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We give experimental evidence of antiferromagnetic interlayer exchange coupling06fiFkayers

across epitaxial, Ge-containing spacers consisting of either Ge wedges embedded between two Si
boundary layers or Si—Ge-multilayers. The coupling strengths are of the order of £ embirdecay

on a length scale below 2 A as determined from magneto-optic Kerr effect and Brillouin light
scattering. The coupling evolves with the spacer thickness from ferromagnetic to prevailing 90° or
antiferromagnetic for Ge wedges and Si—Ge multilayers, respectively. The bilinear coupling is
comparable in both cases, but the biquadratic contribution is suppressed for Si—Ge-multilayer
spacers. Thus, Si—Ge-multilayer spacers give rise to perfect antiparallel alignment of the Fe film
magnetizations. €2003 American Institute of Physic§DOI: 10.1063/1.1606102

Recent observations of antiferromagnetic interlayer exThe nominal thickness of the Ge wedges ranges from 0 to 15
change couplingAFC) across nonconducting epitaxial spac- A. All spacers including the boundary layers presented here
ers of nominally pure S{Ref. 1) and of MgO(Ref. 2 fo-  and the top Fe layer are grown at room temperat&®®).
cuses particular interest on this new class of highly resistivgotal thickness of the Si BLf® A is chosen to obtain highly
structures that exhibits nonoscillatory AFC. For nominally resistive spacers, which reveal strong insulating-type AFC.
pure, highly resistive Si spacers with thicknessrred the ~ CPP transport measurements of Fe8S4)/Fe structures us-
total coupling strength exceeds 5 m3/and thus turns out to ing the technique described in Ref. 3 demonstrate the pres-
be significantly larger than for metallic spacéraddition- ~ ence of a tunneling barrier with a height of about 0.1 eV,
ally, current-perpendicular-to-plai€PP transport measure- which is characteristic of a small-gap semiconductor. The

ments of Fe/Si/Fe structures demonstrate that AFC coexist8-Plane crystalline structure of all layers is characterized by
with transport via tunneling. means of low-energy electron diffractighEED). Magnetic

The reasons to study Ge-containing spacers (Bréo propertieg are_measured by the mqgne_to—qptical Kerr.effect
investigate the existence and the properties of AFC across @1OKE) in Voigt geometry and Brillouin light scattering
semiconductor other than Si afiid) an attempt to vary the (BLS). Bilinear and biquadratic coupling constands, and

tunneling transparency and AFC of an epitaxial, nonconductl2 &€ determined by fitting the field dependence of MOKE
ing barrier by using lattice-matched ferromagnetfeM) a_nd BLS data using the usual areal energy density expres-

electrodes and spacers containing a combination of Si an on,

Ge. As was reported previouSlgpitaxial Fe/Ge/Fe struc- Ee,= —J; cOg 0) —J, coS( 6),

tures reveal no evidence of AFC. Therefore, we use in this ) o

work AFC-mediating, epitaxial Si boundary layeBLs) at 0 phenomenologically describe interlayer exchange cou-
the interfaces to Fe layers in order to avoid direct contact oPling, whered is the angle between the two Fe film magne-
Ge with Fe and thus the possible formation of magnetidizations. The external magnetic fielé €800 mT) is ap-
Fe—Ge compounds that prevent AEChe lattice mismatch Plied along an easy axis of f91). Further details

of about 4% between Geal.=5.66 A) and Si &g conceming preparation of the structures, their characteriza-

—5.43 A) gives rise to Stransky—Krastan¢8K) growth tion, and the fitting procedures are described in Refs. 1, 3,

mode: several monolayers of strained Ge grow epitaxially oﬁ’md 6 . .
Si, and Ge hillocks form for larger Ge thicknesk order to First, we prepare Fe/Ge-wedge/Fe trilayers without BLs

avoid SK growth we try to stabilize the strain in the spacerOr with only one BL at the bottqm or top interface. Jn all
by piling up thin layers of Ge and Si. these cases the MOKE hysteresis curves reveal 100% rema-

. nent magnetization characteristic of zero or FM coupling.
We grow our Fe/spacer/F#1) structures in a . e .
. . . Most likely, strong diffusion at the interfaces leads to the
molecular-beam epitaxy system using a 150 nm thic

