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Correlation between magnetism and structural relaxation in thin F001) films
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We present detailed extended x-ray-absorption fine-stru¢EXAFS) studies carried out on 50-A epitaxial
thin films grown by molecular-beam epitaxy on M@D1) substrate prior and after structuration into ribbons
by the so-called “atomic saw” method. Because of interfacial strain due to lattice misma®8%, the
crystallographic structure of the as-deposited film is demonstrated to be body-centered tetragonal with lattice
constantea=2.915+ 0.015 A andc=2.82+0.01 A. This structure is 2% expanded in plane artl6% com-
pressed along the surface normal as compared to the bulk Fe one. After structuration, the patterned 50-A Fe
films show a strong in-plane uniaxial magnetic anisotr@gyse to 2.5 kOe The EXAFS studies provide the
clear evidence that the dislocation slipping process enhances a uniaxial relakatioR.5% of the elastic
strain field in the Fe film along the direction perpendicular to the ribbons. Through magnetoelastic effects, this
relaxation is clearly demonstrated to be at the source of the observed magnetic anisotropy. This paper empha-
sizes the power of the “phase derivative” method in the analysis of EXAFS spectra for the determination of
crystalline parameters in the case of bcc-type structures.

[. INTRODUCTION grown on stepped surface€ or vicinal surfaces like
Fe/W001,%° Co/CuM~** Co/Pd*® Co/P(110,'® and
Epitaxial thin films provide new opportunities to explore Fe/Ag001).}” They have investigated and observed a step-
the relationship between structure and magnetism. The magaduced in-plane anisotropy favoring a peculiar magnetiza-
netic properties 8 transition-metal thin films are controlled tion direction, either perpendicular or parallel to the surface
by magnetic anisotropies which are found to be up to severateps. The origin was often discussed to be magnetoelastic
orders of magnitude larger than in bulk materials and revealithout being clearly and experimentally evidenced. The re-
the strong influence of the structure at interfaces. Since thiationship between magnetism and structure has to be
discovery of the perpendicular anisotropy in ultrathin ferro-pointed out and a clear explanation of the magnetic behavior
magnetic films, the influence on the anisotropy of symmetry requires a precise knowledge of the atomic structgrewth
breaking at surfaces and interfacial strain due to lattice mismode, relaxation
match have been largely discus€efi.To achieve a better We have recently proposed the so-called “atomic saw”
understanding of the nature of the involved anisotropies(AS) method for generating strong controlled in-plane mag-
some groups have performed experiments on magnetic filmsetic anisotropies in thin epitaxial Fe films grown on semi-
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conductor substraté:!® We have shown that the uniaxial Peyrade and co-worket&® It consists of applying a
compression of these systems along[th@0]MgO direction  uniaxial compressive stress on a sample in order to favor the
could lead to the structuration of the Fe film into submi- plastic deformation, i.e., the dislocation slipping through the
cronic width Fe ribbons characterized by a magnetic easyhole system “substrate and epitaxial film.” When a dislo-
axis perpendicular to the steffsMagnetoelastic phenom- cation(respectivelyn dislocation$ crosses the substrate-film
enon was proposed to be at the source of the induced anisatterface, it creates a lattice shift equal to one Burger vector
ropy without real experimental proofs. Indeed, high-b (respectively,n-b). In theory, if n-b is greater than the
resolution transmission electronic micrograpffRTEM)  film thickness, this layer is patterned into separated stripes.
observations have evidenced the presence of some dislocgirst applied to I1I-V semiconducting structurds, this
tions located at the Fe/MgO interface that could explain amethod has been successfully used to cut Fe thin films epi-
uniaxial relief of the elastic strain field in this peculiar direc- taxially grown on Mg@001) into iron ribbons and dot&:?°
tion, suggesting the assumption of magnetoelastic effécts.  The plastic deformation of the whole sample induces dis-

The aim of this work is to show that the strong anisotropylocation slip throughout the MgO substrate and the thin films
exhibited is connected to a structural anisotropy enhanced bglong the activated slip systems of the MgO substrate. The
the AS process. Among all methods that are available tactivated slip systems of MgO are fixed by choosing the
accede to the crystalline structure, extended x-ray-absorptiogirection of the compression axis. Indeed, plasticity calcula-
fine-structurg EXAFS) is the more suitable in our case. Un- tions showed that dislocation slip induced by a compression
like x-ray diffraction, x-ray-absorption experiments do notalong theg100] direction of MgO is expected to cut the entire
require a long-range order which could be partially damagedFe film into adjacent ribbons, aligned along {l@d.0] direc-
spoiled by the AS structuration. In addition, the dependencéon of MgO, corresponding to thigl 10] direction in the Fe
of the absorption spectra on the x-ray polarization directiorfilm. In practice, samples of 7 mm long by 2 mm large and
allows us to probe any structural anisotropy. Last, theD.5 mm thick have been plastically compressed along this
“phase derivative”(PD) analysis, largely developed here, is compression axis, at room temperature at a constant defor-
very sensitive to slight changes of the crystalline parametermation strain rate of Jum/mn, using a Adamel Lhomargy
in a bee-like cel?? Consequently, it can lead to a direct DY26 hard deformation machine. Fe ribbons have been re-
measurement of the uniaxial relaxation of the strain field. alized using a plastic strain equal to 8%.

