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Exponential Dependence of the Interlayer Exchange Coupling on the Spacer Thickness
in MBE-grown Fe /SiFe/Fe Sandwiches
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The structure and interlayer exchange coupling in MBE-growyiSifee/Fe has been investigated.
From structural analysis with LEED and from magnetic analysis with the magneto-optical Kerr effect,
it is concluded that the Si spacer transforms into an orderggd8&is alloy. A strong antiferromagnetic
coupling is found (maximum-2.0 mJ/m?), the strength of which varies exponentially as a function of
the spacer thickness. This behavior can be explained within the framework of recent coupling theories.
[S0031-9007(97)02971-2]

PACS numbers: 75.70.—i, 75.30.Et

Oscillatory interlayer exchange coupling in metallic coupling (maximum—5 uJ/m?) is found [10,11]. The
magnetic multilayers as a function of the spacer thicknesmterpretation of the coupling behavior is still a matter of
has been observed for a whole range of materials [1]Jdebate. For SiFe, in particular, the thickness dependence
The origin of the oscillation is intimately related to the (oscillatory or not) is not yet clear.
wave nature of spin-polarized conduction electrons in the For our experiments a MBE-grown sample was com-
spacer and the oscillation period is determined by extremalosed as follows: Ge(10080 A Fe/0—-40 A Si wedgg
spanning vectors, critical vectors, of the spacer Fermd—80 A Fe wedgé0 A Au. The wedges were aligned
surface (FS) [2], and references therein. perpendicularly and allow independent, accurate varia-

However, the thickness dependence of the couplingion of the thicknesses to study the coupling behavior (Si
strength is theoretically not necessarily oscillatory. Ex-wedge) or the SiFe formation (Fe wedge). The substrate
ponents have also been predicted, even for metals [2—4lvas held at room temperature except during the deposition
Bruno and Slonczewski predict exponential behavior orof the bottom Fe layer and the Si wedge when it was held
the basis of tunneling electron waves [2,3]. @hial. at200°C. Use was made of a sulfur surfactant [18]. Dur-
showed that a peak in the density of states (DOS) closig growth the sample was studied with LEED and, after
to the Fermi energy can also give rise to exponential beeompletion, with the longitudinal magneto-optical Kerr ef-
havior via a superexchange mechanism [4]. fect at room temperature.

So far, observations of exponentially decaying, nonos- Analysis with LEED resulted in sharp (100) patterns of
cillatory, ferromagnetic (F), or antiferromagnetic (AF) the Ge substrate and bottom Fe layer. No clear LEED
interlayer coupling are rare. Although monotonically de-pattern of the Si wedge was found. After deposition of
creasing F coupling across Pt and Pd spacers has betre top Fe layer, however, the same Fe LEED pattern
found [5,6], one has to note that Pt and Pd are stronglgurprisingly reappeared. This suggests that the nominal
polarizable and, in the case of F coupling, direct couplingSi spacer with an ill-defined structure transforms into
through ferromagnetic bridges, pinholes, can be responsa crystalline, epitaxial SiFe structure when depositing
ble. Another possible example is F&r, which sometimes Fe. Further growth of Fe proceeds epitaxially. Such a
displays a short period oscillation with a small AF biascrystallization is in agreement with earlier observations
[7,8]. However, the AF bias has also been ascribed to §12,17]. The pattern of the top Fe layer was observed
long period oscillation or to interface roughness [7,8].  up to 30 A nominal Si thickness—20 A for sputtered

In this Letter, we show that the interlayer coupling in samples [13,17]—but disappeared for larger thicknesses.
Fe/SiFe/Fe is strongly AF and decreases exponentiallyPresumably, at this thickness the spacer also contains
with increasing spacer thickness. This supports recent-Si. Therefore, our coupling results are limitecdkt60 A
predictions by Shiet al.[9] and can also be interpreted nominal Si.
in terms of the Bruno electron-optics model [2]. In Fig. 1 a magneto-optical Kerr hysteresis loop evi-

The interlayer exchange coupling in /2 multilayers  dencing AF coupling is shown. For positive fields the loop
and sandwiches has been studied extensively [10—17glisplays two well-defined states, the antiparallel (AP) and
In general, for small nominal Si layer thicknesses ironparallel (P) alignment state of the magnetic moments of the
silicide (SiFe) is formed, whereas for larger thicknesseswo Fe layers, which are connected through a linear transi-
amorphous Sid-Si) is deposited. Across SiFe spacers ation. While the thicker 80 A bottom Fe layer is effectively
single strong AF coupling peak-0.5 mJ/m?) has been pinned by the field, the thinner 25 A top Fe layer reverses
observed [12—17], and far-Si spacers a weak oscillatory its moment. The shift of the linear transition from zero
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I This observation can be understood if a nonmagnetic

AKerr —_= SiFe is formed. Using the molar volumes of bcclrg =
—_ > ' 7.1 cm?/mole anda-Si Vs; = 12.1 cm?/mole and the ra-
= -<— X tio of missing Fe thickness and corresponding Si thick-
& 0 —H; . ness above (0.57 or 0.64), one arrives at a stoichiometry of
= ' H; Si:Fe= 1:1 [see Eg. (1), ratio 0.59]. The observed epi-
é ' taxy indicates an ordered phase. On the basis of our x-ray
' 25.0 A Fe diffraction measurements on sputtered multilayers we ex-
15.3 A Si pect a bcc SiFe structure. These findings are consistent
: with a CsCI structure (B2) for the SiFe. However, de-
-200 0 200 tailed growth studies on sputtered and evaporatetSFe
field (kA/m) multilayers have demonstrated convincingly that SiFe with

a CsCl structure is formed; see, e.g., Chaikeml. [17].
FIG. 1. A Kerr hysteresis loop displaying AF coupling mea- This phase of SiFe is metallic and its lattice mismatch of
sured at the indicated nominal Si and Fe wedge thicknessegnly 5.39% with Fe indeed allows epitaxial growth. Thus,
Arrows indicate the alignment of the magnetic moments. the reaction becomet mole Si+ 1 mole Fe— 2 mole

CsCl-type SisFes, with Vsige = 6.4 cm?®/mole, which

by Hj is related to the bilinear (AF) coupling strength reads in layer thicknesses

Defining the coupling fieldZ; as halfway through the lin- Vi Ve:

" . : e SiFe .

ear transition one has = —tp. uoM;H;, Wherety, is the 15iSI + —— X tsiFe— 2 Ve X tsiShsFe s,
top Fe layer thickness angyM; the saturation magnetiza- St St 1)

tion of Fe. For stronger coupling at smaller spacer thick-  #siSi + 0.59 X tsiFe— 1.06 X t5;SipsFes,
ness, the linear transition becomes more rounded. Wh”\(/evheret is the nominal thickness of the initial Si laver
the origin of this is not clear, from such loops the coupling.l_he re:ction asymmetry (Fe on Si reacts, Si on Feydées
strength cannot be determined. Hence, coupling data are y y ; ’ ;

. Lo not) can be understood from the wetting behavior [19].
only given above a certain thickness 10 A).

The transition from the AP to the P state and therefor% Tlr;;e dafoSL:)ThrglrocvoTkatsu&éEQ;; 'fh;?rgegegagrgf doerbzn d
the difference of the Kerr signals in both statAgerr, is PP

due to the top Fe layer. In Fig. ZKerr is plotted against Kohlhepp [15,16]. They studied basically fSi multilay-

. ; : ers with variations of FeSi alloy magnetic and spacer lay-
the nominal Fe thickness of the top layer for two nominal S'ers. Figure 3(a) displays the saturation fiekisagainst

thicknesses. A linear relation—for small Fe thickness—, . ;
L ) : . _the nominal spacer thickness. One may calculate the re-
through the origin is expected; however, a linear relation_ . . . ;
with an offset of the Fe thickness is found. This offsets'.UItIng thickness of the magnetic and spacer layers if pre-

is seen to increase with increasing Si thickness. Line isely a S(LS.FQ’-S spacer is formed by abgorblng FE.’ from
regression fits yield offsets ¢f7 + 1.1 A Fe at 15.3 A he magnetic layers. Apart from changing the thickness
nominal Si andl4.1 + 0.4 A F'e a_t 2'2 1A nominél Si of the spacer, this will also change the magnetic layer

L - . thickness resulting in different saturation fields. For com-

It appears that some Fe is missing and that the missing_ . . .
. : o arison the transformed saturation fields.,s are also

amount increases with Si thickness. :

normalized to magnetic layers of 30 A Fe, Fig. 3(b). One
of the interesting observations is that the descending data
30[ beyond the AF maximum coincide on a unified curve. This
[ / suggests that the same coupling acrogs iS5 may be
: responsible for the observed dependence ifSFdased
multilayers reported so far. For smaller spacer thick-
ness the data deviate from this unified curve, as explained
below.
. For the present sample we find a similar behavior of
—015.3A S} the saturation fieldd; see Fig. 4. The asymmetric peak
o-22.1A Si with a long tail on the right clearly rules out oscilla-
3'0 4'0 30 tory behavior but indicates a monotonic decay instead.
At the maximum the coupling strength is approximately
nominal Fe thickness (A) J = —5tpepoMHy = —2.0 mJ/m?. Below we will sub-
) , stantiate our claim that the reduced AF coupling strength
FIG. 2. ~Plot of AKerr (see Fig. 1) as a function of the ot gmaller thicknesses, yielding the misleading peaklike
nominal Fe wedge thickness for two nominal Si thicknesses, . .
The lines are linear regression fits. Values for the fitted offset@Ppearance, 1S caused by F coupling, probably through

