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Correlation between magnetism and structural relaxation in thin Fe„001… films
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We present detailed extended x-ray-absorption fine-structure~EXAFS! studies carried out on 50-Å epitaxial
thin films grown by molecular-beam epitaxy on MgO~001! substrate prior and after structuration into ribbons
by the so-called ‘‘atomic saw’’ method. Because of interfacial strain due to lattice mismatch~13.8%!, the
crystallographic structure of the as-deposited film is demonstrated to be body-centered tetragonal with lattice
constantsa52.91560.015 Å andc52.8260.01 Å. This structure is 2% expanded in plane and21.6% com-
pressed along the surface normal as compared to the bulk Fe one. After structuration, the patterned 50-Å Fe
films show a strong in-plane uniaxial magnetic anisotropy~close to 2.5 kOe!. The EXAFS studies provide the
clear evidence that the dislocation slipping process enhances a uniaxial relaxationd522.5% 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.
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I. INTRODUCTION

Epitaxial thin films provide new opportunities to explo
the relationship between structure and magnetism. The m
netic properties 3d transition-metal thin films are controlle
by magnetic anisotropies which are found to be up to sev
orders of magnitude larger than in bulk materials and rev
the strong influence of the structure at interfaces. Since
discovery of the perpendicular anisotropy in ultrathin fer
magnetic films,1 the influence on the anisotropy of symmet
breaking at surfaces and interfacial strain due to lattice m
match have been largely discussed.2–6 To achieve a bette
understanding of the nature of the involved anisotrop
some groups have performed experiments on magnetic fi
PRB 610163-1829/2000/61~21!/14628~12!/$15.00
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grown on stepped surfaces7–8 or vicinal surfaces like
Fe/W~001!,9,10 Co/Cu,11–15 Co/Pd,16 Co/Pt~110!,16 and
Fe/Ag~001!.17 They have investigated and observed a st
induced in-plane anisotropy favoring a peculiar magneti
tion direction, either perpendicular or parallel to the surfa
steps. The origin was often discussed to be magnetoela
without being clearly and experimentally evidenced. The
lationship between magnetism and structure has to
pointed out and a clear explanation of the magnetic beha
requires a precise knowledge of the atomic structure~growth
mode, relaxation!.

We have recently proposed the so-called ‘‘atomic sa
~AS! method for generating strong controlled in-plane ma
netic anisotropies in thin epitaxial Fe films grown on sem
14 628 ©2000 The American Physical Society
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conductor substrate.18,19 We have shown that the uniaxia
compression of these systems along the@100#MgO direction
could lead to the structuration of the Fe film into subm
cronic width Fe ribbons characterized by a magnetic e
axis perpendicular to the steps.20 Magnetoelastic phenom
enon was proposed to be at the source of the induced an
ropy without real experimental proofs. Indeed, hig
resolution transmission electronic micrography~HRTEM!
observations have evidenced the presence of some dis
tions located at the Fe/MgO interface that could explain
uniaxial relief of the elastic strain field in this peculiar dire
tion, suggesting the assumption of magnetoelastic effect21

The aim of this work is to show that the strong anisotro
exhibited is connected to a structural anisotropy enhance
the AS process. Among all methods that are available
accede to the crystalline structure, extended x-ray-absorp
fine-structure~EXAFS! is the more suitable in our case. Un
like x-ray diffraction, x-ray-absorption experiments do n
require a long-range order which could be partially dama
spoiled by the AS structuration. In addition, the depende
of the absorption spectra on the x-ray polarization direct
allows us to probe any structural anisotropy. Last,
‘‘phase derivative’’~PD! analysis, largely developed here,
very sensitive to slight changes of the crystalline parame
in a bcc-like cell.22 Consequently, it can lead to a dire
measurement of the uniaxial relaxation of the strain field

The paper is organized as follows. We first describe
sample elaboration and preparation~Sec. II!. Then, we
present the first structural analysis~Sec. III! and magnetic
properties~Sec. IV! induced by the AS structuration. In Se
V, we present the EXAFS results concerning a 50-Å-thick
film before and after the AS process. A clear and deta
description of the ‘‘phase derivative’’~PD! analysis method
is also emphasized. The results are discussed in Sec. VI.
EXAFS results show that the continuous Fe film is 2% e
panded in the film plane and21.6% compressed along th
growing axis relative to the bulk value. We show that the A
enhances a22.5% uniaxial relaxation process along the d
rection perpendicular to the created steps. Then, the ma
toelastic model is discussed in Sec. VII.