The paper is organized as follows. We first describe the
sample elaboration and preparatigSec. I). Then, we
present the first structural analy€iSec. Ill) and magnetic lll. FIRST STRUCTURAL ANALYSIS
propertiesSec. 1) induced by the AS structuration. In Sec.
V, we present the EXAFS results concerning a 50-A-thick F
film before and after the AS process. A clear and detaile
description of the “phase derivative(PD) analysis method
is also emphasized. The results are discussed in Sec. VI. O
EXAFS results show that the continuous Fe film is 2% ex-
panded in the film plane ang1.6% compressed along the
growing axis relative to the bulk value. We show that the AS
enhances a2.5% uniaxial relaxation process along the di-
rection perpendicular to the created steps. Then, the magn

Atomic force microscopyAFM) observations of the slip
ine pattern on the surface of the deformed samples have
een performed in air, in tapping mode, using the Digital
Instruments Nanoscope Ill. This scanning mode allows a
Hfgh-resolution topographic imaging of sample surfaces. A
statistical analysis of numerous AFM pictures allowed us to
evaluate accurately the influence of the plastic strain on the
width L of the buried ribbons and their relative vertical shifts
A.%° Observations show that the mean valuesLo&nd A
Bbtained after an 8% plastic strain are, respectively, equal to

toelastic model is discussed in Sec. VII. 10050 nm and 0.5 nm. Cross sectiofis?® of these pic-
tures in the direction perpendicular to the stripes reveal that
Il. SAMPLE PREPARATION the angle between the stripe edges and(€8d) surface is

lower than 10°. If all dislocations slipped in the sai®l)

50-A-thick Fe films were epitaxially grown on a or (101D MgO plane, this angle should be equal to 45°.
MgO(001) substrate by molecular-beam epita’YBE) at  Therefore the structuration is mainly realized by a succession
50°C in a vacuum of 10'°Torr with a deposition rate of of small steps occurring in neighboring slipping planes with
1-4 Amin*. During growth, the substrate was rotating in the result that the stepped Fe film can remain continuous
order to avoid to induce any uniaxial anisotropy. Fe epitaxi-even if the total shift is larger than the film thickness.
ally grows in a bcc-like structure on fcc Mg@01) with the Cross-sectional observations of the interface Fe film-MgO
relative orientation: Mg@O02) [010]IF&001) [110]: the bcc  substrate have been performed by conventional and high-
iron lattice is rotated by 45° in the interface plane relative toresolution transmission electron microscapyRTEM).?! In
the MgO fcc structure. The 3.8% lattice mismat@g.,,k  Some region of the continuougs-depositedFe film, we
=2.866 A andaygo=4.21 A) should also stretch the Fe lat- could observe some “stand-off’ dislocations located a few
tice parallel to the interface. To avoid any oxidation of the Fenanometergabout 15 A away from the Fe-MgO interface.
film, a 15-A-thick Pd cap layer was deposited on Fe. Simi-The role of these dislocations is certainly to relax the tensile
larly, the fcc Pd @pq=3.89 A) grows on Fe with a 45° ro- stress in the volume of the film. First, this confirms that the
tation in the interface plane, their relative orientation beingFe structure is stretched by the substrate lattice. Furthermore,
Fe(00D[110]IPA00D[100]. In situ reflection high-energy this study shows that the strain field is relieved from the
electron diffraction experiments indicate that both Fe and Pdlislocation position up to the surface. On the other hand,
layers present a smooth growithe* HRTEM observations done on the sample patterned into rib-

The so-called atomic sa¢AS) method was developed by bons reveal the presence of periodic dislocations oriented
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IV. MAGNETIC PROPERTIES

The magnetic properties of the patterned Fe film have
been investigated at room temperature by magneto-optical
measurement®. More detailed discussion about the experi-
mental device are given elsewhéfeln order to highlight
any anisotropy potentially induced after the atomic saw pro-
cess, we have studied the magnetization reversal for a mag-
netic field applied either parallel or perpendicular to the rib-
bons. Figure (a) shows the magnetization reversal measured
on the patterned sample for a magnetic field applied perpen-
dicular to the stripes. We can observe a nearly square cycle
which is the signature of an abrupt switching of the magne-
tization from the initial remanent state magnetized perpen-
dicular to the steps to the final one magnetized in the oppo-
site direction. Figure (b) displays the magnetization loop
recorded for a magnetic field set along the stripe edges. By
increasing the magnitude of the field, one can observe that
the magnetization gradually rotates from the initial remanent
direction perpendicular to the steps towards the direction
parallel to the ribbons. The saturation is reached for a rela-
tively high field close to 2400 O®. This analysis reveals a
strong magnetic uniaxial anisotrofglosely dependent on
the plastic deformationwhich is unexpected from shape en-
ergy consideration. In a previous paper, the induced anisot-
ropy was discussed to originate from a magnetoelastic phe-

FIG. 1. Magnetization hysteresis cycle measured on the 50-Aomena provoked by a distortion of the initial cubic Koc

patterned Fe film for a magnetic field applied perpendicularly to thetetragon@l Fe cell into an monoclinic one, as suggested by
ribbons(a) and parallel to the ribbon&).

HRTEM observationd® Our hypothesis is that, due to the
lattice mismatch between bulk Fe and the MgO substrate, the

parallel to the step edges and located at the interface Fes-deposited film is in a distorted bcc structure, i.e., stretched
MgO. These interface dislocations allow the complete relaxin the planes parallel to the interface and therefore com-
ation of the elastic strain field in the Fe layer along the pepressed along the growth axis. One can thus expect a body-

culiar direction perpendicular
Complementary plane view based on Mdireges observa-

to

the

step

edge.centered tetragondbct) structure for the as-deposited thin

film characterized by two crystalline parametexsand c

tions have exhibited the uniaxial relaxation of the initial bcc[Figs. 2a) and(b)]. The dislocation slip process should then

(or tetragonal cell into a distorted on&*

a

C=R2

have for effect to relieve the epitaxial strain along the per-

oy [110]

FIG. 2. (a) Body-centered-tetragonéhct) structure expected in the case of the as-deposited 50-A Fe thinRilmR,, andR; are the
first, second, and third nearest-neighbor distan@®g001) In-plane projection of the unit bct cellk and 8 stand for the half diagonals of
the (001) projection.(c) The bct cell is relaxed along tli& 10] direction.R; , R7, R5, andRj are distances between first, second, and third
neighborg(structure expected after the atomic saw procdss The two half diagonals of the cell®01) projection are noted’ andg’.

The arrows show the relaxation of the cell along fid0] direction.
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pendicular to the ribbons, thus relaxing the bct cell into a B. Experimental procedure
monoclinic one. This new structure can be defined by three 1,4 experiments were carried out at the Laboratoire pour

parametersy’, B, andc’ [Figs. 2a) and(b)]. In the next  yjlisation du Rayonnement Electromagigie (LURE
section, we show that experimental evidences can be OtFrance), on the wiggler beam line of the DCI storage ring,

tained thanks to EXAFS experiments. using a G€220) double-crystal monochromator, at the Ke
edge (7110 eV. The spectra were recorded in the fluores-
V. EXAFS EXPERIMENTS cence yield mode, with the samples cooled at 77 K, in order

to improve the accuracy of the crystallographic study. As
pointed out above, both for continuous and patterned films,
EXAFS (extended x-ray-absorption fine structuron-  different absorption spectra have been recorded in order to
sists in measuring the x-ray-absorption coefficient of themeasure the lattice distortion: in normal inciden@®é—
sample as a function of the photon energy. After the Fdinear polarization of the x ray parallel to the film plane and
K-absorption edge, the absorption coefficient shows oscillaeither parallel or perpendicular to the Fe stripasd in graz-
tions (EXAFS), due to the scattering of the photoelectroning incidence(Gl—linear polarization of the x ray at about
(created by the photon absorptjomave function by the sur- 75° from the film plang
rounding neighbors of the excited Fe atom. These oscilla-
tions are therefore dir_ectly porrelated to the structure and the - pg|arization dependence of the nearest-neighbors shell
local order around this excited atom. EXAFS signal
EXAFS is a very well suited technique for the study of i )
ultrathin epitaxial systems. First, x-ray absorption is element N Fig. 3(@ we present the absorption spectra recorded on
selective: for the samples considered here, spectra record&f#f continuous 50-A Fe filrtCF) in NI and GI. The bulk bce
at the FeK edge contain only information on the environ- Ifon spectrum is also shown. In Fig(i8 are plotted the
ment of the Fe atoms. Second, taking advantage of the line&PSorption spectra recorded on the patterned film in Gl and
polarization of the synchrotron radiatiofused as photon N the two different NI's with the polarlzatlon_ direction par-
source, EXAFS allows us to measure the lattice parameterllel (PA) and perpendiculaPE) to the Fe stripes. The EX-

in all the crystallographic directions with the same accuracy”AFS oscillations were extracted using the classical proce-
In the case of thin films, it is thus possible to bring to the foredure. A Fourier transforn{FT) of the EXAFS oscillations

possible distortions of the unit cell induced by the epitaxiallS€€ Figs. &) and(b)], gives a series of peaks corresponding

stress. Here, EXAFS measurements will provide the crystall® the different shells of neighbors of the excited Fe atom.
lographic parameters in the Fe films, prior and after the! Ne back FT of the first peak allows to isolate the contribu-

structuration, with an accuracy of around 0.01 A. tion of the nearest neighbors from the total EXAFS signal.

The standard approach consists of extracting the contribu- !N the simplest case, where these nearest-neighbors shell
tion of the nearest neighbors from the total signal using Fouonly includesN, neighbors of the same chemical species at a
rier transforms, and to fit this contribution using the classicatnique distanc®,, the contribution lo the EXAFS signal of
EXAFS formula. This procedure can be applied for thethis shell can be simply written &5
analysis of data recorded on bcc systems, where the first and
second nearest-neighbors shells are very dosspectively, 1 22
eight neighbors at 2.486 A and six neighbors at 2.866 A x1(k) = —=2B(k)e 2o sin2kRy+ (k) T;

However, the characteristics of the two shells have to be !

Qetermlned b_y a unique fit of their total contribution mvoly- x1 is a function ofk, the wave vector of the photoelectron
ing at least five floating parameters. The patterned Fe filmgreated in the absorption process, which is related to the
are supposed to be in a distorted bcc structure, where each Boton energyi w. B(k) (Fe backscattering amplitudand
atom has four close shells of nearest neighfsee Fig. (k) (phase shiftare electronic parameters.is the mean
2(b)]. A fit of this total contribution would therefore require gquare relative displacement, giving the width of the radial
even more parameters. _ distribution function.o contains two contributions: the ther-

On the other hand, the phase derivaii®) method pro- - mga| agitation(Debye-Waller factorand the static disorder.

22 . . . .
posed by Martenst al™ is very sensitive to relative posi- N* s an apparent number of first nearest neighbors, given by
tions of different neighbor shells but does not allow us to

A. Introduction

*

extract the width of the radial distribution functioi®DF). Ny
As we are intere;ted in a precise determination of the relative N =3 cog o, (1)
position of the different shells, we adopt the PD method. It j=1

will provide a clear evidence of the structural relaxation oc-

curring in the patterned film. Furthermore, comparisons bewhereq; is the angle between the polarization of the x rays
tween experimental data recorded for three x-ray incidenéind the bond between a Fe atom andjliisatom of the first
angles(with the linear polarization either parallel or perpen- nearest-neighbor shell. From this formula, valid only Kor
dicular to the Fe film planeand theoretical simulations al- edges, it appears that the EXAFS oscillations depend on the
low us to determine the crystallographic parameters of the Fpolarization direction of the x rays with respect to the sample
layer before and after the AS process. In a second step, werystallographic structure: the contribution of each bond to
will check that the extracted distances give correct simulathe total signal is weighted by a the cosine to the square of
tions of the nearest-neighbor signal with RDF’s width asthe angle between the bond and the polarization of the light.
floating parameters. Thus the weight of a precise type of bond can be enhanced or
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FIG. 4. (a) Fourier transformgFT) of the EXAFS spectra re-
phOtOIl energy (GV) corc_ied on the as-qleposited 50-/3: film a_nd on the bulk_ Fe film. The
FT is performed with 41.3—2.9 A"%] k window. (b) Fourier trans-
FIG. 3. (a) EXAFS raw spectra recorded on the as-depositedfo"ms (FT) of the EXAFS spectra recorded on the patterned 50-A
50-A Fe film for the two x-ray angles of inciden@dl and G). The  film. The FT is performed with th1.3-2.9 A™*] k window.

bulk Fe EXAFS spectrum is also reportéd) EXAFS raw spectra . .
recorded on the patterned 50-A Fe film for the three x-ray angles ofi€ighbors located &R; have an apparent weight of 6, the
eight neighbors aR; having an apparent weight of around 8,

depending on the cubic cell tetragonalization. In GlI, the
canceled, by changing the angle between the incident x ray’eighbors located aR; do not contribute to the EXAFS

incidence.

and the crystallographic axis of the sample. signal, whereas the four neighbors locatedRat have an
apparent weight of 6, the eight neighborsRyt having an
1. Continuous film apparent weight of about 8. For this distorted bcc structure,

In the as-deposited films, the Fe bcc structure is supposg\ghatever IS lthe g (rjayt angle ?:] |nC|de_|r|1%§1, le, artld R3t
to be laterally stretched by the epitaxy on the MgO substrat .;alng. Vﬁtr)y close i 'tls tancets, th ere wi te a.wr?gs Wéxiﬁ:ess
This lateral expansion should induce a longitudinal compresQ. neighbors contributing to the nearest-neighbors

sion of the cubic unit cell, leading to a body—centered—s'gnal'

tetragonal structure, with lattice parametarandc. In this .

structure, presented in Figs(a@ and (b) the first neighbor 2. Patterned film

shell, located aty3/2)a in the case of Fe bulk, is now at  In the patterned film, the structure is expected to be

R,=1/c?+2a?. Each Fe atom has four neighbors located athonoclinic and described by three crystallographic param-

R;=a in the same(001) plane, two neighbors on an axis €terse’, B’ (in-plane half diagonajsandc’ [Figs. 2c) and

perpendicular to the film plane located at a distaRge: . (d)]. In this structure, the shell constituted by the eight atoms
For this sample, we have recorded two absorption spectr@t R1= 7 Vc*+2a in the stretched bcc structure is now split

with the x rays coming in NI and GI. A simple calculation into _two shells of four atoms located at distancB$

using formula(1) shows that, in NI, the neighbors located at = \/c'?/4+ «'? and R= \Jc’?/4+ B’2. Concerning the sec-

R, do not contribute to the EXAFS signal, whereas the fourond neighbor shell, each Fe atom has four neighbors located
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at R;=a’'=a'?+B'? in the same(001) plane and two S L
neighbors on an axis perpendicular to the film plane located L bee structures
at a distanceR,=c.

On the patterned film, we have recorded three absorption
spectra. A Gl spectrum, with the linear polarization of the x
rays perpendicular to the film plane, and two NI spectra, with
the linear polarization of the x rays parallel to the film plane,
but either parallel or perpendicular to the ribbons. One can
once again estimate the apparent weight of each type of bond
using formula(1). In Gl, the neighbors located &; do not
contribute to the EXAFS signal; the nearest-neighbors con-
tribution will be a mixing of the three other shells contribu-
tions. In NI, with the polarization vector along the stripes,
the neighbors located &, andR] do not contribute to the
EXAFS signal; the contribution of the nearest-neighbors
shell will be due to th&k; andR] shells. On the other hand,
in NI, but with the polarization vector perpendicular to the
stripes, only the neighbors locatedRif andR] contribute to 30 35 40 45 50 55 60
the EXAFS signal. For this distorted bcc structure, whatever
is the x-ray angle of incidence, the nearest-neighbor contri- k(A%
bution to the EXAFS signal involves two or three different
close shells.

phase derivative (A)

FIG. 5. Phase derivative$D) of the experimentakyy signal
obtained from the bulk Fe EXAFS spectrum. Phase derivatives
simulations done with theerr code considering two different bcc

D. Phase derivative method cells are also plotted (a)2.866 A, (a)=2.86 A.
1. Principle Ay(K) _
For both continuous and patterned films, the nearestXnn(K)=Im K exp(—2ikAR)
neighbors is a mixing of contributions from different shélls
of Fe neighbors located at very close distariResThe clas- Ay(k) ) )
sical analysis would consist in fitting this nearest-neighbors K exp(2|kAR))eXF{|k(Rl+R2)+<p(k)]

signal by the theoretical EXAFS formula, which can be writ-
ten as a sum over thienearest neighbor®f the same chemi- Of
cal species

AK)
XNN(k):TS'r'{ZkR+§D(k)],
N7
(=2 [ Be 2“si2kR+ o] @ where

~ Ayk)\2 Ak
As discussed above, we adopt the phase deriv4ENg A(k)=Aq(k) \/1+ Azik; +2A22k; cogkAR),
analysis. The difference between two interatomic distances ! !
can be determined by considering the total phasggf(k). A1(K)—Ax(k)
This differential method is very well suited for the measure- (k)= (k) +tan | — A(TAZ(k)tar( kAR) |,
1

ment of lattice deformations, as shown by D. T. Jiang, Cro-
zier, and Heinrich? In the simplest case whepgyy(k) im-

plies only two types of neighbors, located at distanBgs R= RitRe and AR=R,—R;;
and R,, the total phase can be easily calculated. We first 2
write xnn(K) as ?(k) is the ynn(K) total phase. Under some assumptions
(which will be detailed later one can show that kinks occur
(k) _ in this total'p(k) for somek values linked to the\R value
xnn(K)=+Im| — —expi[2kRy + ¢(k)] by??
Adk) Lent
+ K expi[ 2kRy+ ¢ (k)] Kan+1 2AR @

As we shall see, the kink position is located by taking the
N* ) s derivative of the total phase with respectkoThe example
with A;(k)= —5 B(k)exp 27 of bulk bcc Fe is given in Fig. 5. We have extracted the
Ri nearest-neighbors contribution from the experimental EX-
AFS spectrum and calculated the associated phase deriva-
so that finally tive. It is compared with a theoretical calculation done with
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the FEFF codé’ on bulk Fe with a lattice parametex T ' _
=2.866 A (first neighbors at 2.482 A and second neighbors N iR

at 2.866 A,AR=0.384 A). The general shape of the experi-
mental phase derivative and its minimumkag,=3.86 A~1
are very well reproduced by threFFsimulation. Let us point
out that the phase derivative calculated for a slightly differ-
ent bce structuréa=2.86 A, AR=0.383 A) shows a mini-

phase derivative (arb.units)

at :
mum a_t a ;ignificantly differentk positioln. Kmin N g; Eu;i film NI
=3.91A"Y). This demonstrates the width precision of the 4 [  \/ ... 50 A Fe film GI
method for the determination of theR value. We will use 2} _
the same procedure to analyze the structure of the as-
deposited and patterned Fe films: the experimental phase de- 3 7 s 5 7
rivative will be compared to simulations calculated for dis- : : :
torted bcc structures. The simulated phase derivatives will be b ;
simultaneously fit to the data recorded for the different x-ray T o4l
incident angles. This way, despite supposed complex Fe z i
structures, the number of adjusted parameters will not exceed < ;
3. % x
E Fe ribbons
2. Simple formulation g or M_'_ ]
2 - + NI-PA
Of course, the analysis would be much easier if one could = | NI-PE
extract directlyAR from the k-position value of the phase [ =~ {00 ... GI
minimum using a simplified expression of formu{2). One ":"' |
can first assume that the phase skifk) contained in the G P p .
total phasép(k) varies linearly withk.>? A second approxi- kA"
mation consists in assuming thaf= o5 (i.e., the two shells
of neighbors have the same radial distribution wjidth this FIG. 6. (a) Phase derivativesPD) of ynn(k) extracted from
case, the ratio experimental data recorded on the as-deposited 50-A Fe film for the
two different x-ray incident angle§NI and GI. One can observe
A1(K)—As(k) that the minima of the two PD signals are located to distinct posi-
= m tions. (b) Phase derivative€PD) of xyn(K) extracted from experi-

mental data recorded on the patterned 50-A Fe film for the three
does not depend ok anymore. Thus, with these two ap- distinct directions of x-ray incidence. In NI, one can observe that
proximations, one can easily calculate the second derivativéhe minimum of the PD corresponding to the as-deposited film

of the total phasé(k): [pointed out by the short dotted lir@)] is split up into two differ-
ent minima after the structuration procgg®inted out by dashed
d?% —4C(K)(AR)?sin(2kAR) lines) depending on the polarization directi¢merpendicular PE or
W“ 4C(k) 2 parallel PA to the ribbons
- +—
1—C(k) 15CK cog(KAR)

done on many structures that one expects to be close to the
From this formula, it appears clearly that the total phase firsktydied onegbce structures slightly distorted along several
derivative shows a minimum at crystallographic directionsFor all these structures, we have
plotted AR as a function ok,,,,. We have shown that one

T .
can write

AR’ (4)

Kmin=

The analysis of the beating position can therefore allow to
determine quantitativelAR.

