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Epitaxial thin ®lms provide new opportunities to explore the

relationship between structure and magnetism. The bidimensionnal

character of magnetic ®lms deposited on single-crystal substrates and

the occurrence of singular crystallographic structures often confer on

these systems electronic and magnetic properties that cannot be

found in the bulk solids. Although shape anisotropy would favour an

in-plane easy axis of magnetization for thin ®lms, Ni layers deposited

on Cu(001) present a perpendicular magnetic anisotropy in a very

wide thickness range. It is shown that this can be explained by a

distorted structure of Ni, originating from the strain induced by the

epitaxy on the Cu substrate. In the ®eld of low-dimensional

magnetism, nanostructures with a reduced lateral dimension are

now being widely investigated in view of their technological

applications. Thin Fe layers on MgO(001) can be cut into strips by

the `atomic saw' method: a compression of the substrate induces a

dislocation slipping which `saws' both the substrate and the Fe ®lm

into regular and separated ribbons. The observed magnetic

anisotropy, with the easy axis perpendicular to the strips, is explained

by a structural relaxation occurring during the structuration process.

In these two studies, a precise structural characterization and simple

magnetoelastic models allow the magnetic behaviour of the systems

to be described. The structure of the ®lms can be described as an

elastic deformation of the bulk structure.
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1. Introduction

Thin ®lms deposited on single-crystal substrates can be stabilized into

novel crystallographic phases, thus creating a new class of materials

with electronic and magnetic properties that cannot be found in the

bulk solids. A clear explanation of the magnetic properties of thin

®lms, as well as improvements of theoretical models, requires a

precise characterization of the ®lm crystallography. Surface extended

X-ray absorption ®ne structure (surface EXAFS) is a technique

particularly adapted to these studies. Two examples are presented

here: Ni thin ®lms deposited on Cu(001) and thin Fe layers deposited

on MgO(001), patterned into ribbons by the atomic saw method.

2. Structure of Ni/Cu(001)

For magnetic transition-metal layers, the appearance of the easy axis

of magnetization perpendicular to the ®lm plane (perpendicular

magnetic anisotropy, PMA) is a typical bidimensionnal effect. It has

been observed in various systems (Heinrich et al., 1987; Pescia et al.,

1987; Allenspach, 1994) but only up to a critical thickness, always of

the order of a few monolayers (ML). The behaviour of the Ni/

Cu(001) system is different: magnetic measurements have shown that,

for Ni layers thinner than 7 ML, the easy axis of magnetization lies in

the ®lm plane, but switches perpendicular to the ®lm plane for larger

thicknesses (Schulz & Baberschke, 1994; Huang et al., 1994). All the

models proposed to explain the thickness-dependent magnetic easy

axis of the Ni/Cu(001) ®lms have introduced magnetoelastic terms

(Schulz & Baberschke, 1994; Bochi et al., 1995, 1996; Jungblut et al.,

1994; Naik et al., 1993), induced by a tetragonal structure of the Ni

®lms. The origin of this distorted structure is the adaptation of the Ni

lattice to the Cu one. Ni and Cu are both face-centred cubic (f.c.c.)

metals, with lattice parameters of, respectively, 3.52 AÊ and 3.61 AÊ . Ni

would adopt the Cu lattice parameter parallel to the interface, this

lateral expansion of the cell inducing a longitudinal contraction. Such

tetragonal structures have been observed in previous studies

(Heckmann et al., 1994; Idzerda & Prinz, 1996; MuÈ ller et al., 1996;

Platow et al., 1999).

Ni thin ®lms grown on Cu(001) have been characterized by

polarization-dependent surface EXAFS. The strengths of EXAFS are

well known: it is a selective method and allows one to measure lattice

parameters in all the crystallographic directions with the same

accuracy.

The experiment was carried out at the Ni K edge (8333 eV). Ni was

deposited under ultra-high vacuum (UHV), at room temperature, on

a clean Cu(001) single crystal. The EXAFS data were recorded in situ

at 77 K, in the total-yield mode, using two incident angles of the X-

rays: normal incidence and grazing incidence, with polarization of the

X-ray respectively parallel and almost perpendicular to the surface

plane.

The Fourier transforms of the spectra for 10 ML Ni/Cu(001) are

shown in Fig. 1. The contribution of the ®rst-neighbour (FN) shell is

extracted by an inverse Fourier transform of the ®rst peak. This

contribution is ®tted using the classical EXAFS formula to determine

the FN distance. The contribution of each FN bond to the EXAFS

signal is weighted by cos2�, where � is the angle between the bond

and the linear polarization of the X-rays. In grazing incidence, only

the eight FN bonds out of the (001) planes (out-of-plane bonds)

contribute to the signal, whereas in normal incidence, the four bonds

contained in the (001) planes (in-plane bonds) and the eight out-of-

plane bonds contribute with the same apparent weight. Fits of the two

normal incidence and grazing incidence spectra allow us to determine

both the in-plane and the out-of-plane FN bond lengths (R out-of-plane

and R in-plane). For all the studied Ni thicknesses (3 to 10 ML), we

obtain Rin-plane = 2.55 � 0.01 AÊ , a value equal to the FN distance in

the Cu substrate, and Rout-of-plane = 2.50 � 0.01 AÊ . From 3 to 10 ML,

the Ni ®lms are in a face-centred tetragonal (f.c.t.) structure, with

lattice parameters parallel and perpendicular to the interface: a|| =

3.61 � 0.02 AÊ and a? = 3.46 � 0.04 AÊ .

This tetragonal structure is con®rmed by observing the polariza-

tion dependence of the distant-neighbour shell contributions to the

EXAFS signal. A simulation of the X-ray absorption spectra using

the FEFF6 code, which calculates the absorption cross section using a

multiple-scattering formalism (Rehr et al., 1991; Le FeÁvre et al., 1995)

is shown in Fig. 1 with the experimental spectra. The best agreement

was achieved with lattice parameters of a|| = 3.61 AÊ and a? = 3.42 AÊ ,

very close to those determined by the FN shell analysis. These values

are also comparable with those measured in a recent low-energy

electron diffraction study [a|| = 3.58 AÊ and a? = 3.41 AÊ (Platow et al.,

1999)].

3. Strain relaxation in Fe thin ®lms patterned by the atomic saw
method

Fe ®lms of 50 AÊ thickness were epitaxially grown on an MgO(001)

substrate in UHV: Fe grows in a body-centred cubic (b.c.c.)-like
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structure on f.c.c. MgO(001) with the relative orientation

MgO(001)[010]||Fe(001)[110]. As seen by RHEED (re¯ectives high-

energy electron diffraction (Durand et al., 1995; Childress et al., 1994),

the 3.8% lattice mismatch should stretch the Fe lattice parallel to the

interface. To avoid any oxidation of the Fe ®lm, a 15 AÊ Pd layer was

deposited on the Fe.

The so-called atomic saw method (Peyrade et al., 1992; Goiran et

al., 1993) consists of applying a uniaxial compressive stress on a

sample in order to induce plastic deformation, i.e. dislocation slipping

through the whole system `substrate and epitaxial ®lm'. When

dislocations cross the ®lm, the layer is cut in separate strips. This

method has been successfully used to cut Fe thin ®lms, epitaxially

grown on MgO(001), into strips and boxes (JaffreÁs, Ressier, Peyrade

et al., 1998; JaffreÁ s, Ressier, Postava et al., 1998). Fe ribbons aligned

along the MgO [010] direction, corresponding to the [110] direction in

the Fe ®lm, were fabricated using a plastic strain equal to 8%. The

analysis of atomic force microscopy images enabled the evaluation of

the width L (100 � 50 nm) and relative height h (1 � 0.5 nm) of the

ribbons. Magneto-optical measurements on the Fe `sawed' ®lm

revealed a strong magnetic uniaxial anisotropy, characterized by an

easy axis of magnetization perpendicular to the strips, which is

unexpected from shape±energy considerations.

In the as-deposited ®lms, the Fe b.c.c. structure is supposed to be

laterally stretched by epitaxy on the MgO substrate. This lateral

expansion induces a longitudinal compression of the cubic unit cell,

leading to a body-centred tetragonal (b.c.t.) structure with lattice

parameters a and c (Fig. 2a). Each Fe atom has four FN bonds located

at R3 in the same (100) plane, as well as eight FN bonds located at R1

and two at R2 out of this plane. In the patterned ®lm, the atomic saw

process could induce a relaxation of the Fe tetragonal cell perpen-

dicular to the strips. This would lead to a monoclinic structure, as

schematically presented in Fig. 2(b), and described by three crystal-

lographic parameters �0, �0 and c0 and FN distances R01, R001 , R02, R03
(Fig. 2b). This structure could explain the magnetic anisotropy.

We have used the polarization dependence of the EXAFS spectra

to measure the different crystallographic parameters of these two

distorted structures. The EXAFS spectra at the Fe K edge (7110 eV)

were recorded ex situ at 77 K in the ¯uorescence-yield mode. For

these distorted b.c.c. structures, whatever the X-ray angle of inci-

dence, R1, R2 and R3 (or R01, R001 , R02, R03) being very similar distances,

there are always two types of neighbours contributing to the FN

EXAFS signal. Unlike for the study of Ni/Cu(001), there is no

peculiar X-ray angle of incidence for which a unique bond length can

be isolated. A ®t of the FN contribution using classical EXAFS

formulae would require too many parameters and would not be

precise enough. We have therefore used the phase-derivative method

(Martens et al., 1977; Jiang et al., 1991). When two different bond

lengths (R1 and R2 for example) contribute to the FN EXAFS signal,

as a result of the interference between the different shells, a kink

occurs in the total phase when the value k of the wavevector of the

photoelectron is approximately equal to �/2(R2 ÿ R1) = �/2�R. In

practice, the kink position is located by taking the minimum of the

derivative of the total phase with respect to k, and the precise

determination of �R is performed by comparing the experimental

phase derivative and a theoretical calculation performed with the

FEFF code (Rehr et al., 1991). We have tested this method on bulk Fe

and have shown (JaffreÁs et al., 2000) that the accuracy on the �R

determination is about 0.01 AÊ .

This method is applied for the structure determination of the as-

deposited ®lm. Fig. 2(c) shows the experimental phase derivative for

the spectra recorded in normal incidence (NI) and in grazing inci-

dence (GI). The different distances contributing to the signal are R1

and R3 in normal incidence, and R1 and R2 in grazing incidence. We

have then �RNI = R3 ÿ R1 and �RGI = R2 ÿ R1. With a > c, one

obtains �RNI > �RGI, and, therefore, a kink position at a smaller k

value in normal incidence than in grazing incidence. This is clearly

observed in the experiment and demonstrates the tetragonal struc-

ture of the as-deposited Fe ®lm. We obtain a good agreement

between experiment and FEFF simula-

tions for a = 2.915� 0.015 AÊ and c = 2.82

� 0.01 AÊ . As it was supposed above, in

the as-deposited ®lm, Fe is in a tetra-

gonal structure, resulting from an

epitaxially strained b.c.c. structure. The

bonds parallel to the surface (a =

2.915 AÊ ) are smaller than in MgO

(2.98 AