSi phase with CsClstructure is formed and consequently the trilayer turnsinto a Fe/SiFe/Fe system [10]. Sputtered Fe/SixFe1−xMLS with different spacer composition (0.4 6 x 6 1) wereinvestigated by Endo et al. [11]. Their results showed thatthe strength of interlayer interaction incrseases with theincreasing Si concentration in the spacer alloy. The tem-perature dependences were opposite to those predictedby the quantum interference model [12]. They tried to ex-plain the observed temperature dependences via the as-sumption that the spacer is not homogeneous and containsboth metallic and semiconducting fractions.Gareev et al. [1] showed that, in Fe/Fe0.56Si0.44/Fe trilayerwith spacer composition close to FeSi, the interlayer cou-pling has an oscillatory behaviour as a function of spacerthickness and can be successfully described by traditionalcoupling theories across a metallic spacer. In their latterpaper [4] they considered Fe/SixFe1−x/Fe trilayers withvarious spacer composition (0.4 6 x 6 1). They foundthat the strongest interlayer coupling occurs for spacer ofnominally pure Si with its maximum at thinner layer thanin the case of FeSi spacer. The presence of strong AFcoupling is attributed to growth of highly resistive semi-conductive spacer layer and the obtained results negateprevious findings that the metallic FeSi layer is responsi-ble for the AF coupling. On the other hand, the results ofKudryavtsev et al. [2] achieved for Fe/Si MLS sputteredonto glass substrates suggested that the metallic proper-ties of the nonmagnetic spacer and the CsCl-structuredFeSi phase are responsible for the strong AF interlayercoupling. One should, however, keep in mind that samplesdeposited by different methods on different substrates atdifferent conditions may possess different properties.Overall, the origin of interlayer coupling in the Fe/Si sys-tem has not been fully revealed. In particular, it is not wellunderstood how FeSi formation affects the interlayer cou-pling, and the coupling mechanism is unclear because ofdifficulties in characterizing very complex diffused spacerstructures. Still there is a controversy about the electri-cal character of the spacer layer: whether it is metallic[1–3] or semiconducting [4, 5]. Therefore, the informationabout the spacer layer properties and its correlation withmagnetic properties of this system is of particular inter-est. Investigations on superlattices similar to Fe/Si, suchas Fe/Ge or Co/Si may be very helpful for understandingthe origin of the coupling behaviours. Only little, however,

has been published about these remaining systems [13–15, 18, 19, 33]. One could expect, that these very similarsystems exhibit comparable properties, but experimentsrevealed the absence of AF coupling at room temperature(RT) in that structure [14]. In both systems Fe diffusesinto spacer layer [13, 17]. Briner et al. [14] speculatedthat the density of defect states in a spacer dominates thenature of the interlayer coupling. Later, the same groupreported that very weak AF coupling can be induced inFe/Ge/Fe trilayers when the sample is prepared and thenannealed under certain conditions [15]. Therefore we cansurmise that different magnetic and paramagnetic Fe-Siand Fe-Ge phases can be formed. Formation of thesephases may play a vital role in the presence or absenceof the AF coupling.A further FM/SC system is Co/Si. Although it possessesa similar construction its magnetic properties are moresophisticated. A negative heat of mixing between Co andSi may lead to the formation of metastable amorphousphases and to the mutual solubility of constituents. Thismay lead to very complex and unusual magnetic behaviour[18, 19]. In this review we present the selected results ofthe magnetic, electric and interlayer exchange couplingstudy in Fe/SixFe1−x , Fe/Ge and Co/Si layered structures.
2. Result and discussion
2.1. The properties of Si sublayers
The AF interlayer coupling which promotes the an-tiparallel configuration of magnetic moments of ferro-magnetic sublayers in FM/SC structures is apparentlysimilar to that previously observed in ferromagneticmetal/nonmagnetic metal MLS. However, the mechanismof this coupling is not fully understood due to the difficul-ties in characterizing complex diffused spacer structures.Figure 1 shows the influence of the spacer layer compo-sition on coupling energy JS (Fig. 1a) and the FAF param-eter (Fig. 1b) (FAF = 1 − MR /MS , where MR(S) denotesremanent (saturation) magnetization) of sputter depositedMLS [20]. In antiferromagnetically coupled layered struc-tures, the saturation field HS is proportional to the inter-layer coupling strength JS and, for multilayered structures
JS = 14HSMSdF , whereas for trilayers JS = 12HSMSdF(MS and dF denote saturation magnetization and ferro-magnetic layer thickness respectively). The parameter
FAF , assuming the absence of other effects such as thepresence of biquadratic coupling and/or twisted domainstructures, may indicate the existence of the antiferromag-netically coupled fraction of layered system.In [15] the composition of the spacer layer was chosen to be
x = 0.66, 0.50 and 1 to simulate the Fe-Si phases which
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Figure 1. Spacer layer composition dependence of the coupling en-
ergy (a) J and FAF parameter (b) obtained by Lucinski
[22], Endo [11] and Gareev [4], and the values of HS and
J versus the spacer layer thickness dS for different x in
Fe/SixFe1−x multilayers (c).