We have checked this simple relation and the validity of
our assumptions on bulk bcc iron. As indicated above, the
bond-length difference between the two shells involved in
the nearest-neighbor signalAfk=0.38 A. The minimum of where(Ak)=0.21 A~ stands for a correction to the formula
the experimental phase derivative isk§t°=3.86 AL, This  (4) and depends on the used FT window. The 0.01-A error
value is quite different from the theoretical one obtained uscomes from the dispersion of the different points around this
ing Eq. (4) kM®°=4.085 A 1. The difference is due to the Mmean straight line.
assumptions we made on thedependence ofp(k) and The structures that we shall study are rather close to the
[AL(K) = Ay(K) I/[AL(K) + Ay(K)]. bulk bcc iron structure to assume that this formula remains

We have considered simulations done with #esF 6.0  Vvalid in all cases for each x-ray polarization direction. So,
code using phase shifts and backscattering amplitudes calcthe use of this phenomenological relation can provide an
lated by the code. The results were already shown to be vegpproximate value oAR, which can be used as a starting
satisfactory for 8 transition metal$® Simulations were point before a refinement of the model using tmesr code.

AR )i0.0lA, (5)

_ o
a 2(kmin+ <AK>
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50 A Fe as-deposited film

9 — . . 9 — 1 .
NI | GI

experiment
simulation

experiment

simulation

phase derivative (arb.units)

3 E 1 L 1 3 1 E 1 1
3 4 5 6 7 3 4 5 6 7

k(A1) k(A"

FIG. 7. Simulations of the phase derivati@D) signal done with the&err code concerning the as-deposited 50-A Fe film. The minima
of the PD signal are adjusted simultaneously for the two directions of x-ray incidence. The best agreement is found for a bct structure given
by the two parameters=2.82 A andc=2.92 A.

E. Data analysis The experimental valuesk)y,=3.72A"1 and k&
1. Continuous 50-A Fe film (CF) =4.42A7" leads t0ARY~0.40-0.01A andAR®'~0.33
. o _ +0.01 A which givesa—c~0.07+0.02 A.

In Fig. 6(a), we report the total phase derivative with re-  giarting from this relation, the analysis consists now in
spect tok, (d¢/dk), for the two x-ray incident angles re- niimizing the bet cell in order to adjust the minima of the
corded on the continuous 50-A Fe filtl@F). The bulk bcc  hace derivative calculated with therr code to the experi-
Fe experimental phase derivative is also reported, with it ental ones for each x-ray incident angle. This procedure

minimum at 3.86 A™ corresponding t\R=0.384A. For pas been done by successive 0.01 A steps for the two param-

the CF, we clearly observe that the minimum is located al - )
. ' o : ; etersa andc. The results are reported in Fig. 7. We obtain a
different positions for the NI and GI spectra. This nonisotro ood agreement with the experimental data der2.92 A

pic result demonstrates that iron is not in a cubic structure? de=282A O oo that the location of the ph
Due to the lattice mismatch between the MgO substrate angndc=2-82A. One can notice that the location of the phase
bulk Fe, we have assuméec. IV O a tetragonal crystal- derivative minima can be conveniently adjusted, whereas the

lographic structure of the Fe CF resulting from a laterallySignal general shape is not perfectly reproduced. We will
stretched bcc structure. In this case, the beating position ifliSCuss this point in the next section. o
NN signal total phase should be at a lovkeralue in NI. As We have checked that the NN contribution can be fitted in
a matter of fact, in Ni(respectively G), the two neighbor & satisfactory way with the classical EXAFS formif us-
shells contributing to the signal are locatedRyt and R, Ing the crystallographic parameters close to the ones deter-
(respectively, R, and R,). This corresponds toARN mined above. The results are shown in Fig. 8. The best

>AR®, and therefor&kM <k according to formulgs), ~ agreement is found foR;=2.495A, Ry=2.91A, andR,
as it is experimentally observed. The bond-length differencé™2-82A. values very close to the ones derived from the
between the two neighbor shells concerned in GRE!' ~ Previous method. The combination of these analyses gives
—R,—R,) is shorter than the one measured in MR thereforea=2.915+0.015A andc=2.82+0.01A as crys-

=R,;—R;). Fe appears to be in bct structure, expanded ifallographic parameters for the Fe/MgO as-deposited film.

the interface plane and compressed along the growing dired-"€Se results are in accordance with the work performed by
tion by comparison to the bulk bee Fe cell, O. Durandet al® on thicker 800-A Fe films. Their studies

From the knowledge of the two bondlength differencesShow a residual 0.6% compressive strain along the surface