Ag(001) buffer system on GaA601).! The layers forming ofr]rnztlon of ma%petchEée:—Ge compounds in the spacer,
the spacers are deposited at low deposition rat@s1 A/g which cannot mediate -~ o . .
Th f G d , G. In order to prevent Fe—Ge interdiffusion we deposit a Si

ree types of spacers are prepar@_)j. € we ges(ii) Ge BL at both interfaces. Figure 1 shows typical LEED patterns
wedges embedded betweerotw A thick Si BLs at both the for all five layers. The bottom Si BL grows at RT with a
bottom and top interfaces to the Fe layers, &g multilay-

o ] Athi g similar in-plane lattice constant as (B81). The nominally
ers consisting oN alternating 2 A thick Si and Ge sublayers. pure Ge spacers start to grow epitaxially on Si with an in-

plane cubic structure and a lattice parameter of about 2.9 A
dElectronic mail: r.gareev@fz-juelich.de (ape=2.87 A). For Ge thicknesses<6 A we observe
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FIG. 1. LEED patterns taken at 55 eV fof@ 50 A bottom Fe layer(b) 4 i\E, 09 } \{ J . - 44
A Si bottom BL, (c) 5 A Ge spacer(d) 4 A Si top BL, and(e) 30 A top Fe E N 2 i 6 ]
layer. The Si BL, Ge spacer, and top Fe layer are grown at RT. Circles mark N6 \} O Wedge Thickniess GV
the positions of th€01) spot of body-centered-cubic @91) corresponding ? J \\ \ _
to an in-plane lattice constant of 2.9 A. | T <3 . |
=== J1 ~ exp(-t/to) e 0
0.0 | - A —
LEED patterns for the Ge spacer, the top BL, and the top Fe . fo=(15£0NA- . ]
layer. Thus, we obtain epitaxial growth of the whole struc- 2 3 4 5 6 7 8
ture. Ge wedge thickness t (A)

In Fig. 2 we present the typical thickness dependence of N . . .
the remanent magnetzation normalized (0 the saturatoff” PINE) ek S e e
magnetizatiolM, /M and the saturation field for struc- structure wih 4 A thick Si BLs. The dashed line is an exponential fit and
tures with Ge wedges embedded between two Si BLs. Foufields a decay length of about 1.5 A. The upper abscissa gives the total
regions with different interlayer coupling behavior can bespacer thickness including the Si BLs. The inset shows the ratih &f,
distinguished(1) strong AFC fort<4 A, (2) increasing 90° VSt
coupling for 4 A<t<6 A, (3) almost pure 90° coupling for 6
A<t<10 A and, finally(4) negligible AFC or FM coupling  son for the observed strong biquadratic coupling is the com-
for t>10 A. petition between bilinear coupling and FM coupling due to

Figure 3 shows the dependence of the interlayer exmagnetic bridge4.The onset of SK hillock growth at Ge
change coupling constands andJ, on the thickness of the thicknesses>6 A reduces the efficiency of FM bridge an-
Ge spacet, again for a sample with two BLs. The values of nihilation upon further Ge deposition. The thickness depen-
J; andJ, are obtained by fitting the experimental field de- dence ofJ, is in this scenario related to degradation of the
pendence of BLS acoustic and optical spin-wave modes astructural quality of Ge with thicknegs In this context, it is
described in Ref. 6. The bilinear coupling constaht interesting to note that the vanishinghfand the prevalence
quickly drops witht and can be described by exponential of J, coincide with the disappearance of the LEED spots. As
decay with a decay length of abayt=1.5 A (dashed line in  was the case for the Fe/Si/Fe structurebe existence of
Fig. 3. The biquadratic termiJ,| is smaller thanJ;| only  strong AFC is closely related to good crystalline order in the
for t<3 A. However, the biquadratic coupling is dominant spacer.
for all Ge thicknesses becaugh|<2|J,| (see the inset of Therefore, we prepare in the next step samples of the
Fig. 3, and the layer magnetizations are canted in the remform Fe/Si/Ge,...,/Fe witiN alternating Si and Ge sublayers
anent state, even for the smallésiThe data in Fig. 3 con- (Si—Ge multilayers as spacers. We observe LEED patterns
firm the qualitative interpretation of Fig. 2 given above. Thesimilar in quality to those in Fig. 1, even for larger spacer
decay ofJ, is very similar to that in the case of nominally thicknesses than the Ge wedge. Figure 4 depicts as an ex-
pure Si wedgestf=1.7 A), whereas thd, behavior is op- ample the MOKE hysteresis loop of a sample witk:6. The
posite that of the Si cased;/J, decreases for Ge wedges, gray line is a fit that yields); and J, as indicatedJ; is
but it increases for Si wedges. The similar behavior of thedominant (J;|>2|J,|), and thus the hysteresis loop exhibits
bilinear coupling indicates its intrinsic origin. The likely rea- a plateau forlH|<30 mT due to perfect antiparallel align-
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FIG. 4. Experimentalblack) and fitted(gray) MOKE hysteresis loops of a
FIG. 2. M, /Mg andHg vs nominal Ge thicknessfor a wedge-type FE0 sample with arlN=6 Si—Ge-multilayer spacer: F&0 A)/Si/Ge/Si/Ge/Si/
A)ISilGe()/Si/Fe (30 A) structure wih a 4 Athick Si BL derived from  Ge/Fe(30 A). All Si and Ge layers are 2 A thick. The arrows indicate the
MOKE hysteresis loops. The arrows indicate the relative magnetizatiormagnetization alignment obtained from fitting. Inset: Hysteresis loop of a