may be responsible for appearance of the AF coupling(FeSi2, FeSi and Si, respectively). For x = 0.40 there isno AF coupling since the spacer layer of this composition

is ferromagnetic. As can be seen the strongest interlayercoupling occurs for the spacer layer with nominally pureSi. The interlayer coupling decreases with increasing con-centration of Fe in the spacer.Gareev et al. [4] examined Fe/SixFe1−x/Fe (where
x = 0.4− 1.0) wedged epitaxial trilayers with improvedhomogeneity. They found that the coupling strength in-creases strongly with nominal Si content in the spacerlayer (Fig. 1a) and reaches the value of 6 mJ/m2. Theyrelate the strong exchange coupling for nominally pure Sispacer to the growth of highly resistive layer. Similar re-sults have been found by Endo et al. [11]. They showedthat, for a series of Fe/SixFe1−x (0.4 < x < 1.0) superlat-tices, the variation of the interlayer coupling as a functionof spacer layer thickness for spacer composition x > 0.5are similar to each other and the coupling strength in-creases with increasing x (Fig. 1a). Also the parameter
FAF has been found to be strongly influenced by spacerlayer thickness (Fig. 1b) [11]. However, in contrast to ourresults [20], Endo and coworkers [11] found the FAF pa-rameter maximised around x = 0.6 although the strongestantiferromagnetic coupling they observed was for x = 1.The FAF parameter behaves similarly. Although thestrongest AF coupling was found for nominally pure Si,the intermixing process which can occur already duringthe deposition process can not be excluded. This processmay lead to the appearance of the Fe-Si phases. Fig-ure 2 shows the Fe thickness dFe dependence of magneticmoment m per surface area S for multilayers with two dif-ferent Si thicknesses. The relation between m/S and dFecan be described by a straight line:

m
S = M0

(1− 2d0
dFe

)
,

where M0 denotes an average magnetization of Fe layersand d0 is an effective magnetically inactive layer per sin-gle Fe/Si interface [21]. One can see that a Fe thicknessof about 0.25 nm per single Fe/Si interface is magneticallyinactive, independently of Si layer thickness. This resultsuggests that already during the deposition process the0.25 nm thick Fe layer intermixes with Si and may ini-tiate the appearance of some structures similar to thoseof the nonmagnetic Fe-Si phases. We can not excludethe appearance of the magnetic structures similar to someferromagnetic Fe-Si phases (e.g., Fe3Si or Fe5Si3). Sincethey are ferromagnetic they can not be responsible for theorigin of the AF interlayer coupling. They may, however,control the value of the interlayer coupling due to theirdiverse saturation magnetization values.The existence of various kinds of silicides at Fe/Si inter-faces and consequently the interaction of ferromagnetic
278



Tadeusz Lucinski, Piotr Chomiuk

Figure 2. The magnetic moment per surface area for Fe/Si MLS with
two different Si layer thicknesses as a function of the Fe
layer thickness obtained for sputter deposited MLS [22] (a)
and MOKE signal as a function of Fe thickness [10] (b).

layers across different silicides may show antiferromag-netic or ferromagnetic coupling depending on the kind ofsilicide. Also de Vries and coauthors, using magnetoopti-cal Kerr measurements, found that depending on Fe layerthickness deposited onto Si some Fe is missing and themissing amount increases with Si thickness (Fig. 2b) [10].This effect can be well understood if nonmagnetic FeSi isformed.The possible influence of existence of various Fe-Si phaseson the presence and character of interlayer coupling wasalso discussed by Wei-Chuan Chen et al. [16].Figure 3a [22] shows both the saturation field as well asthe values of the calculated interlayer coupling J assum-ing constant MS value (for bulk Fe). We can see that
HS saturates at above dFe = 2 nm and decreases above
dFe = 3.5 nm whereas J monotonically increases up to
dFe = 3.5 nm and then saturates. Such a behavior canresult both from the thickness dependent magnetization aswell as from the existence of the ferromagnetic structures,which may be present at the intermixed Fe/Si interfaces.

