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Strain determination in ultrathin bcc Fe layers on Si(001) by x-ray diffraction

P. Bertoncini, P. Wetzél,D. Berling, A. Mehdaoui, B. Loegel, J. C. Peruchetti, and G. Gewinner
Laboratoire de Physique et de Spectroscopie Electronique, UPRES, A 7014 CNRS,
4 rue des Frees Lumiee, 68 093 Mulhouse cedex, France

V. Pierron-Bohnes
Institut de Physique et de Chimie des Matax de Strasbourg, Groupe d’Etudes des Matex Méalliques,
23, rue du Loess, 67037 Strasbourg cedex, France

J. F. Bear and H. Renevier
Laboratoire de Cristallographie, CNRS-Universiteseph Fourier, Grenoble, France
and ESRF, Grenoble, France
(Received 25 June 2001; revised manuscript received 17 October 2001; published 5 April 2002

Good quality body-centered cubic iron layers can be grown ¢803) at room temperature using thin FgSi
or CoS;j, silicide buffer layers. The in-plane and out-of-plane strains are measured by x-ray diffre¢Ra).
Due to the difference in Fe and Si parameters+d.6%, the thin Fe layers undergo a strong tetragonal
distortion. For the samples deposited on Fe$ie measured biaxial in-plane compressive strain ranges from
values as large as3.8% in the thinnest film§<25 ML) to —1% in the thicker layer$>40 ML). In the
samples deposited on CgSia part of the iron layer clearly observable up to 40 ML, apparently grows in
pseudomorphy with the silicon, whereas another dominant part above 15 ML partly relaxes and behaves as on
FeS} templates but with systematically larger strains. The evolution of the in-plane cubic effective magnetic
anisotropy constant versus Fe film thickness observed in previous work, can be explained by means of fourth-
order (in spin magnetoelastic coupling in the iron lattice with the strain components determined by XRD.
Finally, the observed ratio between the perpendicular and in-plane strain components differs substantially from
linear elasticity theory predictions and indicates the importance of anharmonic effects and/or defects in the
description of the elastic properties of such films.
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INTRODUCTION pears for a Si concentration close to F&S.
Despite the fairly large misfit+5.6%) between Fe and Si

The growth of ferromagnetic thin layers on semiconduc-lattices, successful epitaxial growth of high-quality Fe films
tor surfaces has recently received increased attention due teas recently achieved at room temperature by use of a thin
the potential application of magnetoelectronic devices in thepitaxial Co or Fe disilicide template lay€rThis template
silicon technology and for the study of fundamental mag-grown on the(001) silicon surface prior to the Fe deposition,
netic properties~® Actually, interest in epitaxial growth of strongly reduces the Fe/Si intermixing and permits the epi-
ultrathin 3d transition metal films on semiconductor single- taxial growth of Fe at RT.
crystal substrates arises from the opportunity to stabilize spe- Structural characterization of these Fe films was per-
cific crystalline structure caused by misfit strain. These layformed by low-energy electron diffraction, inelastic medium-
ers may exhibit unusual electronic and magnetic propertiegnergy electron diffraction, x-ray photoelectron diffraction
(magnetic moment, Curie temperature, magnetic anisotropyXPD) andex situhigh-resolution transmission electron mi-
etc) significantly modified compared to those in bulk mate-croscopy (HRTEM), while the magnetic properties were
rials. The tailoring of such magnetic layers requires a destudied at RT by magneto-optical Kerr effélOKE).*3*°
tailed knowledge of the correlation among magnetic, strucin particular, it was established that iron grows in the body-
tural, and morphological properties. To understand theentered cubic(bco structure with the epitaxy relations
magnetic anisotropy behavior, one of the most importanFe001[100)/Si(001)[100] and with a marked tetragonal dis-
structural parameters to be investigated is the lattice straitortion in the thinnest films. Epitaxial iron on®D1) is un-
produced in the films by the coherency stress imposed by theer a biaxial compressive stress due to the lattice mismatch
Si substrate in the plane of the interface. in their RT bulk forms:ug=(2a5°—ag))/a5'=5.6%. The lat-