II. SAMPLE PREPARATION

50-Å-thick Fe films were epitaxially grown on
MgO~001! substrate by molecular-beam epitaxy~MBE! at
50 °C in a vacuum of 10210Torr with a deposition rate o
1–4 Å min21. During growth, the substrate was rotating
order to avoid to induce any uniaxial anisotropy. Fe epita
ally grows in a bcc-like structure on fcc MgO~001! with the
relative orientation: MgO~001! @010#iFe~001! @110#: the bcc
iron lattice is rotated by 45° in the interface plane relative
the MgO fcc structure. The 3.8% lattice mismatch~aFe,bulk
52.866 Å andaMgO54.21 Å! should also stretch the Fe la
tice parallel to the interface. To avoid any oxidation of the
film, a 15-Å-thick Pd cap layer was deposited on Fe. Sim
larly, the fcc Pd (aPd53.89 Å) grows on Fe with a 45° ro
tation in the interface plane, their relative orientation be
Fe~001!@110#iPd~001!@100#. In situ reflection high-energy
electron diffraction experiments indicate that both Fe and
layers present a smooth growth.23,24

The so-called atomic saw~AS! method was developed b
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Peyrade and co-workers.18,19 It consists of applying a
uniaxial compressive stress on a sample in order to favor
plastic deformation, i.e., the dislocation slipping through t
whole system ‘‘substrate and epitaxial film.’’ When a disl
cation~respectively,n dislocations! crosses the substrate-film
interface, it creates a lattice shift equal to one Burger vec
b ~respectively,n•b!. In theory, if n•b is greater than the
film thickness, this layer is patterned into separated strip
First applied to III-V semiconducting structures,18 this
method has been successfully used to cut Fe thin films
taxially grown on MgO~001! into iron ribbons and dots.20,25

The plastic deformation of the whole sample induces d
location slip throughout the MgO substrate and the thin fil
along the activated slip systems of the MgO substrate.
activated slip systems of MgO are fixed by choosing
direction of the compression axis. Indeed, plasticity calcu
tions showed that dislocation slip induced by a compress
along the@100# direction of MgO is expected to cut the entir
Fe film into adjacent ribbons, aligned along the@010# direc-
tion of MgO, corresponding to the@110# direction in the Fe
film. In practice, samples of 7 mm long by 2 mm large a
0.5 mm thick have been plastically compressed along
compression axis, at room temperature at a constant de
mation strain rate of 1mm/mn, using a Adamel Lhomargy
DY26 hard deformation machine. Fe ribbons have been
alized using a plastic strain equal to 8%.

III. FIRST STRUCTURAL ANALYSIS

Atomic force microscopy~AFM! observations of the slip
line pattern on the surface of the deformed samples h
been performed in air, in tapping mode, using the Digi
Instruments Nanoscope III. This scanning mode allows
high-resolution topographic imaging of sample surfaces
statistical analysis of numerous AFM pictures allowed us
evaluate accurately the influence of the plastic strain on
width L of the buried ribbons and their relative vertical shif
D.20 Observations show that the mean values ofL and D
obtained after an 8% plastic strain are, respectively, equa
100650 nm and 160.5 nm. Cross sections21,26 of these pic-
tures in the direction perpendicular to the stripes reveal
the angle between the stripe edges and the~001! surface is
lower than 10°. If all dislocations slipped in the same~101!
or ~101! MgO plane, this angle should be equal to 45
Therefore the structuration is mainly realized by a success
of small steps occurring in neighboring slipping planes w
the result that the stepped Fe film can remain continu
even if the total shift is larger than the film thickness.

Cross-sectional observations of the interface Fe film-M
substrate have been performed by conventional and h
resolution transmission electron microscopy~HRTEM!.21 In
some region of the continuous~as-deposited! Fe film, we
could observe some ‘‘stand-off’’ dislocations located a fe
nanometers~about 15 Å! away from the Fe-MgO interface
The role of these dislocations is certainly to relax the ten
stress in the volume of the film. First, this confirms that t
Fe structure is stretched by the substrate lattice. Furtherm
this study shows that the strain field is relieved from t
dislocation position up to the surface. On the other ha
HRTEM observations done on the sample patterned into
bons reveal the presence of periodic dislocations orien
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parallel to the step edges and located at the interface
MgO. These interface dislocations allow the complete rel
ation of the elastic strain field in the Fe layer along the
culiar direction perpendicular to the step edg
Complementary plane view based on Moire´ fringes observa-
tions have exhibited the uniaxial relaxation of the initial b
~or tetragonal! cell into a distorted one.21

FIG. 1. Magnetization hysteresis cycle measured on the 5
patterned Fe film for a magnetic field applied perpendicularly to
ribbons~a! and parallel to the ribbons~b!.
e-
-
-
.

IV. MAGNETIC PROPERTIES

The magnetic properties of the patterned Fe film ha
been investigated at room temperature by magneto-op
measurements.20 More detailed discussion about the expe
mental device are given elsewhere.27 In order to highlight
any anisotropy potentially induced after the atomic saw p
cess, we have studied the magnetization reversal for a m
netic field applied either parallel or perpendicular to the r
bons. Figure 1~a! shows the magnetization reversal measu
on the patterned sample for a magnetic field applied perp
dicular to the stripes. We can observe a nearly square c
which is the signature of an abrupt switching of the mag
tization from the initial remanent state magnetized perp
dicular to the steps to the final one magnetized in the op
site direction. Figure 1~b! displays the magnetization loo
recorded for a magnetic field set along the stripe edges.
increasing the magnitude of the field, one can observe
the magnetization gradually rotates from the initial reman
direction perpendicular to the steps towards the direct
parallel to the ribbons. The saturation is reached for a re
tively high field close to 2400 Oe.20 This analysis reveals a
strong magnetic uniaxial anisotropy~closely dependent on
the plastic deformation! which is unexpected from shape e
ergy consideration. In a previous paper, the induced ani
ropy was discussed to originate from a magnetoelastic p
nomena provoked by a distortion of the initial cubic bcc~or
tetragonal! Fe cell into an monoclinic one, as suggested
HRTEM observations.20 Our hypothesis is that, due to th
lattice mismatch between bulk Fe and the MgO substrate,
as-deposited film is in a distorted bcc structure, i.e., stretc
in the planes parallel to the interface and therefore co
pressed along the growth axis. One can thus expect a b
centered tetragonal~bct! structure for the as-deposited th
film characterized by two crystalline parametersa and c
@Figs. 2~a! and~b!#. The dislocation slip process should the
have for effect to relieve the epitaxial strain along the p