Indeed, from the spontaneous Hall effect measurementswe found out that 4πMS decreases for dFe < 2 nm andabove this value it is almost constant (Fig. 3b). The 4πMSvalue obtained for dFe = 3 and 4 nm (1.69 T) is reducedas compared with the 4πMS value of the bulk Fe (2.158 T)[22].

Figure 3. The saturation field as well as the values of the calculated
interlayer coupling |J| assuming constant MS value (for
bulk Fe) (a), and 4πMS values extracted from the spon-
taneous Hall effect (b).

In turn, the nonmagnetic Fe-Si phases, which can be takeninto account to appear at Fe/Si interface are β-FeSi2 (or-thorhombic, semiconducting), α-FeSi2 (tetragonal, metal-lic), ε-FeSi (B20, semiconducting) and FeSi (B2, metallic)[23, 24]. In order to find the transport properties of theFe0.33Si0.66 (it simulates FeSi2 phases) and Fe0.50Si0.55 (itsimulates FeSi phases) the two 30 nm thick single layerswere prepared [25]. Figure 4 shows the temperature de-pendences of electrical resistance R (measured with cur-rent flowing in plane – CIP) for Fe0.33Si0.66 and Fe0.50Si0.50alloy films both in the low and high temperature ranges.The semiconducting behavior of the examined alloy filmscan be easily seen. We have to take into account how-
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ever, that thick alloy film can possess different propertiesfrom those of a very thin spacer layer with nominally thesame composition in Fe/Si MLS. Therefore, in order tofind the electrical properties of the complete multilayerstructure the series of MLS with constant Si layer thick-ness (1.1 nm) and various dFe were examined. Figure 5shows the temperature coefficient of the resistance (TCR)versus Fe layer thickness determined at 250 K [25]. Onecan see that with the reduction of the Fe layer thicknessTCR decreases and below dFe = 1 nm changes its signand becomes negative. Thus, the conductivity changesits character from metallic to semiconducting. We knowthat almost 0.25 nm of Fe per single Fe/Si interface ismagnetically inactive (see Fig. 2) i.e., this Fe thicknessis consumed to produce nonmagnetic Fe-Si alloys, bothmetallic and semiconducting. Thus Fig. 5 shows that theFe-Si phases which already appear at Fe/Si interfacesduring the deposition process may contain mainly nonfer-romagnetic semiconducting Fe-Si phases.

Figure 4. The temperature dependences of electrical resistance of
30 nm thick Fe0.33Si00.66 and Fe0.50Si0.55 alloy films.

Figure 5. The temperature coefficient of the resistance (TCR) versus
dFe of Fe(dFe)/Si(1.1 nm) MLS [25].

A direct experiment that may confirm the semiconductingcharacter of the spacer layer is transport measurement forcurrent perpendicular to the sample plane (CPP).The perpendicular electronic transport measurements (U-Icharacteristics with current perpendicular to the sam-ple plane) were performed at RT using STM instrumentequipped with Au tip with contact area of about 500 µm2.The samples’ diameters were 5× 5 mm2. The temperatureduring measurements was stabilized by cooling water andwas controlled by a Constantan-copper thermocouple withthe reference terminal kept at 0°C. Figure 6 shows the U-Icharacteristic of Fe(3 nm)/Si(1.1 nm) Ml taken at RT [20].As can be seen the measured characteristic is non-linearproving the semiconducting character of the spacer layers.The measured U-I curve can be fitted assuming that theelectrical transport is due to tunneling. Applying the Sim-mons equation [26] we obtain the effective value of tunnelbarrier 1 eV for whole multilayer (i.e., the individual bar-rier height is approximately 67 meV) and the barrier width
dB = 0.3 nm. The discrepancy between nominal barrierthickness and the fitted thickness (∆ = dSi−dB = 0.8 nm)may suggest that the diffuse Fe/Si interfaces consists alsoof the metallic Fe-Si phases, however the tunneling occursthrough the semiconducting barrier.Similar results were obtained by Buergler et al. [5] forepitaxially grown Fe/Si/Fe trilayers. In [5] the ferromag-netic tunnel junctions with crossed electrodes and junctionareas ranging from 22 to 225 µm2 were patterned usingphotolitography. They found nonlinear U-I characteristicdependence suggesting the existence of an insulating orsemiconducting material rather than conducting one. Us-ing the Brinkman equation [27] they found that the tun-neling barrier height is φ = 0.35 eV. Both our results [20]and those presented by Buergler [5] allow to exclude the
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Figure 6. The U-I characteristics taken for Fe/Si multilayer [20] and
for Fe/Si/Fe trilayer [5].

