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Strain analysis in ultrathin silicide layers in Fe/CsCI- S’FeSi/Fe sandwiches
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Epitaxially stabilized iron monosilicide films with the CsCl structu(®2-FeS) have been
investigated by conversion electron Mdssbauer spectroscopy and x-ray diffraction. A detailed
investigation of the elastic strain in these metastable layers is presented. Using hyperfine interaction
information the tetragonal distortion of the silicide lattice could be quantified for layers as thin as
14 A. A general tendency for strain relaxation with increasing layer thickness is obsen2@D40
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Almost all electronic devices rely on the proper func- maintained throughout the whole deposition sequence and
tioning of often quite complex thin film and multilayer struc- indicate epitaxial growth.
tures. The growth of a film on a substrate is generally asso- XRD measurements were obtained using KGu radia-
ciated with the build-up of large mechanical stressestion (\=1.5415 A. Low angle &/w-scans(not shown on
Consequently, the elastic energy of the system increases agamples with silicide thicknescses smaller than 30 A exhibit
cordingly. Due to its possible detrimental effect on deviceclear oscillations up to =16, indicative for very small
performance, experimental investigations of intrinsic filmthickness fluctuations. In Figl a set of CsCI-Fe&01)
strain and strain relaxation have a long tradition. Yet, it isBragg peaks is shown. This diffraction is forbidden for the
important to realize that current electronic and magnetoF® layers(bcc structurg and, as a consequence, allows an

electronic devices consist of multilayers where the individuaccurate experimental determination of the silicide lattice pa-
layer thickness is only a few atomic Iayérihe stress jn ameter perpendicular to the surface. For the 165-A-thick

such (subnanometer ultrathin films is no longer accessibleiIIICIde layer the center of the d|f_fract|on peak IS a 2
via conventional strain analysis techniques such as x-ray dif732'4q1) ,_corresponding to an interplanar distance of
2.7631)A. The crystalline coherence length extracted from

fraction (XRD) or Rutherford backscattering spectroscopythe peak width is around 140 A. With decreasing film thick-

(RBi).this letter we describe an alternative approach to in_nesses, the peak position shifts to higher angles, indicating
_ o . ppr¢ that the perpendicular lattice parameter decreases. Theoreti-
vestigate the epitaxial strain, based on conversion electr

) _ | IEClrogy) calculation® as well as experimental results on com-
Mossbauer spectroscopCEMS). This way a sensitivity pletely relaxed film& yield a lattice parameter of 2.77 A.

close to the nanometer level can be reached. As an exampigy;s indicates that the silicide layers are strained in tension.
we present a detailed investigation of the epitaxial strain ingq, spacers thinner than 50 A it becomes impossible to de-
metastable iron monosilicide film®2-FeS) embedded be-  termine the interplanar distance from XRD measurements.
tween two ferromagnetic iron layers. This system attracts Mgssbauer spectroscopy has, due to its high sensitivity
considerable interest nowadays because of interlayer exe the atomic and electronic surroundings of the Méssbauer
change coupling related phenoméﬁ’aUsing hyperfine inter-  probe®’Fe, been successfully utilized in the study of epitax-
action measurements the tetragonal distorégne'—e* of

the lattice (where € and e* denote the strain parallel and
perpendicular to the surface, respectiyetpuld be quanti-

fied in silicide layers as thin as 14 A.

Epitaxial F&80 A)/°"FeSi/F¢40 A) sandwiches are
grown with molecular beam epitaxy on polished M§O1) —_
substrates held at 150 °C. The pressure during growth wazg
below 4x 1071 Torr. The iron constituting the ferromag-
netic boundary layers has the natural isotopic composition
whereas for the silicide layers Si is codeposited with isoto-
pically enriched®’Fe (95%). We used calibrated quartz crys-
tal monitors to control the thickness, the deposition rate and
the relative atomic flux. The deposition rates féFe and Si A PRS- G T
are 0.030 and 0.051 A/s, respectively. The spacer thicknes =700 o ST B Tt
was varied from 8 to 165 A. Finally, the samples were LI~ o~ - 325 | 330 335 340
capped with 45 A of Au, deposited at room temperature 26 (deg.)

(RT), to prevent oxidation. Well-defined RHEED patterns are
FIG. 1. 20/ w-scans of the Fe8l01) planes in case of a 165-, 90-, 70-, and

50-A-thick spacer. The different spectra are shifted vertically for clarity. The

nsity (

Inte

3Electronic mail: bart.croonenborghs@fys.kuleuven.ac.be dashed line at 32.31° indicates the location of (d@1) diffraction for fully
PElectronic mail: johan.meersschaut@fys.kuleuven.ac.be relaxed CsCl—-FeSi, whereas the solid lines are Gaussian fits of the data.
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TABLE |. Hyperfine parameters for the silicide component of the spectra in
Fig. 2. The uncertainties on the last digit are as determined bydReios
analysis prograngRef. 15. The isomer shifts are given relative toFe at
room temperature.