Å
e

f
ird
FIG. 2. ~a! Body-centered-tetragonal~bct! structure expected in the case of the as-deposited 50-Å Fe thin film.R1 , R2 , andR3 are the
first, second, and third nearest-neighbor distances.~b! ~001! In-plane projection of the unit bct cell.a andb stand for the half diagonals o
the ~001! projection.~c! The bct cell is relaxed along the@11I 0# direction.R18 , R19 , R28 , andR38 are distances between first, second, and th
neighbors~structure expected after the atomic saw process!. ~d! The two half diagonals of the cell’s~001! projection are noteda8 andb8.
The arrows show the relaxation of the cell along the@11I 0# direction.
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pendicular to the ribbons, thus relaxing the bct cell into
monoclinic one. This new structure can be defined by th
parametersa8, b8, andc8 @Figs. 2~a! and ~b!#. In the next
section, we show that experimental evidences can be
tained thanks to EXAFS experiments.

V. EXAFS EXPERIMENTS

A. Introduction

EXAFS ~extended x-ray-absorption fine structure! con-
sists in measuring the x-ray-absorption coefficient of
sample as a function of the photon energy. After the
K-absorption edge, the absorption coefficient shows osc
tions ~EXAFS!, due to the scattering of the photoelectr
~created by the photon absorption! wave function by the sur-
rounding neighbors of the excited Fe atom. These osc
tions are therefore directly correlated to the structure and
local order around this excited atom.

EXAFS is a very well suited technique for the study
ultrathin epitaxial systems. First, x-ray absorption is elem
selective: for the samples considered here, spectra reco
at the FeK edge contain only information on the enviro
ment of the Fe atoms. Second, taking advantage of the li
polarization of the synchrotron radiation~used as photon
source!, EXAFS allows us to measure the lattice paramet
in all the crystallographic directions with the same accura
In the case of thin films, it is thus possible to bring to the fo
possible distortions of the unit cell induced by the epitax
stress. Here, EXAFS measurements will provide the crys
lographic parameters in the Fe films, prior and after
structuration, with an accuracy of around 0.01 Å.

The standard approach consists of extracting the contr
tion of the nearest neighbors from the total signal using F
rier transforms, and to fit this contribution using the classi
EXAFS formula. This procedure can be applied for t
analysis of data recorded on bcc systems, where the first
second nearest-neighbors shells are very close~respectively,
eight neighbors at 2.486 Å and six neighbors at 2.866!.
However, the characteristics of the two shells have to
determined by a unique fit of their total contribution invol
ing at least five floating parameters. The patterned Fe fi
are supposed to be in a distorted bcc structure, where eac
atom has four close shells of nearest neighbors@see Fig.
2~b!#. A fit of this total contribution would therefore requir
even more parameters.

On the other hand, the phase derivative~PD! method pro-
posed by Martenset al.22 is very sensitive to relative posi
tions of different neighbor shells but does not allow us
extract the width of the radial distribution functions~RDF!.
As we are interested in a precise determination of the rela
position of the different shells, we adopt the PD method
will provide a clear evidence of the structural relaxation o
curring in the patterned film. Furthermore, comparisons
tween experimental data recorded for three x-ray incid
angles~with the linear polarization either parallel or perpe
dicular to the Fe film plane! and theoretical simulations a
low us to determine the crystallographic parameters of the
layer before and after the AS process. In a second step
will check that the extracted distances give correct simu
tions of the nearest-neighbor signal with RDF’s width
floating parameters.
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B. Experimental procedure

The experiments were carried out at the Laboratoire p
l’Utilisation du Rayonnement Electromagne´tique ~LURE
France!, on the wiggler beam line of the DCI storage rin
using a Ge~220! double-crystal monochromator, at the FeK
edge~7110 eV!. The spectra were recorded in the fluore
cence yield mode, with the samples cooled at 77 K, in or
to improve the accuracy of the crystallographic study.
pointed out above, both for continuous and patterned fil
different absorption spectra have been recorded in orde
measure the lattice distortion: in normal incidence~NI—
linear polarization of the x ray parallel to the film plane a
either parallel or perpendicular to the Fe stripes! and in graz-
ing incidence~GI—linear polarization of the x ray at abou
75° from the film plane!.