possibility of diffusive formation of metallic iron silicidespacer being the reason for the observed strong interlayercoupling. However it should be mentioned that the abovestatements are in contrast to the results of Kudryavtsevand coworkers [2]. They showed that the spacer characteris metallic and the phase responsible for the antiferro-magnetic coupling may be α-FeSi2. In their case however∆ is much smaller most probably due to the different de-position method which gives the sharper interface. Theabove results are in contrast to [2], that showed that thespacer character is metallic and the phase responsible forthe AF coupling may be α-FeSi2.
2.2. The properties of Fe sublayers – in-situ
conductance measurements
The in-situ conductance measurements were performedusing a two-point method during deposition of the Fe/Si

multilayers for Si thicknesses dSi = 1.3 and 2.5 nm, cor-responding to the maximum, and the absence of the AFcoupling, respectively [35]. Silver wires were used as elec-trodes, attached to the substrate using silver paste. Thesensing current during deposition process was 1 mA.An example plot of conductance vs. deposition time G(t)for Fe(3 nm)/Si(1.3 nm) ML is shown in Fig. 7. All the G(t)dependences discussed here exhibit similar behaviour.The oscillations due to alternate deposition of metal andsemiconductor result in the increase and decrease of theconductance. The conductance oscillates around a base-line, which can be fitted by a straight line. This indicatesthat the iron sublayers are embedded between almost in-sulating Si or Ge layers, thus the conductance of the wholeMl is a sum of conductances of individual Fe layers. Thepresence of potential barrier between Fe layers in theFe/Si system was previously confirmed by current-voltagecharacteristics, which exhibited nonlinear dependence.

Figure 7. The in-situ conductance as a function of deposition time
of Fe(3 nm)/Si(1.3 nm) ML.

Let us analyse step-by-step the G(t) dependences. Thepercolation threshold for iron deposited on oxidised Sisubstrate occurs at dFe ≈ 0.9 nm. Since the first Fe layeris deposited on the silicon oxide surface, and every otheronto Si layer, the deposition of a few initial Fe/Si bilayersresults in different shape of the conductance dependence.The G vs. t plot stabilises and becomes repeatable afterabout 5 bilayer cycles. Further development shows minorchanges in its shape.Figure 8 shows a G vs. t plot of Fe/Si bilayer extractedfrom the Figure 7 and a schematic presentation of modeldescribing the bilayer’s growth. The section correspond-ing to Fe deposition can be divided into 3 parts. (i) Ini-tially, iron deposited onto the Si layer interdiffuses intoSi and a Fe-Si mixture is formed, whose conductivity isless than that of pure Fe layer. This is reflected by slow
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increase of conductance in the plot. (ii) For dFe > dTFethe growth of pure iron layer starts. The steep rise at
dTFe in the G(t) is discussed later. (iii) Next the growth ofthe bcc-Fe phase continues, which results in further in-crease of conductivity in a stable way. The presence ofthe bcc-Fe phase and Fe-Si mixtures has been confirmedby Moessbauer spectroscopy [25, 28]. The deposition ofSi onto Fe can be divided into 2 steps: (iv) The initial de-crease of conductance can be explained as an effect of Si

and Fe intermixing. In such a case a part of the top ironlayer is transformed into a Fe-Si mixture, thus a low con-ductive Fe-Si mixture layer appears. This process leadsto reduction of the effective Fe layer thickness. (v) Fur-ther deposition of Si, i.e. for dSi > 1.3 nm, gives rise tothe growth of a nominally pure, almost insulating Si layer.Such layers do not contribute to conductivity of the wholestack, thus the saturation of the G vs. t dependence isobserved.

Figure 8. The model describing deposition stages of Fe/Si MLS.

Figure 9. In situ conductance (a) and resistance multiplied by square thickness (b) as a function of iron thickness for 5th Fe sublayer of
Fe(3 nm)/Si(1.3 nm) superlattice.

Interestingly, the AF coupling is observed strictly fora very narrow range of silicon spacer thicknesses(dSi ≈ 1.1− 1.3 nm). For thicker spacers, consisted ofnominally pure Si besides the Fe-Si mixtures, the AF cou-pling disappears. This is in agreement with our previousresearch that for the occurrence of the AF coupling non-

magnetic Fe-Si mixtures must be formed.In-situ conductance measurements provide real-time ob-servations of intermixing processes during multilayergrowth. In the Fe/Si MLS, during deposition of Fe onto Sia Fe-Si mixture is formed up to about 1.7− 2.6 nm. Thena bcc-Fe phase starts growing. When Si is deposited
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onto Fe, a decrease of conductance is observed, due totransformation of iron into Fe-Si mixture, which reducesthe Fe layer thickness. Further deposition of Si, above
dSi ≈ 1.3 nm leads to growth of highly resistive Si.Figure 9 displays the in situ conductance (Fig. 9a) and theresistance multiplied by the square of the thickness. Thecurves from Fig. 9a expressed as Rd2

Fe (Fig. 9b) are verysimilar to those presented by Dufour et al. [29]. They con-sider a resistance-square dependence, which is in fact theresistance multiplied by a constant factor of the samplearea. The slope of the dependence describes the dynami-cal resistivity and provides information about crystallisa-tion process. In the Rd2
Fe vs. dFe plot three stages canbe distinguished. Large resistivity of the first stage (i)is typical for the amorphous materials. The drop of thedynamical resistivity in the second part (ii) correspondsto the crystallisation of the amorphous Fe-Si mixture inthe layer, and the less steep slope in the third stage (iii)reflects the growth of crystalline iron.The presence of the amorphous Fe-Si mixture below dTFehas been confirmed by measurements of the resistance ofthe sample with dFe = 1.5 nm i.e. below dTFe as a functionof temperature. The results are presented in Figure 10.The presence of the crystallization temperature TCR ataround 250°C can be easily recognized.

Figure 10. Resistance of the Fe/Si multilayer versus temperature for
sample with dFe < dTFe.

2.3. The Fe/Ge system
Another FM/SC system is Fe/Ge. One could expect, thatthis very similar to Fe/Si structure exhibits comparableproperties but experiments revealed no AF coupling atroom temperature in Fe/Ge in contrast to Fe/Si [13, 25].Briner et al. [14] in 1995 found no AF coupling in Fe/Gelayered system. Later the same group reported that very

weak antiferromagnetic coupling can be heat induced inFe/Ge/Fe trilayers deposited onto ferromagnetic amor-phous Fe5Co75B20 ribbon substrate by molecular beamevaporation [15]. The coupling reversibly increased withtemperature in the range below 230 K, but annealing up toroom temperature led to formation of rich diffusive inter-face layer that irreversibly destroyed the AF coupling. Inboth Fe/Si and Fe/Ge systems iron diffuses into the spacerlayer [13, 17, 32]. Therefore we can surmise that variousmagnetic and paramagnetic Fe-Si and Fe-Ge phases canbe formed. Formation of these phases may play a vitalrole in the presence or absence of the AF coupling. Inthis section we compare results of Fe/Si MLS reportedin the previous chapter with Fe/Ge MLS prepared by thesame method and the influence of substitution of Si by Ge,(i.e. Fe/(Ge/Si/Ge) and Fe/(Si/Ge/Si) MLS) is discussed[25].Magnetization measurements revealed the absence of AFcoupling for the Ge spacer. It was found that during themultilayer deposition a 0.5 nm thick Fe layer at eachFe/Ge interface became nonferromagnetic leading to lossof magnetic moment. We have found that substitution ofSi by at least 0.5 nm of Ge in the 1.1 nm thick Si spacerled to disappearance of antiferromagnetic coupling in theFe/Si multilayers.Dependence of the saturation field (HS) vs. spacer thick-ness (dS) measured at RT for [Fe(3 nm)/Ge(dGe)]15 and[Fe(3 nm)/Si(dSi)]15 MLS is shown in Figure 11 [25]. Ascan be seen, in contrast to Fe/Si MLS, Fe/Ge structurereveals no AF coupling in the whole range of examined Gespacer thicknesses. Figure 12 [25] exhibits Fe thicknessdependence of magnetic moment per surface area (m/S)for [Fe(dFe)/Ge(2 nm)]15 and [Fe(dFe)/Si(2.5 nm)]15 MLS(see also [30]). From the interception of the straight linewith the dFe axis we conclude, that about 1 nm (0.5 nmat each interface) of sputtered Fe intermixes with Ge andnonferromagnetic Fe-Ge structures are formed. As can beseen, this value is twice larger than that found in the Fe/SiMLS. Since, as already shown, no AF coupling through Gespacer occurs in sputter deposited MLS, therefore, in or-der to find the influence of Ge on the AF coupling in theFe/Si MLS, the Fe/(Ge/Si/Ge) and Fe/(Si/Ge/Si) MLSare studied. Magnetic measurements (Fig. 13) reveal that,independently on the position of Ge in Si spacer, satu-ration field decreases with increasing Ge thickness [25].In case of the Fe/(Ge/Si/Ge) MLS, due to interdiffussion,Fe-Ge layer is progressively formed and prevents furtherdiffusion of Fe into the Si layer, which, as we have shown[20], plays crucial role in appearance of the AF couplingin Fe/Si MLS. For the Fe/(Si/Ge/Si) system gradual for-mation of continuous Ge layer may occur leading to thereduction of the AF coupling. This process becomes com-
283



Magnetic and electric properties of (Fe, Co)/(Si, Ge) multilayers

plete for dGe > 0.5 nm and the AF coupling disappears.

Figure 11. Saturation field (HS ) of Fe(3 nm)/Si(dS ) and
Fe(3 nm)/Ge(dS ) versus spacer thickness, Si and
Ge respectively, measured at room temperature.

Figure 12. Magnetic moment per surface area (m/S) at room tem-
perature for Fe(dFe)/Ge(2 nm) and Fe(dFe)/Si(2.5 nm)
MLS as a function of Fe thickness.

That may suggest that Fe diffuses into the Ge spacerand only nonferromagnetic Fe-Ge phases can be formed.Since all CEMS spectra for Fe/Si MLS contain pro-nounced QS doublet due to the appearance of nonmag-netic Fe silicides at Fe/Si interfaces [30, 31] we expect,that introduction of Ge between Fe and Si prevents theformation of paramagnetic Fe-Si phases, which can be re-sponsible for the observed AF coupling in this system.

Figure 13. The influence of Ge sublayer thickness on the HS value
at room temperature.

2.4. The Co/Si system
In Co/Si multilayers a negative heat of mixing between Coand Si leads to the formation of metastable amorphousphases and to the mutual solubility of constituents [18,19]. This may lead to very complex and unusual magneticbehavior.Inomata and Saito [33] examined Co/Si MLS depositedonto oxidized Si substrates by ion-beam sputtering. Theyfound from the magnetization curve measurements the ex-istence of the AF coupling for Si thickness ranging from0.8 to 1.7 nm. They estimated the value of the inter-layer coupling to be 3.6 · 10−2 mJ/m2. Moreover, it hasbeen found that the spacer layer consists of Co silicideswith amorphous nature formed at the interface. Theoreti-cal calculations of interlayer coupling within the densityfunctional theory was performed by Enkovaara et al. [34].They found that it oscillates between ferromagnetic andantiferromagnetic case with the number of Si layers. Theinset in Fig. 14 shows examples of magnetic hysteresisloop evolution of Co(dCo)/Si(2.4 nm) multilayers for dif-ferent Co sublayer thickness in two magnetic field di-rections in multilayer plane measured by magnetoopticalKerr effect (MOKE) [21]. One can immediately realizethat the character of the m(H) traces depends stronglyon Co thickness. We connect it with the evolution of theCo layer from superparamagnetic granular structures for
dCo 6 1 nm through discontinuous granular Co layer for1 6 dCo 6 2 nm and finally to continuous Co layer for
dCo 6 2.2 nm. Fig. 14 displays the Co thickness de-pendence of the sample moment per surface area (m/S)[21]. Similarly to Fe/Si systems we have found that nomi-nally about 0.25 nm thick layer per single Co/Si interfaceis magnetically inactive. However, in contrast to Fe/Si
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Figure 14. Co thickness dependence of magnetic moment per
surface area (m/S) of Co/Si MLS with constant
dSi = 2.4 nm. Inset shows the evolution of m(H) loop
shapes as a function of dCo.