Previous studies of the growth of Fe on(@&Il1 have tice mismatch gives rise to isotropic strain in t@®1) plane
shown that epitaxial overlayers do not form at room temperafe,,=e,,=¢;), and to an out-of-plane tensile strain often
ture (RT).”~*° A spontaneous and significant chemical inter-assumed to follow the linear continuum elasticity Poisson
mixing occurs between the Fe overlayer and the Si substrattaw: e, = —2(C.,/C,y) e, where C,; are the usual elastic
For subsequent Fe deposits, the Si dissolution in the overonstants.
layer decreases and a metallic polycrystalline Fe layer devel- In these previous studies the in-plane strain of Fe layers
ops. However, such films exhibit a decreasing magnetizatiowas qualitatively investigated using HRTEKIMOKE mea-
when decreasing the film thickneSs-erromagnetism disap- surements at RT have shown the appearance of RT magneti-
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zation for the deposition of about four Fe monolayg@vi. ). ]
In addition, Fe films evaporated at normal incidence show a 0.490
ferromagnetic order with in-plane magnetization and four- ]
fold symmetry anisotrop¥**® The relevant effective anisot-
ropy constant was measured as a function of the Fe thickness 0.470
and found to change its sign near 20 ML. The origin of this
behavior was investigated by means of aeNigpe pair in-
teraction model and was mainly traced back to higher-order
magnetoelastic effects related to the biaxial in-plane com-
pressive strain in the whole film induced by the Fe and Si »
lattice misfit!® 0.430+
In this paper, we describe the measurement of the lattice &
strain versus film thickness in epitaxial Fe films grown at
normal incidence at RT on both Feg®8i(001) and
CoSi/Si(001) substrates. Both in-plane and out-of-plane e

Q, (8n/ad)
o
N
3

: ; : . o ° TETTTTTETTTT ST e
elastic strains were measured using synchrotron x-ray dif- Q2 5 = 5 3 8
fraction. All Fe layers are found to be tetragonally strained. ° ° i e e <
Moreover, a clear correlation between magnetic anisotropy Q, (8n/af)

and strain state is established and the magnetoelastic model

proposed in Ref. 15 is clearly confirmed. Finally, the mea- FIG. 1. A typical map of the reflected intensity distribution in
sured ratio of out-of-plane to in-plane strain clearly evi- reciprocal spac®; andQ, (momentum transfert parallel and per-
dences the importance of defects and/or anharmonic effecggndicular to the surface, respectivefyom a 4-ML Fe film on

in these films where the lattice distortion reaches values of &0Sh_template. The (202) reflection is located alQ,=Q,
few percents. =0.500, whereas the (1Q%)reflection from deposited Fe film is

centered abou®,=0.501 andQ, =0.460.Q, andQ, are measured
in units of 87/a3', wherea3' is the substrate lattice parameter.
EXPERIMENT

To study the dependence of the strain on the Fe film thick-usual defined as the angle between the incident beam and the

ness, two series of samples were prepared with either2|:esgetector directions. In our experiment we used a noncoplanar

or CoSp buffer layers. The samples, in the thickness rangegrralrlg(atm?r?t whet:e Fhe slample ndormell<l IS m'tﬁ Ft)lane pelrpen—
0-80 ML, were grown in ultrahigh vacuum in a two-step Icular to the scattering plan€ and makes with it an age

process. First, a 1-nm-thick FeSiresp CoSj) template The (004 and (202 bulk Bragg reflections of the Si sub-
layer was grO\,/vn on §001) by deposition of 2 ML of Fe strate were used as a reference. Both perpendicular and in-
(resp Co at RT and subsequent annealing at 550(PEsp plane strains of the iron films were deduced by measuring

450°Q. This template largely prevents the diffusion of Si the (209)s; substrate and101)e film diffraction peaks and

into the Fe layer and ensures epitaxial growth. Then Fe Wagle'r equivalents by 90° rotations of the sample about its

deposited at RT with normal incidence to the desired thick/’0rmal- The maximum location of each Bragg peak was

ness. The coverages are expressed in monolayers reIative%SarChed by iterating, , a_nd 6/26 scans in the reciprocal
the bcc FED01) surface atomic density; the nominal thick- space. We. used symmetrg26 scans to ensure th_ellocal
ness of a ML is 0.143 32 nm without strain. Finally, the films orthogonghty of the scans at the peaks. Jhand ¢ origins
were capped with a nonmagnetic FeSi laye2 nm) and ~ Were defined so that the (0Q4)peak corresponds tay
with an amorphous Si layer~2 nm) to prevent oxidation =0°, and the (20%) peak t0¢=0. (:.LOJ')EG p‘?a'FS are lo-
during transportation through air. A more detailed descriptiorfated aroundy=45° and a compressive strain in the plane
of the sample growth and of its characterization can be founGOMeS Out as an increase of
in Ref. 14.