AR, we can in principle accede to the approximate values oformal of the film.
R, andRj (i.e., the two crystallographic parameterandc). _
Nevertheless, one must be aware that an error of 0.01 A on 2. Patterned Fe film (PF)
AR can lead to an error on ttaeor ¢ parameters close to 0.1 Figure 4b) compares the FT of the EXAFS signal re-
A. This shows that using formuléb) one needs to keep a corded on the patterned filitPP for different x-ray polar-
differential relation. From formula®), the difference & ization directions. In NI, for the polarization perpendicular to
—c) easily writes stripes(PE), the nearest-neighbor peak is located at a slightly
lower R position than the peak obtained for the polarization
T 1 1 . .
=R, Ro—— _ parallel to the stripegPA). This shows that the mean NN
a—Cc=R3—R; N G : .
2 | kpint{(AK)  Kpin+(AK) bond length must be shorter along the PE crystallographic
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0.10 - - . - ' In principle, all the crystallographic parametéss, B8', and
% e ¢’) can be deduced from these thieR values. In practice,
a A Fe fil . :
20 & Fe film (NI) as previously described, one can only extract the bond-length
2z oos difference:
=
= c’ 2 c’ 2
E ARBE—ARBA=R{ —R}= \/(5 +a'?- \/(7) +pB'2
000
) m 1 1
= T2\ (AR KA (K
008 experiment a’ andB’ being close to the corresponding value of bulk Fe
simulation ] (a=pB=alv2~2.03A), one can easily show that
0.10 .]; . ; : 1'0 : " \/5 , LT 1 1
3@ )= S e Ay KA Ak
0.10 T T T v T v
. Using this approximate relation and the experimental val-
_ b 50 A Fefilm (GI) 1 uesk"==3.43A"1 andk = =3.90 A", we obtaina’— B’
2Z 05 =0.06 A. As we did in the case of the CF, starting from this
E result, the method consists in optimizing the crystalline
X structure defined bw’, B', andc’ in order to fit the experi-
= mental minimum positions of the phase derivative with the
= 0.00 ones calculated with theerr code for the three polarization
-~ directions. It has been done by varying all the parameters by
E steps of 0.005 A. Results are reported in Fig. 9.
0.05 ) 4 The best agreement is obtained far=2.07A, B’
*  experiment =2.02A, andc’ =2.83 A with a precision of about 0.01 A.
simulation
3. Effects of disorder
-0.10 ; : ; ' . :

4 6 8 10 12 As for the CF, the general shape of the experimental
1 phase derivative is not well reproduced by tFerF code.
k(A") Indeed, our calculations do not take into account the radial

dispersion of interatomic distances. We have checked that
the curvature of the phase derivative can be linked to the
width of the RDF. This was done by modifying artificially
the Debye temperature in threFF input file. Increasing the
width of the RDF leads to flatter phase derivatives keeping
unchanged the position of the minimum. The flat experimen-
tal phase derivative obtained in Gl tends to prove thatcthe

. . o .. parameter value is largely distributed around its mean value
axis than in the PA phrectlon. _Here also, the PD analysis WI||a|ong the surface normal.

allow us to determine the different crystalline parameters. Following the classical methogyy, functions have been

Figure Gb) displays the phase derivatives extracted from exs : : 1o P "
perimental data recorded on the patterned film for the thre-gtted using formula2) takingRy, Ry, R;, andR;, as free

polarization directions, compared to the one obtained on thg_azrasrgiters; _T;eé 4b§stR§g_r(;e5rziﬁlg. 1d%,,ls_ ;ozr;ij&for Ry
CF [Fig. 6(@)]. The two NI spectra measured on the PF_ “ i L2 A 3~ Aan df;: : A ccr)]rr(;—
present minima located at differevalues exhibiting a non- SPonding tax’=2.07A, 5'=2.02A, andc’ = 2.84 A whic

square symmetry in the planes parallel to the interface. Is consistent W'J.[h th_e phase derivative analysis.

According to our notations, the bond-length difference of AS & conclusion, in both CF and PF cases, we have shown
the two first shells along the specific crystallographic direciNat the phase derivative .analy5|s. of the x-rayjabsorptlon
tion writes spectra allow us to determine precisely any bcc-like crystal-

lographic structure by using simulations calculated by the
FEFF code. Even if the local disorder can hardly be taking
ARE“E: R,—R}, into account in th_EFEFF simulatio_ns, we have demonst_rated
that it affects neither the location of the phase derivative

minimum, nor the precision in the determination/oR.

FIG. 8. Results of simulations done on the nearest neighbor.
xnn(K) contribution of the EXAFS signal concerning the as-
deposited 50-A Fe film for the two different directions of x-ray
incidencelNI (a) and Gl(b)]. The best agreement is found for a bct
structure given by the two parametars2.82 A anda=2.91A
(a=pB=2.07A).

ARY-RI-R].
VI. DISCUSSION—ELASTIC MODELS

ol o 1 o Let us first consider the CF case. By comparison to the
AR®~R;—3(R;+RY). bulk bce Fe structure, the bt cell of the C&/&~1.033) is
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Fe rilbbonsl
| NI-PE

| Fe ribbons
NI-PA

Fe ribbons
' GrI

experiment
simulation

experiment
simulation

experiment
simulation

phase derivative (arb.units)

k(A k(A" k(A"

FIG. 9. Simulations of the phase derivativ@D) signal done with theerrF code concerning the patterned 50-A Fe film. The minima of
the PD signal are adjusted simultaneously for the three distinct directions of x-ray incidence. The best agreement is found for a distorted bct
structure given by the three parametets=2.83A, a’=2.07 A, andg’=2.02 A.