Figure 15. FAF (dS ), HS (dS ), HC1(dS ) and HC2(dS ) for
Co(3 nm)/Si(dSi) MLS (a, and b, respectively). Modeled
m(H) hysteresis loops for different coupling to anisotropy
J/KdCo ratios (c).

multilayers, the character of the m/S(dCo) is more complexrevealing a drastic transition from discontinuous to contin-uous structure of Co layers at about dCo = 2 nm. Such abehavior suggests that the growth of Co on Si occurs in anisland growth mode. Certainly it does not exclude the oc-currence of intermixing and creation of ferromagnetic andnonmagnetic Co-Si phases. The inset in Fig. 15a showsthe evolution of m(H) loops for Co(3nm)/Si(dSi) versus Sithickness for selected samples. Such a behavior suggestthe existence of a weak interlayer coupling modifying the

shapes of hysteresis loops from a single hysteresis loopto step-like one which can be characterized by two ”co-ercive” fields i.e., HC1 in small external magnetic fieldsand HC2 in larger fields. It seems to be confirmed by theoscillatory dependence of FAF (dSi) and HS(dSi) presentedin Fig. 15a, 15b. From this figure one can see that HC1appears only for thicker Si layers i.e., for dS > 1.5 nm andbelow this Si thickness only single, almost square-shapedloops appear. Such m(H) behavior can be explained us-ing a simple model describing the total magnetic energyof bilayer:
E =−MSHdCo (cosφ1 + cosφ2) + Jcos (φ1 − φ2)+ 0.25KdCo (

sin2φ1 + sin2φ2) , (1)
where φ1(2) are the angles between the applied field H andmagnetizations, and J and K denote interlayer couplingand cubic anisotropy, respectively. In Fig. 15c it is shownthat for a low interlayer coupling i.e., for p 6 0.5 (

p = J
Kd

)
the effective AF coupling is so weak that the anisotropycontrols the switching characteristics and, as a result, asquare loop appears. For 0.5 < p < 1 two characteristicfields emerge h1 = −2(p− 1) and

h2 = 8 [
p+ 16

] 32
,

where h = HMS
K . The dotted line represents ∂E

∂m = 0 and
m = cos(φ1−φ2). Although a biquadratic coupling has notbeen taken into account in this simple model its presencecan not be excluded. The observed FAF (dSi) oscillatorybehavior suggests that the Co-Si nonmagnetic metallicphases replace nominally pure Si spacer layers since theoscillatory behavior points out on the RKKY-like type ofinterlayer coupling via conduction electrons.
3. Conclusions
In this review we presented the selected results of thestudy on the interlayer exchange coupling in Fe/SixFe1−x ,Fe/Ge and Co/Si layered structures. We examined anti-ferromagnetically coupled Fe/Si multilayers with differentFe and Si layer thicknesses. It has been shown that mag-netization of ferromagnetic layer reduces its value withdecreasing Fe layer thickness affecting the antiferromag-netic interlayer coupling. Using on electronic transportmeasurements, we have shown that the antiferromagneticinterlayer coupling occurs through the semiconductingspacer layer in contrast to some previous findings [1, 2, 9].It seems to be clear that both magnetic and electronicproperties of the antiferromagnetically coupled Fe/Si

285



Magnetic and electric properties of (Fe, Co)/(Si, Ge) multilayers

MLS are influenced by interfacial mixing between Fe andSi layers. Current-voltage characteristics measured per-pendicularly to the multilayer planes allowed us to ex-amine the semiconducting character for nominally pure Silayers.In the Fe/Ge multilayers the absence of antiferromagneticcoupling has been found. It was shown that during themultilayer deposition 0.5 nm of Fe intermixes with Ge andnonferromagnetic structures are formed. Independently ofGe position in the Si spacer, progressive substitution ofSi by Ge leads to gradual reduction of the AF coupling.In the Fe/(Si/Ge/Si) multilayers, formation of a contin-uous Ge layer is responsible for the absence of the AFcoupling, whereas in the Fe/(Ge/Si/Ge) multilayers for-mation of antiferromagnetic and/or ferromagnetic Fe-Gestructures disable further diffusion of Fe into the Si layer.It has been shown that for Co/Si multilayers a very weakexchange coupling and its oscillatory behaviour can be ob-served. The evolution of magnetic loop shapes was suc-cessfully explained by the interplay between interlayercoupling and anisotropy terms.
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