are given and correspond to the missing Fe thickness (shadddnholes. To this purpose we also plot the normalized
area in the inset). remanent Kerr signal in Fig. 4. If the Kerr remanence
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1500[ l,-'-" Teo.75510.25 /91 (a) caused by a F coupled fraction in AF coupled regions of the

sample and therefore a F-type loop contribution to an AF-
type loop [15]. Indeed the disappearance of the Kerr rema-
nence, less F coupling, coincides with the increadd it
6—7 A where the interlayer AF coupling is restored. The
increasingly dominant F coupling at thinner spacers cor-
relates with the increasingly likely pinhole formation and
is therefore probably of pinhole origin. In line with this,
we remark that the more Fe is present in or near the ini-
7 A tial spacer, the more likely it is that pinholes are formed.
0 10 20 30 In other words, the cutoff thickness where pinholes start
nominal spacer thickness (A) to reduce the AF coupling should increase in the order

IS“t Feg.75Sio.25/Si (b) Fey.75Sio25/Si, Fe/Si, Fe/SiysFe s, as observed in Fig. 3.
0

1000}

H, (kA/m)

500(

Because of F coupling (probably pinholes) at small spacer
thicknesses and weak or no coupling&i) at somewhat
larger spacer thicknesses, the thickness dependence of the
AF coupling strength across SiFe can be easily misinter-
preted as a first single peak of an oscillation [12].

For the present double wedge /fSeFe/Fe sample the
thickness dependence of the coupling strength has been
calculated fromH; at various Fe wedge thicknesses. The
result for 30.6 A nominal Fe is shown in Fig. 5.

Hs,trans (kA/IIl)

. . Recently, Shet al. have calculated that &Fe) 5 in the
Sip.5Feq.5 thickness (A) CsCl structure with an Fe lattice constant, displays a peak

FIG. 3. (a) Saturation field against nominal spacer thicknes.én the DOS [9]. Consequently, an exponential thickness

for various F¢Si based multilayers; original data of [15,16]. dependence of the coupling is expected [4,20]:
Labels refer to the nominal composition of the magnespacer

layers. (b) Transformed data assuming that g/ s spacer J ~ exp(—tsige/As) . 2
is formed and normalized to magnetic layers of 30 A Fe. For

example, the spacer thickness of the/&ie(middle) curve is ; id line i i i —
traﬂtsformed using Eq. (1). Note the unified behavior on the?;t(%ozm?&Ilnjn;grggéglymstr?; :F?orrTStugi?/z lan3alue
right. 6*02A. , . _

g for comparison. The Bruno model predicts [2]

were a measure of the AF coupling strength, it should cor- J ~ tgr. exp(—tsire/AB) » (3)
relate withHg, i.e., an increasing remanence with decreas-

ing Hy and vice versa. In particular, an increase wouldyielding Az = 6.9 = 0.6 A (dashed line in Fig. 5). Bruno
be expected from 7 A §iFe s upwards, but this is not showed that both traveling and tunneling electron waves
observed. It is more likely that the Kerr remanence iscan be treated within the concept of complex FSs [2].

. both , interlayer exchange - |
500 | 5 ' Yy g J100 0.4_
—_ N 7 T — —~
g 400 . ) X | o Hi 180 x2 NE 0.3
P pin- I %5 X Ki K, ] ~ g 5
\f_f‘/ 300 holes! ! / 60 E E 0.2
. 200 e’k ! % Jao 3 = 7}
] [ ! o N ~
100 o ! 20 T
! : 0 0.0 30-6 A Fe -
0 5 10 15 20 10 15 20 25 30

Sig.sFeqs thickness (A) Sig.sFegs thickness (A)

FIG. 4. Direct and extrapolated saturation fields @nd H;) FIG. 5. AF coupling strength, corrected for missing Fe,
and the normalized remanent Kerr sign&l, (K,), which are  against calculated $jFe,s spacer thickness for 30.6 A nomi-
measures of the AF coupling strength and fractional F couplinghal Fe. The solid line is an exponential fit with Eq. (2), plotted
(probably pinhole formation), respectively, against calculatedon a log scale in the inset (same ranges and units), and the
SiosFes thickness at 40 A nominal Fe. Three coupling-type dashed line (nearly coinciding with the solid line) is a fit with
regions are discerned. Eq. (3).
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=TT TRAT TS~ remanence for F&SiFe multilayers [14]. Other tempera-
R e eeeeeee- X0 Qi .. 2 R ture studies yield the opposite: by focusing on the satu-
S ' -7 ration field, which is more directly related to the AF

coupling strength, a weaker coupling for higher tempera-
tures has been established [15,16], in agreement with the

q k. |[100] model of Shiet al. [4].
In conclusion, for nominal F&SiFe/Fe sandwiches
M T M alloying of Si and Fe has been deduced. There are strong
k” indications that (metallic) $5Feys in the CsCl structure

is formed. A new type of interlayer coupling, strongly
AF and exponentially decreasing with increasing spacer

thickness, has been observed and can be understood quali-
- T T T~ -< tatively both within the superexchange model of 8hal.
R :""""")f""""-: R and the tunneling electron model of Bruno.

FIG. 6. Complex Fermi surface of SFes in the CsClI
structure with a Fe lattice constant, pertaining to the (100)
orientation, schematically. Conventions as in [2]. Real parts .
are given by solid lines, taken from [9], and complex parts by [1] S.S.P. Parkin, Phys. ev. Le€i7, 3598 (1991).
dashed lines. The dashed (solid) arrow indicates the imaginaryl2] P. Bruno, Phys. Rev. B2, 411 (1995).

(real) critical vector. [3] J.C. Slonczewski, Phys. Rev. 89, 6995 (1989).
[4] Z.P. Shi, P.M. Levy, and J.L. Fry, Europhys. LeB®6,
473 (1994).

Critical vectors of the real part of the complex FS yield 5] P.J.H. Bloemen, E.A.M. van Alphen, and W.J. M. de
oscillations and determine the period, whereas critical Jénée: J. Magn. ,I\/Ia'gn: M'ateftO4—107 1775 (1959'2)" '
vectors of the imaginary part give rise to exponents andjg] z. Celinski, B. Heinrich, and J. F. Cochran, J. Appl. Phys.
determine the typical length of the exponential deaay 70, 5870 (1991).

The complex FS of 9kFe)s in the CsCl structure is  [7] J.A. Wolf et al.,J. Magn. Magn. Mater121, 253 (1993).
given in Fig. 6 (conventions as in [2]). Solid lines repre- [8] B. Heinrich et al., Mater. Res. Soc. Symp. Progl3 119
sent the real part which is taken from Shial.[9]. We (1993).
have qualitatively added the imaginary part (dashed lines).[9] Z.P. Shi, B. M. Klein, and Z.W. Lu (to be published).
The coupling behavior is governed by critical vectors[10] S. Toscanet al.,J. Magn. Magn. Materl14, L6 (1992).
parallel to the [100] direCtionl-(X) for the present (100) [11] B. Briner and M. Landolt, PhyS Rev. Leit3, 340 (1994)
oriented samples [21]. From the imaginary critical vectortt2! IEiQ%ZFuIIertonet al., J. Magn. Magn. Mater117, 1301
in Fig. 6 an exponential contribution is expected. A crud 13] S E I\)/I.attsoret al., Phys. Rev. Lett71, 185 (1993)
estimation of the imaginary critical vector can be obtaine 14] K Ihomata, K. Y.I,JSU, and V. Saito, ,Phys. Rev. .Léttl,
from the position of the peak in the DOS calculated by 1863 (1995).

Shiet al.[9]: EF — Epeak = —0.22 V. The imaginary [15] F.J.A. den Broeder and J. Kohlhepp, Phys. Rev. [#8t.

critical vector can be calculated using 3026 (1995).
1 [16] J. Kohlhepp and F.J.A. den Broeder, J. Magn. Magn.
ki = E\/zm(Epeak — Ef) 4) Mater. 156, 261 (1996).

[17] A. Chaiken, R.P. Michel, and M. A. Wall, Phys. Rev. B
andg; = 2k;, which gives rise to a typical length for the 53, 5518 (1996).

exponential decay 0&(1 =048 A D 1=21A [21]. [18] G.W. Ande_rsoret al., Appl. Phys. Lett.66, 1123 (1995).
Although there may not be a quantitative agreement fol9] Cohesion in Metals: Transition Metal Alloysedited
Ag, the exponential behavior is qualitatively clear. Note :\’AY g.R. de dBXelr{ E.‘ BoomNV\ihCHN:i N('jatfnsi %‘R'
that also a real critical vector exists; see Fig. 6. A strong ledema, and A. K. Niessen (North-Holland, Amsterdam,

. . . 1988).
oscillatory coupling, however, is not expected because o[f20] 7P )Shi (private communication).

the low DOS at the Fermi level [4,9]. - [21] For the (110) orientation, as for sputtered samples [15,16],

According to the Bruno theory imaginary critical vec- also an imaginary critical vector exists (alofigM). The
tors give rise to stronger coupling for higher temperatures.  given method of estimating the decay length yields the
Initially, such behavior was derived incorrectly from the same value for this orientation.
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