then 1.9-0.6% expanded in the plane andl1.6:0.6%  This relation is not exactly satisfied in our case, certainly
compressed along the surface normal. The epitaxial relatiorbecause of the large dispersion of thendc’ parameters

ship between Fe and Mg@®nismatch close te-4%) induces evidenced by the shape of the PD. However, the variation of
an isotropic expansion of the Fe cell along the two in-planehe relaxation measured in the surface normal direction is
directions, coupled with a compression of the cell along thecoherent with the elastic theory predictions: an in-plane com-

surface normal as predicted by the elastic model: pression of the cell must be associated with an out-of-plane
dilatation, as found by EXAFS experiments.
2Cy, Moreover, it appears very interesting to compare the com-
&L= C_HSH“ —en ponent of the stress along the PE directipg: before and
after the AS process. The elastic model gives the generic
C,; andCy, are elastic constants. relation (we assume a material with isotropic mechanical

The quite flat profile of the phase derivative recorded inpropertie$
Gl is connected to a large radial distribution of thparam-
eter around its mean value. This distribution is certainly im- ope=Criepet Craepate,).
posed by the strain relaxation occurring in the film volume

as indicated by the “stand-off’ dislocations observed byThus we have

HRTEM. In the EXAFS signal, each Fe layer contributes c

with the same weight. The 1.9% mean dilatation appears to S5+ _lZASL)

be an average value on the whole film thickness. This mea- ope(CH) — ope(PP) _ Cu ~1
surement does not exclude a 3.8% expansion of the Fe lattice ope(CF) Cyy Co

at the interface Fe-MgO and a strain relief in the volume of Cn & C_].ZLSL
the film.

The case of the patterned film is very interesting. EXAFSWhich givesopg=0 in the case of the PF. This means that
experiments have provided a clear proof of a uniaxial relaxthe main feature of the AS process is to release the stress
ation of the crystalline parameter along the PE direction@long the peculiar direction perpendicular to the step edges.
Indeed, 8 parameter is lowered from 2.07 to 2.02 By« From this precise crystallographic characterization, we
=2.03A) after the structuration process whereas the equiva¥ill now show that it is possible to explain the magnetic
lent parameter along the PA direction equal to 2.07 A refproperties observed in the patterned film via a simple mag-
mains unchanged. This leads to an uniaxial relieff the  netoelastic model.
strain field along the direction perpendicular to the step
edges equal té=(B'—a')/a’'=—2.5+0.6%. In addition, VIl. MAGNETOELASTIC MODEL
after process, the value of tled¢ parameter along the grow-
ing axis increases from 2.820.01A to 2.835-0.015A
leading to an out-of-plane strain reliée, =(c’ —c)/c~
+0.5%.

According to the elastic model, in-plane and out-of-plane

strain relaxation must be linked by the following relation: whereB; are the magnetoelastic coefficierttﬁ, is the strain
tensor andy; coordinates of the unitary magnetization vec-

Cleel‘:_C_lz5%_0.65. tor expressed in the standard FEOQ] basis. For conve-
1 Cu nience, one can write this formula in the basis rotated by 45°

The magnetoelastic energy associated to an in-plane re-
laxation of the elastic strain field in the PF writés

_ ' 12 ’ 12 ' ror
Em-e=Bui(eiay"+e5057) +2Bse 0 a5,

ASJ_:—a
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Em—e= Bl( > )+ZBlleaPAaPE

2 2 2
+ = (epe—epa)(ape— apa)-

The uniaxial strain relaxation along the PE Fe direction evi-
denced by the EXAFS measurement can be expresséd as
=¢epg that yields to

B,6
EmfezT(a%E_ aI%A)-
Then, the energy difference between the two respective mag-
netization orientations, perpendiculagdg=1) and parallel
(apa=1) to the ribbons writes

AE,_=B,6~—1.9x10° erg/cn?<0

(with B,=7.62x 10 erg/cn?) (Ref. 35.

The magnetoelastic energy is minimum when the magnetiza-
tion is oriented perpendicularly to the stripes as observed in
the magneto-optical measurements. The anisotropy ffield
given by Hs=2AE/Mg is roughly equal to 2250 Oe, very
close to one determined experimenta(8400 Oe¢ which
proves the validity of this simple magnetoelastic model.

VIIl. CONCLUSION

We have presented a detailed structural EXAFS study of
thin Fe films grown on Mg@0O01) substrate. The crystallo-
graphic structure of the as-deposited film is clearly seen to be
body-centered tetragonal because of the interfacial strain due
to the epitaxy. The result is that the Fe unit cell is expanded
in the plane and compressed along the growth axis as com-
pared to the bulk bce Fe cell. EXAFS experiments were also
carried out on a 50-A-thin Fe film patterned into ribbons by

FIG. 10. Results of simulations done on the nearest neighbor1€ AS method and characterized by a strong uniaxial mag-

xnn(K) contribution of the EXAFS signal concerning the patternednetic anisotropy with the easy axis lying along the perpen-
50-A Fe film for the three different directions of x-ray incidence dicular to the ribbons. We have clearly shown that this mag-
[NI (a) and Gl(b)]. The best agreement is found for a distorted bct netic anisotropy is correlated to a relaxation of the elastic
structure given by the three parametefrs=2.84 A, «'=2.07A,  strain field occurring perpendicularly to the ribbons in the
andg’'=2.02A. magnetic film, leading to a slightly distorted bct cell. Mag-
netoelastic effects are then demonstrated to be directly at the
in the plane of the film, i.e., linked to the stripes. In this newsource of the magnetic anisotropy. This work has provided
[PE, PA basis, let us calkj; the strain tensor components clear evidence of the relation between structure and magne-

and «; the magnetization vector coordinates.

tism.
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