C. Polarization dependence of the nearest-neighbors shell
EXAFS signal

In Fig. 3~a! we present the absorption spectra recorded
the continuous 50-Å Fe film~CF! in NI and GI. The bulk bcc
iron spectrum is also shown. In Fig. 3~b! are plotted the
absorption spectra recorded on the patterned film in GI
in the two different NI’s with the polarization direction pa
allel ~PA! and perpendicular~PE! to the Fe stripes. The EX
AFS oscillations were extracted using the classical pro
dure. A Fourier transform~FT! of the EXAFS oscillations
@see Figs. 4~a! and~b!#, gives a series of peaks correspondi
to the different shells of neighbors of the excited Fe ato
The back FT of the first peak allows to isolate the contrib
tion of the nearest neighbors from the total EXAFS signa

In the simplest case, where these nearest-neighbors
only includesN1 neighbors of the same chemical species a
unique distanceR1 , the contribution to the EXAFS signal o
this shell can be simply written as28,29

x1~k!5
N1*

k•R1
2 B~k!e22k2s2

sin@2kR11w~k!#;

x1 is a function ofk, the wave vector of the photoelectro
created in the absorption process, which is related to
photon energy\v. B(k) ~Fe backscattering amplitude! and
w(k) ~phase shift! are electronic parameters.s is the mean
square relative displacement, giving the width of the rad
distribution function.s contains two contributions: the ther
mal agitation~Debye-Waller factor! and the static disorder
N1* is an apparent number of first nearest neighbors, given

N1* 53(
j 51

N1

cos2 a j , ~1!

wherea i is the angle between the polarization of the x ra
and the bond between a Fe atom and hisj th atom of the first
nearest-neighbor shell. From this formula, valid only forK
edges, it appears that the EXAFS oscillations depend on
polarization direction of the x rays with respect to the sam
crystallographic structure: the contribution of each bond
the total signal is weighted by a the cosine to the square
the angle between the bond and the polarization of the lig
Thus the weight of a precise type of bond can be enhance
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canceled, by changing the angle between the incident x
and the crystallographic axis of the sample.

1. Continuous film

In the as-deposited films, the Fe bcc structure is suppo
to be laterally stretched by the epitaxy on the MgO substr
This lateral expansion should induce a longitudinal compr
sion of the cubic unit cell, leading to a body-centere
tetragonal structure, with lattice parametersa and c. In this
structure, presented in Figs. 2~a! and ~b! the first neighbor
shell, located at ()/2)a in the case of Fe bulk, is now a
R15 1

2 Ac212a2. Each Fe atom has four neighbors located
R35a in the same~001! plane, two neighbors on an ax
perpendicular to the film plane located at a distanceR25c.

For this sample, we have recorded two absorption spe
with the x rays coming in NI and GI. A simple calculatio
using formula~1! shows that, in NI, the neighbors located
R2 do not contribute to the EXAFS signal, whereas the fo

FIG. 3. ~a! EXAFS raw spectra recorded on the as-deposi
50-Å Fe film for the two x-ray angles of incidence~NI and GI!. The
bulk Fe EXAFS spectrum is also reported.~b! EXAFS raw spectra
recorded on the patterned 50-Å Fe film for the three x-ray angle
incidence.
ys

ed
e.
s-
-

t

a,

r

neighbors located atR3 have an apparent weight of 6, th
eight neighbors atR1 having an apparent weight of around
depending on the cubic cell tetragonalization. In GI, t
neighbors located atR3 do not contribute to the EXAFS
signal, whereas the four neighbors located atR2 have an
apparent weight of 6, the eight neighbors atR1 having an
apparent weight of about 8. For this distorted bcc structu
whatever is the x ray angle of incidence,R1 , R2 , and R3
being very closed distances, there will be always two typ
of neighbors contributing to the nearest-neighbors EXA
signal.

2. Patterned film

In the patterned film, the structure is expected to
monoclinic and described by three crystallographic para
etersa8, b8 ~in-plane half diagonals!, andc8 @Figs. 2~c! and
~d!#. In this structure, the shell constituted by the eight ato
at R15 1

2 Ac212a2 in the stretched bcc structure is now sp
into two shells of four atoms located at distancesR18
5Ac82/41a82 and R195Ac82/41b82. Concerning the sec
ond neighbor shell, each Fe atom has four neighbors loc

d

of

FIG. 4. ~a! Fourier transforms~FT! of the EXAFS spectra re-
corded on the as-deposited 50-Å film and on the bulk Fe film. T
FT is performed with a@1.3–2.9 Å21# k window. ~b! Fourier trans-
forms ~FT! of the EXAFS spectra recorded on the patterned 50
film. The FT is performed with the@1.3–2.9 Å21# k window.
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at R385a85Aa821b82 in the same~001! plane and two
neighbors on an axis perpendicular to the film plane loca
at a distanceR285c.

On the patterned film, we have recorded three absorp
spectra. A GI spectrum, with the linear polarization of the
rays perpendicular to the film plane, and two NI spectra, w
the linear polarization of the x rays parallel to the film plan
but either parallel or perpendicular to the ribbons. One
once again estimate the apparent weight of each type of b
using formula~1!. In GI, the neighbors located atR38 do not
contribute to the EXAFS signal; the nearest-neighbors c
tribution will be a mixing of the three other shells contrib
tions. In NI, with the polarization vector along the stripe
the neighbors located atR28 andR19 do not contribute to the
EXAFS signal; the contribution of the nearest-neighb
shell will be due to theR38 andR19 shells. On the other hand
in NI, but with the polarization vector perpendicular to th
stripes, only the neighbors located atR38 andR19 contribute to
the EXAFS signal. For this distorted bcc structure, whate
is the x-ray angle of incidence, the nearest-neighbor con
bution to the EXAFS signal involves two or three differe
close shells.

D. Phase derivative method

1. Principle

For both continuous and patterned films, the nea
neighbors is a mixing of contributions from different shellsi
of Fe neighbors located at very close distancesRi . The clas-
sical analysis would consist in fitting this nearest-neighb
signal by the theoretical EXAFS formula, which can be wr
ten as a sum over thei nearest neighbors~of the same chemi-
cal species!:

xNN~k!5(
i

Ni*

k•Ri
2 B~k!e22k2s i

2
sin@2kRi1w~k!#. ~2!

As discussed above, we adopt the phase derivative~PD!
analysis. The difference between two interatomic distan
can be determined by considering the total phase ofxNN(k).
This differential method is very well suited for the measu
ment of lattice deformations, as shown by D. T. Jiang, C
zier, and Heinrich.30 In the simplest case wherexNN(k) im-
plies only two types of neighbors, located at distancesR1
and R2 , the total phase can be easily calculated. We fi
write xNN(k) as

xNN~k!51ImS A1~k!

k
expi @2kR11w~k!#

1
A2~k!

k
expi @2kR21w~k!# D

with Ai~k!5
Ni*

Ri
2 B~k!exp22k2s i

2

so that finally
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xNN~k!5ImF S A1~k!

k
exp~22ikDR!

1
A2~k!

k
exp~2ikDR! Dexp@ ik~R11R2!1w~k!#G

or

xNN~k!5
Ã~k!

k
sin@2kR̃1w̃~k!#,

where

Ã~k!5A1~k!A11S A2~k!

A1~k! D
2

12
A2~k!

A1~k!
cos~kDR!,

w̃~k!5w~k!1tan21S 2
A1~k!2A2~k!

A1~k!1A2~k!
tan~kDR! D ,

R̃5
R11R2

2
and DR5R22R1 ;

w̃(k) is the xNN(k) total phase. Under some assumptio
~which will be detailed later!, one can show that kinks occu
in this total w̃(k) for somek values linked to theDR value
by22

k2n11'
~2n11!p

2DR
. ~3!

As we shall see, the kink position is located by taking t
derivative of the total phase with respect tok. The example
of bulk bcc Fe is given in Fig. 5. We have extracted t
nearest-neighbors contribution from the experimental E
AFS spectrum and calculated the associated phase de
tive. It is compared with a theoretical calculation done w

FIG. 5. Phase derivatives~PD! of the experimentalxNN signal
obtained from the bulk Fe EXAFS spectrum. Phase derivati
simulations done with theFEFF code considering two different bc
cells are also plotted (a)52.866 Å, (a)52.86 Å.
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the FEFF code31 on bulk Fe with a lattice parametera
52.866 Å ~first neighbors at 2.482 Å and second neighb
at 2.866 Å,DR50.384 Å!. The general shape of the expe
mental phase derivative and its minimum atkmin53.86 Å21

are very well reproduced by theFEFFsimulation. Let us point
out that the phase derivative calculated for a slightly diff
ent bcc structure~a52.86 Å, DR50.383 Å! shows a mini-
mum at a significantly different k position (kmin
53.91 Å21). This demonstrates the width precision of t
method for the determination of theDR value. We will use
the same procedure to analyze the structure of the
deposited and patterned Fe films: the experimental phase
rivative will be compared to simulations calculated for d
torted bcc structures. The simulated phase derivatives wi
simultaneously fit to the data recorded for the different x-
incident angles. This way, despite supposed complex
structures, the number of adjusted parameters will not exc
3.

2. Simple formulation

Of course, the analysis would be much easier if one co
extract directlyDR from the k-position value of the phas
minimum using a simplified expression of formula~3!. One
can first assume that the phase shiftw(k) contained in the
total phasew̃(k) varies linearly withk.32 A second approxi-
mation consists in assuming thats1

25s2
2 ~i.e., the two shells

of neighbors have the same radial distribution width!. In this
case, the ratio

C5
A1~k!2A2~k!

A1~k!1A2~k!

does not depend onk anymore. Thus, with these two ap
proximations, one can easily calculate the second deriva
of the total phasew̃(k):

d2w̃

dk2 '
24C~k!~DR!2 sin~2kDR!

S 12C~k!1
4C~k!

11C~k!
cos2~kDR! D 2 .

From this formula, it appears clearly that the total phase fi
derivative shows a minimum at

kmin5
p

2DR
. ~4!

The analysis of the beating position can therefore allow
determine quantitativelyDR.

We have checked this simple relation and the validity
our assumptions on bulk bcc iron. As indicated above,
bond-length difference between the two shells involved
the nearest-neighbor signal isDR50.38 Å. The minimum of
the experimental phase derivative is atkmin

exp53.86 Å1. This
value is quite different from the theoretical one obtained
ing Eq. ~4! kmin

theo54.085 Å21. The difference is due to the
assumptions we made on thek dependence ofw(k) and
@A1(k)2A2(k)#/@A1(k)1A2(k)#.