alignment in the remanent state. wedge-type F&50 A)/Si/Get)/Si/Fe (30 A) sample at=2.5 A.
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Total spacer thickness (A) larger thicknesses, as indicated by our LEED data. Thus, the
6 8 10 12 14 16 18 20 multilayer spacers show improved growth compared to the
1.0 ' ' 8 . ' ' Ge-wedge samples, once they are thick enougk %) to
L —— Jy .. . .
aBE —~—, 6f 1] sufficiently suppress the formatlon_ of FM bndges.
R, Sy ] We have measured the vertical stray fields over the
“55- osk Ty b samples generated from FM bridges using a superconducting
2l 1 quantum interference devic&SQUID) microscope:’® The
o4l oL images show features at all spacer thicknesses where we ob-
2 0 serve domainant, and are structureless whelg prevails!®
0ok consistent with the above interpretation.
[ In conclusion, we have shown that epitaxial Fe/spacer/Fe
0.0F structures containing Ge in the spacer demonstrate AFC by

studying nominally pure Ge wedges embedded between two
Si BLs and Si—Ge-multilayer spacers. The coupling
strengths are of the order of 1 m¥/mnd decay on a length
FIG. 5. Bilinear (1,) (black and biquadraticd,) (gray) coupling constants ~ scale of less than 2 A. Biquadratic coupling is observed for
v thte ”tlmbENf gf SOA;*/“SC_'/(GSi a“/('i: Gseos';b'?%m in thebmu_'t“aye_r spacer both sample types at small spacer thicknesses. However, the
tg{asi ;L;)Cag(re?sthci'ckr?ess il)’l /31 Ti’é“i’nsee(t sho)\}vs tﬁeuleaot?cjrlzﬂjc\llsssf gres e quUf’:ldl’atIC Conmbu“on_ vanishes muc,h faster _for . the
multilayer spacers as evidenced by the different behavior of
the J,/J, ratios. We believe that this is due to strain
ment (shown by arrows in Fig. ¥ The step aH =0 arises  gtapilizatiof in the layered structure. The resulting better
from the different Fe thicknesses. Such a plateau is not Otbrowth quality for sufficiently largeN with a suppressed
served for the samples with Ge embedded between(BES  impact of FM bridges on the coupling gives rise to almost
set of Fig. 4. In Fig. 5 we present the dependence of thepyre pilinear coupling with perfect antiparallel alignment.
coupling constants derived from fitting MOKE loops on the The concept of inserting AFC-mediating epitaxial BLs at in-
numberN of sublayers. The interlayer coupling is FM for (erfaces to reduce interdiffusion has proven successful be-
smallest spacer thicknessd$<(4) and becomes due to FM c5yse no evidence of AFC or biquadratic coupling could be
bridges prevalent 90° coupling fdi=4, whereJ,~6J:.  opserved for structures without BLs. These results indicate
ForN=5, J; andJ, are comparable. The increaselaffrom  hat relatively strong AFC is a common feature of well-
N=4 to 6 and the simultaneous steep decreask afre due  orgered, epitaxial spacer layers that consist of semiconduct-
to the transition from FM coupling first to competing FM ing elements. A quantitative theoretical description of strong
and antiferromagnetic interactions, giving rise to 90°AFC across semiconductor spacers—representing the inter-

coupling and further to dominant AFC fd\=6-8. Finally, ~mediate case between metallic and insulating spacers—is
for N=9 AFC is negligible, and both FM layers are aligned highly desired.
parallel to fieldH. ] . )
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