Site Parameter 6=0° 6=70°

FeSi smm/9 0.31(2) 0.292)
A(mm/9 -0.241) -0.251)

T(mm/9 0.331) 0.341)

11, 2.7(1) 0.792)

Relative emission

symmetry, no quadrupole interaction is expected and as the
monosilicide phase is nonmagnéﬁ@ single line spectrum
should be observed. Due to strain-induced symmetry reduc-
tion however, a small electric field gradigi@FG) originates

at the>’Fe nucleus. In case ¢001) oriented growth its prin-
cipal axis(V,,) is parallel to thg001] direction. In general,

for a thin single-crystalline sample with a well-defined direc-
tion of the EFG, the ratio of the intensity of the two transi-
tions lyp—lg(=1,) and ly,—115(=1,) of a quadrupole
doublet is angular dependent. If the asymmetry paramster
is zero and the Lamb—Mdssbauer factor is isotropic, one
; T T has™

Relative emission

v (mm/s) I, 3(1+cogh)
1, 5-3cods’ W
FIG. 2. Room temperature CEMS spectra of 7
Fe(80 A)/ 57Feds,(3°t,A)/ Feé“t?] A) at tWIOtdithefemfang'eftget""eenlth?r L”'tw where 6 is the angle between the direction of the exciting
comingy-ra Irection an € normail to the surface o e sampie. e two, - . - . - f
subspggtra{:lre displayed at the bottom of each spectrum. DuF; to selecti hpton and the principal axis of the electric field gradlent._
57Fe enrichment, the dominating contributi¢solid line) comes from the is dependence has been successfully used to characterize
silicide layer. the EFG at the two iron sites in botirFeSp (Ref. 12 and
,B—Fesz.13 In Fig. 2 the angular dependence of the quadru-
pole components can be clearly identified and is consistent
ial phases of the Fe—Si systgﬁ?.Here it is used to investi- \with an EFG of which the principal axis lies along the nor-
gate the epitaxial strain in ultrathin iron monosilicide layersmal to the sample surface. Changing the arjfeom 0 to
with a metastable CsCl structure. CEMS measurements wergy', the ratio of the intensities of the line at higher and lower
performed at RT using a 12 m€iCo in a Rh matrix source energy increases. This indicates a negative sign of the prin-
that was moved by a constant acceleration drive. Theipal value of the EFG A similar behavior was found for
samples were incorporated as electrodes in a proportional gasi other samples with a spacer thickness larger than or equal
detector. The resulting spectra obtained on a sample witkp 14 A.
nominal composition R&0 A)/5FeS(30 A)/Fe(40 A) at Experimentally, for silicide layers thicker than or equal
two values of the angl@ between they direction and the to 50 A a linear correlation with a proportionality constant of
normal to the sample are shown in Fig. 2. Consistent fits-18.59)% /(mm/s is obtained between the quadrupole
(solid lines through the data pointsiclude a small compo-  splitting determined via CEMS and the tetragonal distortion
nent(dotted ling with the hyperfine parameters afFe and  determined by XRD. Extrapolation of this behavior to the
a linewidth of 0.24 mm/s due to the presence of 2.25 at.% ofhin silicide region(<50 A), not accessible via XRD or
®’Fe nuclei in the natural iron layers. Because of the IowrBsS, s justified by the linear dependence of the quadrupole
velocity range of the depicted measurements, only two out o§pjitting with varying strain, as evidenced b initio calcu-
SiX pOSSible nuclear transitions characteristic for bulk ir0n|ations(not Showr)_ Consequently, the extrapo|ati0n provides
can be observed. We verified that CEMS measurements pej- straightforward way to determine the tetragonal distortion
formed with a higher maximum velocity contain all six reso- of the silicide lattice from the experimentally accessible hy-
nances and that the relative line intensities are in agreemepkrfine interaction parameters. The result is presented in Fig.
with an in-plane orientation of the magnetization of the iron3, A clear relaxation process typical for lattice-mismatched
layers. For the silicide layer only one asymmetric doublet isepitaxial systems is identified. For such heterostructures, if
taken into account. Due to the selecti¥&e enrichment in  the thickness of the layer is thinner than a critical thickness,
the silicide layer, this is the dominating part of the spectrumcoherent growth with the substrate is achieved. However, if
(solid line). No fractions of other silicide phases or of inter- the film thickness exceeds this critical thickness, the intro-
face components were observed. As fitting parameters onlyuction of misfit dislocations near the interface is energeti-
the isomer shift(6), the quadrupole splittingA), the line-  cally favored. The strain relief by these interfacial defects
width (I'), and the intensity ratio of the quadrupole doublethas been discussed in detail by Matthews and Blakéslee.
components are used. The results are collected in Table I. Since, to the best of our knowledge, no information is avail-
The CsCl structure is a simple cubic lattice with a basisable about the nature of the dislocations formed in the

of Fe at the origin and Si afl1/2,1/2,1/2. Due to this Fe/CsCl-FeSi/Fe system, only a qualitative fit could be ob-
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and Fe/Pd. Here, the anisotropic electronic charge distribu-
tion will be reflected by asymmetrical line positions in the
Zeeman sextet:

8+ CEMS CEMS + XRD

This work was supported by the F.W.O.-Vlaanderen
Project Nos. G.0498.04 and G.0194.00, IUAP P5/1 and
GOA(KULeuven). J.M. and S.C. thank the Belgian National
Science Foundation(F.W.O.-Vlaanderen for financial
support.

1J. Daughton, A. Pohm, R. Fayfield, and C. Smith, J. Phys3D R169

(1999.

2). de Vries, J. Kohlhepp, F. den Broeder, R. Coehoorn, R. Jungblut, A.

Reinders, and W. de Jonge, Phys. Rev. L&R, 3023(1997.

°R. Gareev, D. Biirgler, M. Buchmeier, D. Olligs, R. Schreiber, and P.

) ) ) ) T ) T ) Gunberg, Phys. Rev. Let87, 157202(2001).
0 2 40 . .60 80 100 120 “H. von Kanel, M. Mendik, K. Mader, N. Onda, S. Goncalves-Conto, C.

FeSi-thickness (A) Schwarz, G. Malegori, L. Miglio, and F. Marabelli, Phys. Rev5B, 3570

FIG. 3. Tetragonal distortioe;=€'—€* of the monosilicide as a function of 5(El.gl\jg);oni, W. Wolf, J. Hafner, and R. Podloucky, Phys. Rev68 12860

its thickness. The solid line is a fit using the strain relief mechanism de- 1999

scribed by Matthews and Blakeslee, whereas the dashed line indicates th

thickness limit accessible via XRD.

EN. Onda, H. Sirringhaus, S. Goncalves-Conto, C. Schwarz, S. Zehnder,
and H. von Kanel, Appl. Surf. Sci73, 124 (1993.

M. Fanciulli, G. Weyer, A. Svane, N. Christensen, H. von Kanel, E.
tained employing their modé&tolid line in Fig. 3. It can be Mdiller, N. Onda, L. Miglio, F. Tavazza, and M. Celino, Phys. Rev58
estimated from Fig. 3 that coherent growth is not achieved 3675(1999.

for monosilicide layers with a thickness down to at least > Degroote, A. Vantomme, J. Dekoster, and G. Langouche, Appl. Surf.
16 A Sci. 91, 72 (1995.

| USi b bini . lect Mb °J. Desimoni and F. Sanchez, Hyperfine Interd@2 277 (1999.
n conclusion, by combining conversion electron Moss-iop, Berling, G. Gewinner, M. Hanf, K. Hricovini, S. Hong, B. Loegel, A.

bauer spectroscopy and x-ray diffraction, the epitaxial strain mendaoui, C. Pirri, M. Tuilier, and P. Wetzel, J. Magn. Magn. Mates,

in the silicide layer of Fe/CsCIXFeSi/Fe sandwiches could  331(1999.

be quantified down to thicknesses as low as 14 A A generaﬂl\/. Goldanskii and R. HerbeGChemical Applications of Méssbauer Spec-
tendency for strain relaxation with increasing layer thickness roscopy(Academic, New York, 1968

was observed. The approach introduced is not limited to the ";'O'gje’)”ther' G. Behr, and A. Teresiak, J. Phys.: Condens. Maget 225
FeSi system, as illustrated hefe’ but can be applled o OtheixM. Fanciulli, C. Rosenblad, G. Weyer, A. Svane, and N. Christensen,
structures as well. We expect it to be also appl[cable 10 SYS-phys. Rev. Lett.75, 1642(1995.

tems with a noncubit.1, crystal structure exhibiting a large 43, Matthews and A. Blakeslee, J. Cryst. Grovafi, 118 (1974

perpendicular magnetic anisotropy such as Fe/Au, Fe/PtR. Brand,norMos programs version 1990.

Downloaded 11 Sep 2006 to 148.6.178.151. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