We have considered simulations done with theFEFF 6.0
code using phase shifts and backscattering amplitudes c
lated by the code. The results were already shown to be
satisfactory for 3d transition metals.33 Simulations were
s
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done on many structures that one expects to be close to
studied ones~bcc structures slightly distorted along seve
crystallographic directions!. For all these structures, we hav
plotted DR as a function ofkmin . We have shown that one
can write

DR5
p

2~kmin1^DK&!
60.01 Å, ~5!

where^Dk&50.21 Å21 stands for a correction to the formul
~4! and depends on the used FT window. The 0.01-Å er
comes from the dispersion of the different points around t
mean straight line.

The structures that we shall study are rather close to
bulk bcc iron structure to assume that this formula rema
valid in all cases for each x-ray polarization direction. S
the use of this phenomenological relation can provide
approximate value ofDR, which can be used as a startin
point before a refinement of the model using theFEFF code.

FIG. 6. ~a! Phase derivatives~PD! of xNN(k) extracted from
experimental data recorded on the as-deposited 50-Å Fe film for
two different x-ray incident angles~NI and GI!. One can observe
that the minima of the two PD signals are located to distinct po
tions. ~b! Phase derivatives~PD! of xNN(k) extracted from experi-
mental data recorded on the patterned 50-Å Fe film for the th
distinct directions of x-ray incidence. In NI, one can observe t
the minimum of the PD corresponding to the as-deposited fi
@pointed out by the short dotted line~a!# is split up into two differ-
ent minima after the structuration process~pointed out by dashed
lines! depending on the polarization direction~perpendicular PE or
parallel PA to the ribbons!.
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FIG. 7. Simulations of the phase derivatives~PD! signal done with theFEFFcode concerning the as-deposited 50-Å Fe film. The mini
of the PD signal are adjusted simultaneously for the two directions of x-ray incidence. The best agreement is found for a bct struct
by the two parametersa52.82 Å andc52.92 Å.
e-
-

i

a
ro
r
an

lly
n

nc

i
ire

e
o

o
1
a

in
e

ure
ram-
a

se
the

will

in

ter-
est

the
ives

lm.
by

s
face

-

to
tly

on

hic
E. Data analysis

1. Continuous 50-Å Fe film (CF)

In Fig. 6~a!, we report the total phase derivative with r
spect tok, (dw̃/dk), for the two x-ray incident angles re
corded on the continuous 50-Å Fe film~CF!. The bulk bcc
Fe experimental phase derivative is also reported, with
minimum at 3.86 Å21 corresponding toDR50.384 Å. For
the CF, we clearly observe that the minimum is located
different positions for the NI and GI spectra. This nonisot
pic result demonstrates that iron is not in a cubic structu
Due to the lattice mismatch between the MgO substrate
bulk Fe, we have assumed~Sec. IV C! a tetragonal crystal-
lographic structure of the Fe CF resulting from a latera
stretched bcc structure. In this case, the beating positio
NN signal total phase should be at a lowerk value in NI. As
a matter of fact, in NI~respectively GI!, the two neighbor
shells contributing to the signal are located atR1 and R3
~respectively, R1 and R2!. This corresponds toDRNI

.DRGI, and thereforekmin
NI ,kmin

GI according to formula~5!,
as it is experimentally observed. The bond-length differe
between the two neighbor shells concerned in GI (DRGI

5R22R1) is shorter than the one measured in NI (DRNI

5R32R1). Fe appears to be in bct structure, expanded
the interface plane and compressed along the growing d
tion by comparison to the bulk bcc Fe cell.

From the knowledge of the two bondlength differenc
DR, we can in principle accede to the approximate values
R2 andR3 ~i.e., the two crystallographic parametersa andc!.
Nevertheless, one must be aware that an error of 0.01 Å
DR can lead to an error on thea or c parameters close to 0.
Å. This shows that using formula~5! one needs to keep
differential relation. From formula~5!, the difference (a
2c) easily writes

a2c5R32R25
p

2 S 1

kmin
NI 1^Dk&

2
1

kmin
GI 1^Dk& D .
ts

t
-
e.
d

in

e

n
c-

s
f

n

The experimental values kmin
NI 53.72 Å21 and kmin

GI

54.42 Å21 leads toDRNI'0.4060.01 Å andDRGI'0.33
60.01 Å which givesa2c'0.0760.02 Å.

Starting from this relation, the analysis consists now
optimizing the bct cell in order to adjust the minima of th
phase derivative calculated with theFEFF code to the experi-
mental ones for each x-ray incident angle. This proced
has been done by successive 0.01 Å steps for the two pa
etersa andc. The results are reported in Fig. 7. We obtain
good agreement with the experimental data fora52.92 Å
andc52.82 Å. One can notice that the location of the pha
derivative minima can be conveniently adjusted, whereas
signal general shape is not perfectly reproduced. We
discuss this point in the next section.

We have checked that the NN contribution can be fitted
a satisfactory way with the classical EXAFS formula~2! us-
ing the crystallographic parameters close to the ones de
mined above. The results are shown in Fig. 8. The b
agreement is found forR152.495 Å, R352.91 Å, andR2
52.82 Å, values very close to the ones derived from
previous method. The combination of these analyses g
thereforea52.91560.015 Å andc52.8260.01 Å as crys-
tallographic parameters for the Fe/MgO as-deposited fi
These results are in accordance with the work performed
O. Durandet al.23 on thicker 800-Å Fe films. Their studie
show a residual 0.6% compressive strain along the sur
normal of the film.