~X-ray diffraction measurements were performed on the RESULTS AND DISCUSSION
diffraction beam line D2AM of the European Synchrotron
Radiation Facility(ESRP in Grenoble. A monochromatic ~ For some selected samples, maps of the reflected intensity
x-ray beam with a 0.179 68 nm wavelength was selected by distribution in reciprocal spad®;, Q, (momentum transfert
symmetrical optics consisting of a two-crystal monochro-parallel and perpendicular to the surface, respectively, in
mator with sagittal focusing located between two cylindri- units of 8r/a") have been collected. An example is shown
cally bent mirrors. With focusing typical angular divergencesin Fig. 1 for a 4-ML Fe film on CoSitemplate. The (202)
are 3.10%x3.10 3 rad® (verticalxhorizontal) for a beam reflection is located aQ,=Q, =0.500, whereas thél01)
size of 0.3<0.3 mnf on the monochromator. A detailed de- reflection from deposited Fe film is centered abadt
scription of the beamline can be found in Ref. 16. The=0.501 andQ, =0.460. In this specific case the film appears
samples were mounted on a seven-circle diffractometer stb be essentially pseudomorphic. From width at half-
that the ¢ axis corresponds to a rotation about the Si sub-maximum one obtains a lower limit of the coherence length
strate[001] direction and they axis is the intersection of the along film normal of~3.6 nm, which is much larger than the
sample surface and the diffraction plane. Theabgle is as  nominal Fe film thickness of 0.6 nm. Possibly the epitaxial
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FIG. 2. Angular position of the (10%) diffraction y peak for Fe FIG. 3. Characteristic diffraction intensifyscans measured for

films grown on FeSi/Si(001) substrates as a function of Fe thick- 17-ML Fe films grown at RT on both FeSiSi(001) (solid circles
ness. The inset shows a typical diffraction intensityscan mea- and CoSj/Si(001) (open circley substrates.
sured for a 17-ML Fe film grown at RT on Fg$8i(001).
peak, which is particularly pronounced for the thinnest films,
ecreases in intensity and disappears for thicker filmé40
L). Typically by 17 ML it corresponds roughly to 30% of

FeSi protection top layefabout 3 nm thick contributes to
this coherence length. This is not unlikely, since FeSi adopt

a CsClI structure that prolongs the bcc Fe structure with . . 2
P 9 e total reflected intensity. Its angular position corresponds

very close lattice parameter. Moreover, some intermixing a loselv to that ted f q hi h of i
Fe/FeSi interface certainly takes place and alloys with com¢'0S€e 10 that expected for a pseudomorphic growth ot iron
n CoSj buffer layer, as discussed below.

ositions ranging from pure Fe to FeSi can be stabilized ir? i
P ging P Accurate strain measurements have been performed by

the same structure by epitaXyHence, we restrict the fol- . . :
lowing strain analysis to samples with nominal Fe thick-X"TaY double-crystal diffractometry in a previous work on

nesses larger than 15 ML in order to minimize a possiblesem[conduptor_ heterostrugtur]é‘_s.'l'he method, bas_ed on
contribution of the FeSi protection layer. Since in the presen elatively high index reflections is well adapted to fairly per-

study we are mainly interested in the determination of th ect sem|conduc_:tor layers n the micrometer range. The
homogeneousgmean strain in the thicker Fe films no at- present system is an ultrathin defected metal film in the na-

tempt is made here to analyze in more detail the 4-ML datgometer range. We used the_follovying approach that exploits

in Fig. 1 in terms of strain, coherent domain size, mosai(:the strong_lovy—mdex (1.(”“)9 diffraction peak. .

structure, and other kinds of defects. A quantitative ana_IyS|s of the_, X an_deangular positions
Figure 2 shows thg angular position of the (102) dif- of the (101}, reflection peaks is achieved by a differential

fraction peak in Fe films grown on a Fe$8i(001) substrate method, i.e., using the deviatiod, dx, and ¢ in the loca-

as a function of the Fe thickness. For all samples, the bcI:ion of intensity ma_ximum of the (1(.)@ reflecti_on relativg
(101)., diffraction peak is quite broad with full width at to the (202}); reflection. These quantities remain small since

half-maximum (FWHM) of about 3° (inset of Fig. 2. x the lattice parameter of Fe is approximately twice that of Si.

strongly depends on the thickness of the film and is larger.. In the operation mode of our diffractometer the general
than the 45° bulk value even in the thickest films. The pea iffraction cqndltlon that the momentum trapsfer vector must
position shifts toward lower angles with increasing Fe filmmatch a reciprocal vectdd takes the following form:
thickness. Thus a clear strain is evidenced for all Fe layers.
These films are obviously quite imperfect crystals as also
indicated by typical rocking curvegot shown with FWHM

H,=H siny cose

about 2° as compared to 0.01° for the Si substrate. Ha=H siny sing (1)
Figure 3 shows the diffracted intensity jpscans mea-
sured on two 17-ML Fe films grown on Fe$8i(001) and Hs;=H cosy

CoSp/Si(001) substrates. In the Fe layer grown on keSi

the (101}, Bragg peak is almost symmetrical, with-a3°  with H=2ksin6. H,, H,, andH3; andH are, respectively,
FWHM, and centered a¢=46.2° whereas in the film grown the components and modulus bf in the sample related
on Co0Sj/Si(001), the peak can be clearly separated intccubic axis of Sik=2m/\ is the modulus of incident radia-
two components: a broad peak centered at 46.8° with &on wave vector, ane, x, and 6 are the angular positions at
FWHM of 3° and a sharp Bragg peak at 48° with a 0.6°the maximum of the Bragg peak.

FWHM. The same double structure has been observed in all In principle, a measurement of three selected reflections
investigated sample®$—40 ML) deposited onto CoSitem-  gives a basis of the reciprocal lattice. This, in turn, deter-
plate layers. As for the Fe layers deposited on FeS®ie  mines the direct lattice of the homogeneously strained film
broader peak position shifts to lower angles with increasingind thus its deformation and/or rotation with respect to a
layer thickness, while the sharper peak position remains akeference structure, as described by the homogeneous tensor
most constant. Its 0.6° FWHM suggests that this peak correV u whereu is the displacement field. The most general form
sponds to a phase with a much better crystallinity. This sharpf Vu involves nine components; = du; / dx;, which can be
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obtained most accurately from the deviatioi@&, Jdy, 66) 3.0 —————— T T
from reference structure measured for three Bragg peaks. 20k o3 out-of-plane strain e, |
For a given Bragg peak and small displacement gradient 10l - ]
the following linear relations between the deviatiahs Sy, < L - ¢
66 and tensor components; are obtained by differentiation = 00 ]
of Eqgs.(1) with respect top, x, and # and use of s-1.0¢ S .
w
20} .
oH=H'—-H=—-V(H-u) 30t Z in-plane strain e,
whereH andH’ are the reciprocal vectors of the reference 40k /
and strained-rotated structure, respectively, 0 PrE—

50 Fe coverage (ML)

o _ _o-12e,_ 77
21-: Uj10= apd¢—aray(1—a3) "oy C”tgf) FIG. 4. Evolution of the in-plane, and out-of-planee, strain
components versus film thickness in epitaxial Fe films grown at RT
on both FeSi/Si(001) (solid circles e, and squarese;) and

D Ujoaj= — a1 89— ayas(1—a3) Y28y — az— (2)  CoSh/Si(001) (open circles, and squares,) templates. Full lines
]

tgo are only a guide for the eyes.
60 : . B
2 Ujsa;=(1— ad) 25y — ag - Since strains as large ag =0.08 are observed we have
g checked that dropping higher-order terms does not result in a

significant error. Indeed, we find that the above formulas
give u, andu, with a relative accuracy, which is typically
tter than the experimental uncertainty in the 10% range.
e latter is estimated from the width of the diffraction peaks
and scatter in experimental data. Note that this does not
mean that Hooke’s law of linear elasticity still holds and
rovides a good description of the stress-strain relationship
such films by means of usual second-order elasticity con-
stants. Indeed, as will become apparent below, our results
clearly evidence a marked deviation from harmonic approxi-

a1, a,, andaz are the direction cosines &f in the cubic
axis.
In the present experiment we have determined the angul#‘f1

deviationsde, Sy, 66 for (101), (101) (011, (011) reflec-
tions of the Fe films. Within experimental error we find the
same deviations for the four reflections, which therefore re-
main equivalent in the strained layer. Hence we conclud
that [001] is still a fourfold symmetry axis and the most
general form of the gradient tensor consistent with this sym-

metry is mation.
u u, O The average angular positions of all four equivalent peaks
: are used as input in the calculation wf andu,. The rel-
—up U 0, evant strain tensor componergs and e, with respect to
0 0 u unstrained Fe are deduced &y=(u;,—ug)/(1+ug) ande,

=(u, —Uug)/(1+ug), whereug is the parameter misfit.
Figure 4 shows both in-plareg and out-of-plane, strain
components obtained for both FeS$i(001) and
CoSi/Si(001) templates, as a function of the Fe thickness.
— For CoSj, only data concerning the partially relaxed phase
0100~ 9¢(-100= OP(013 = 9¢(0-1=0- (broad peak iny scan are considered in this figure. Films
Henceuy,=0 and the films undergo a simple tetragonal dis-grown on both substrates exhibit a similar strain behavior.
tortion with ¢ axis along surface normal. In the present spe-The in-plane and out-of-plane strains in the Fe layer are
cific case for(101), a;=a3=1V2 and a,=0 we obtain  found to be strongly thickness dependent. When the thick-

i.e., a tetragonal distortion accompanied by a rotation about
[001] Now, within experimental error we further observe
that

from relations(2) ness of the film increases, both the in-plane and out-of-plane
strains are progressively reduced. The strain ranges from val-
—Sx— ﬁ ues as large as4% for e, (+2.6% fore, ) in the thinnest
tgo films (<25 ML) to —1% fore, (~1% fore, ) in the thickest
layers(=40 ML). These results evidence a contraction of the
o0 Fe layer in-plane lattice parameter and an expansion of the
Uy =dx— tg_g 3 lattice parameter in the direction perpendicular to the inter-

face relative to the bulk in agreement with the sign of lattice
This provides a measure of both in-plang)(and out-of- mismatchuy=+5.6%. The strain relaxes rapidly towards
plane {1, ) deformation of the lattice with respect to the bulk 1% in the early stage&p to 25 ML) but note that it still
Si lattice. remains quite large by 80 ML. The partial relaxation is usu-
In the derivation of these relations andu, are assumed ally explained in terms of misfit dislocation formation in
to be homogeneous strain tensor componértgnmetric  thick films; when the residual strain is small, the activation
part of displacement vector gradig¢rénd only those terms energy to create a dislocation is too large to continue to relax
that are first order in these strain components are retainethe strain by this way. On the other hand, the data indicate
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FIG. 6. In-plane strairg, inferred from present XRD data com-
pared with those deduced from previous magnetic and TEM mea-
surementgRef. 15.

FIG. 5. Evolution of the in-plane; and out-of-planes, strain
components corresponding to the sharp diffraction geaknedSin
Fig. 3) observed in the case of Fe grown at RT on GdSi(001)

substrates versus film thickness. . . L .
ited at normal incidence exhibit simple in-plane fourfold an-

that strict pseudomorphic growth does not occur even in thésotropy. The relevant fourth-order effective anisotropy
thinnest films investigated, since one still observes taat  constant§" varies strongly with film thickness and changes
<ug. Itis also clear from Fig. 4 that substantial differencesits sign around a critical thickness of around 20 ML, which
appear between the two templates. Indeed, for a given thickcauses a switch of the easy axis frfb@0] to [110] direction
ness, the strain in Fe film grown on the CoBuffer layer is  of the bcc Fe structure. This behavior was attributed to the
systematically larger than in the film grown on combined result of the tetragonal strain, silicon content, and
FeS}/Si(001) substrate. Obviously the strain relaxation isinterface effect> More precisely, it was shown that the
clearly correlated to the nature of the buffer layer and, indominant effect responsible for this remarkable behavior
particular, its morphololgy. must be related to fourth-ordéin-spin magnetoelastic ef-
Concerning the additional sharp peak observed in the cadécts due to a large biaxial in-plane compressive strain in the
of Fe grown on CoSi/Si(001) substrates and essentially vis- film. A pair-interaction model of the type proposed byeié
ible in the thinnest films, the corresponding in-plane and perand linear elastic theory were used to estimate the in-mane
pendicular strain components do not change versus Fe filtrain component needed to produce the measured values of
thickness(Fig. 5). Since the strain componeaf=—u, the  K§' as a function of the layer thickne¥.
lattice misfit, we tentatively attribute it to diffraction from In Fig. 6 we compare the in-plane strapinferred in this
(101) planes of an essentially perfect pseudomorphic bcc Fevay from magnetic measurements, with present data ob-
phase that forms in the thinnest layers only. For 4 ML Fetained by XRD measurements. As can be seen, one observes
where only the sharp Bragg peak is observed, we assume thatreasonable agreement in both the sign and the magnitude of
the whole Fe layer is completely coherent with the GoSi the g, strain though it is apparent that tleg estimated from
Thus, in the earlier growth stages the films exhibit an excepmagnetic anisotropy are systematically smaller than those
tionally large strain. For increasing Fe layer thickness, a fracoebtained by XRD. On the one hand, the difference can be
tion of the film seems to relax to a more bulklike bcc lattice. traced back to uncertainties in thé élenodel due to the fact
As a result, the{101} Bragg diffraction peaks now display that precise values of some parameters, such as magnetoelas-
two components, a sharp one associated with pseudomorpHic coupling constants, were not available and could only be
Fe growth and a larger one corresponding to partially relaxe@stimated approximately. On the other hand linear elasticity
Fe. For Fe layers grown on FgSiwe could never observe theory was used in Ref. 15 and the ratio of out-of-plane to
such a pseudomorphic component irrespective of the filmin-plane strain components calculated by meare ofe,=
thickness. So, the CoStemplate permits to grow a nearly —2C,,/C,;=—1.17, i.e., with usual second-order elasticity
perfect coherent phase of Fe in contrast to the fFbgffer.  constantsC,, and C,; from Fe bulk as measured by elastic
Moreover, the partial relaxation of the dominant phase irwave propagation techniques. Now the strains involved in
thicker films(the broader peak iy scang is always substan- these techniques are in the 9-10 2 range rather than in
tially more pronounced on FeSthan on CoSitemplates. A the few percent range observed in epitaxial Fe. Hence,
detailed knowledge of surface structural properties of théhigher-order anharmonic effects might be important in such
template layer is obviously essential to precisely predict andilms. Moreover, deviations from bulk elastic properties
control the strain state of the Fe films. Possibly, a scanningnight be expected due to the presence of various kinds of
tunneling microscopySTM) study might shed more light on defects in the film, such as, small coherent domains, inho-
the morphology of both template layers that govern themogeneous strains, dislocations, and defected regions of the
growth of the iron layer. film. Such deviations can be seen clearly in Table | which
We now discuss the point that initiated the present strairsummarizes the experimental XRD value of the/e, ratio.
measurements, namely, the relationship between Fe fillAs can be seen, this ratio is not constant but depends on the
strain and observed magnetic anisotropy versus film thickFe film thickness and differs markedly from the value ex-
ness. In a previous work,we showed that Fe films depos- pected from linear elastic theory, in particular, in the thinnest
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TABLE I. Experimental XRD value of the, /e, ratio. magnetic axis switch over to bulklike directions was found to
depend markedly on the nature of the template layer. For Fe
Fe coverage films grown on CoSi this transition is shifted to larger thick-
(ML) 15 17 20 25 40 80  nesses with respect to the films grown on Ee8inplate: We

e FelFeSj —0.64 —0.40 —0.30 —0.54 —0.48 —0.80 found 18 ML on FeS_zi, as compar_ed to _22 ML on CaoSilt
= is now clear that this difference is a direct consequence of
& the different strain state on FgeSand CoSj templates as
Fe/CoSj -0.53 —-0.65 —0.70 evidenced in the present work and shown in Fig. 4. For a
given thickness, Fe films grown on the Cg8&re found to be
systematically more strained than those deposited on,FeSi
film where the strain is largest. It is apparent that the aboveSo, the recovery of a bulklike anisotropy takes place at a
mentioned effects decrease the Poisson-like distortion, i.elarger thickness on the CgSiemplate. Again this result pro-
le, /e,| is smaller than in the linear regime. When this de-vides nice support to the magnetoelastic model in Ref. 15.
crease inle, /g| ratio is taken into account in the "l
model thee, values estimated from magnetic anisotropy in-
crease substantially and are now essentially identical to those
inferred from XRD in Fig. 3. The strain in a series of Fe films on(@1) has been
Thus, the present XRD data clearly confirm that the originstudied using x-ray diffraction. Perpendicular and in-plane
of the remarkable magnetic anisotropy behavior observed fostrains of the Fe films have been measured in order to test the
Fe layers deposited at normal incidence results basicallynagnetic anisotropy model proposed in Ref. 15. We find that
from magnetoelastic coupling associated with a strong tethe origin of the in-plane magnetic anisotropy behavior in
tragonal distortion of the cubic iron structure as discussed isuch films can be unambiguously accounted by fourth-order
Ref. 15. magnetoelastic effects arising from a strongly thickness-
Finally, in the latter work, the critical thickness for easy dependent tetragonal strain.

CONCLUSION
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