2. Patterned Fe film (PF)

Figure 4~b! compares the FT of the EXAFS signal re
corded on the patterned film~PF! for different x-ray polar-
ization directions. In NI, for the polarization perpendicular
stripes~PE!, the nearest-neighbor peak is located at a sligh
lower R position than the peak obtained for the polarizati
parallel to the stripes~PA!. This shows that the mean NN
bond length must be shorter along the PE crystallograp
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axis than in the PA direction. Here also, the PD analysis w
allow us to determine the different crystalline paramete
Figure 6~b! displays the phase derivatives extracted from
perimental data recorded on the patterned film for the th
polarization directions, compared to the one obtained on
CF @Fig. 6~a!#. The two NI spectra measured on the P
present minima located at differentk values exhibiting a non-
square symmetry in the planes parallel to the interface.

According to our notations, the bond-length difference
the two first shells along the specific crystallographic dir
tion writes

DRPE
NI 5R382R19 ,

DRPA
NI 5R382R18 ,

DRGI'R282 1
2 ~R181R19!.

FIG. 8. Results of simulations done on the nearest neighb
xNN(k) contribution of the EXAFS signal concerning the a
deposited 50-Å Fe film for the two different directions of x-ra
incidence@NI ~a! and GI~b!#. The best agreement is found for a b
structure given by the two parametersc52.82 Å anda52.91 Å
(a5b52.07 Å).
ll
.
-
e
e

f
-

In principle, all the crystallographic parameters~a8, b8, and
c8! can be deduced from these threeDR values. In practice,
as previously described, one can only extract the bond-len
difference:

DRPE
NI2DRPA

NI 5R182R195AS c8

2 D 2

1a822AS c8

2 D 2

1b82

5
p

2 S 1

kmin
PE 1^Dk&

2
1

kmin
PA 1^Dk& D ,

a8 andb8 being close to the corresponding value of bulk
(a5b5a/&'2.03 Å), one can easily show that

A2

3
~a82b8!5

p

2 S 1

kmin
PE 1^Dk&

2
1

kmin
PA 1^Dk& D .

Using this approximate relation and the experimental v
ueskmin

PE 53.43 Å21 andkmin
PE 53.90 Å21, we obtaina82b8

50.06 Å. As we did in the case of the CF, starting from th
result, the method consists in optimizing the crystalli
structure defined bya8, b8, andc8 in order to fit the experi-
mental minimum positions of the phase derivative with t
ones calculated with theFEFF code for the three polarization
directions. It has been done by varying all the parameters
steps of 0.005 Å. Results are reported in Fig. 9.

The best agreement is obtained fora852.07 Å, b8
52.02 Å, andc852.83 Å with a precision of about 0.01 Å

3. Effects of disorder

As for the CF, the general shape of the experimen
phase derivative is not well reproduced by theFEFF code.
Indeed, our calculations do not take into account the ra
dispersion of interatomic distances. We have checked
the curvature of the phase derivative can be linked to
width of the RDF. This was done by modifying artificiall
the Debye temperature in theFEFF input file. Increasing the
width of the RDF leads to flatter phase derivatives keep
unchanged the position of the minimum. The flat experim
tal phase derivative obtained in GI tends to prove that thec8
parameter value is largely distributed around its mean va
along the surface normal.

Following the classical method,xNN functions have been
fitted using formula~2! takingR18 , R28 , R38 , andR39 , as free
parameters. The best agreement~Fig. 10! is found for R18
52.89 Å, R2852.84 Å, R3852.51 Å, andR3952.47 Å corre-
sponding toa852.07 Å, b852.02 Å, andc852.84 Å which
is consistent with the phase derivative analysis.

As a conclusion, in both CF and PF cases, we have sh
that the phase derivative analysis of the x-ray-absorp
spectra allow us to determine precisely any bcc-like crys
lographic structure by using simulations calculated by
FEFF code. Even if the local disorder can hardly be taki
into account in theFEFF simulations, we have demonstrate
that it affects neither the location of the phase derivat
minimum, nor the precision in the determination ofDR.

VI. DISCUSSION—ELASTIC MODELS

Let us first consider the CF case. By comparison to
bulk bcc Fe structure, the bct cell of the CF (c/a'1.033) is

rs
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torted bct
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FIG. 9. Simulations of the phase derivatives~PD! signal done with theFEFFcode concerning the patterned 50-Å Fe film. The minima
the PD signal are adjusted simultaneously for the three distinct directions of x-ray incidence. The best agreement is found for a dis
structure given by the three parametersc852.83 Å, a852.07 Å, andb852.02 Å.
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45°
then 1.960.6% expanded in the plane and21.660.6%
compressed along the surface normal. The epitaxial relat
ship between Fe and MgO~mismatch close to14%! induces
an isotropic expansion of the Fe cell along the two in-pla
directions, coupled with a compression of the cell along
surface normal as predicted by the elastic model:

«'52
2C12

C11
« i'2« i ;

C11 andC12 are elastic constants.
The quite flat profile of the phase derivative recorded

GI is connected to a large radial distribution of thec param-
eter around its mean value. This distribution is certainly i
posed by the strain relaxation occurring in the film volum
as indicated by the ‘‘stand-off’’ dislocations observed
HRTEM. In the EXAFS signal, each Fe layer contribut
with the same weight. The 1.9% mean dilatation appear
be an average value on the whole film thickness. This m
surement does not exclude a 3.8% expansion of the Fe la
at the interface Fe-MgO and a strain relief in the volume
the film.

The case of the patterned film is very interesting. EXA
experiments have provided a clear proof of a uniaxial rel
ation of the crystalline parameter along the PE directi
Indeed,b parameter is lowered from 2.07 to 2.02 Å (bbulk
52.03 Å) after the structuration process whereas the equ
lent parameter along the PA direction equal to 2.07 Å
mains unchanged. This leads to an uniaxial reliefd of the
strain field along the direction perpendicular to the s
edges equal tod5(b82a8)/a8522.560.6%. In addition,
after process, the value of thec8 parameter along the grow
ing axis increases from 2.8260.01 Å to 2.83560.015 Å
leading to an out-of-plane strain reliefD«'5(c82c)/c'
10.5%.

According to the elastic model, in-plane and out-of-pla
strain relaxation must be linked by the following relation:

D«'52
C12

C11
D« i52

C12

C11
d'20.6d.
n-

e
e

-
,

to
a-
ice
f

-
.

a-
-

p

e

This relation is not exactly satisfied in our case, certai
because of the large dispersion of thec and c8 parameters
evidenced by the shape of the PD. However, the variation
the relaxation measured in the surface normal direction
coherent with the elastic theory predictions: an in-plane co
pression of the cell must be associated with an out-of-pl
dilatation, as found by EXAFS experiments.

Moreover, it appears very interesting to compare the co
ponent of the stress along the PE directionsPE before and
after the AS process. The elastic model gives the gen
relation ~we assume a material with isotropic mechanic
properties!

sPE5C11«PE1C12~«PA1«'!.

Thus we have

sPE~CF!2sPE~PF!

sPE~CF!
5

2S d1
C12

C11
D«'D

S 11
C12

C11
D « i1

C12

C11
«'

'1

which givessPE50 in the case of the PF. This means th
the main feature of the AS process is to release the st
along the peculiar direction perpendicular to the step edg

From this precise crystallographic characterization,
will now show that it is possible to explain the magne
properties observed in the patterned film via a simple m
netoelastic model.

VII. MAGNETOELASTIC MODEL

The magnetoelastic energy associated to an in-plane
laxation of the elastic strain field in the PF writes34

Em2e5B1~«118 a18
21«228 a28

2!12B2«128 a18a28 ,

whereBi are the magnetoelastic coefficients,« i j8 is the strain
tensor anda i8 coordinates of the unitary magnetization ve
tor expressed in the standard Fe@100# basis. For conve-
nience, one can write this formula in the basis rotated by
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in the plane of the film, i.e., linked to the stripes. In this ne
@PE, PA# basis, let us call« i j the strain tensor componen
anda i the magnetization vector coordinates.

FIG. 10. Results of simulations done on the nearest neigh
xNN(k) contribution of the EXAFS signal concerning the pattern
50-Å Fe film for the three different directions of x-ray inciden
@NI ~a! and GI~b…#. The best agreement is found for a distorted b
structure given by the three parametersc852.84 Å, a852.07 Å,
andb852.02 Å.
Em2e5B1S «PE1«PA

2 D12B1«12aPAaPE

1
B2

2
~«PE2«PA!~aPE

2 2aPA
2 !.

The uniaxial strain relaxation along the PE Fe direction e
denced by the EXAFS measurement can be expressedd
5«PE that yields to

Em2e5
B2d

2
~aPE

2 2aPA
2 !.

Then, the energy difference between the two respective m
netization orientations, perpendicular (aPE51) and parallel
(aPA51) to the ribbons writes

DEm2e5B2d;21.93106 erg/cm3,0

~with B257.623107 erg/cm3! ~Ref. 35!.
The magnetoelastic energy is minimum when the magnet
tion is oriented perpendicularly to the stripes as observe
the magneto-optical measurements. The anisotropy fieldHS
given by HS52DE/MS is roughly equal to 2250 Oe, ver
close to one determined experimentally~2400 Oe! which
proves the validity of this simple magnetoelastic model.

VIII. CONCLUSION

We have presented a detailed structural EXAFS study
thin Fe films grown on MgO~001! substrate. The crystallo
graphic structure of the as-deposited film is clearly seen to
body-centered tetragonal because of the interfacial strain
to the epitaxy. The result is that the Fe unit cell is expand
in the plane and compressed along the growth axis as c
pared to the bulk bcc Fe cell. EXAFS experiments were a
carried out on a 50-Å-thin Fe film patterned into ribbons
the AS method and characterized by a strong uniaxial m
netic anisotropy with the easy axis lying along the perp
dicular to the ribbons. We have clearly shown that this m
netic anisotropy is correlated to a relaxation of the elas
strain field occurring perpendicularly to the ribbons in t
magnetic film, leading to a slightly distorted bct cell. Ma
netoelastic effects are then demonstrated to be directly a
source of the magnetic anisotropy. This work has provid
clear evidence of the relation between structure and mag
tism.
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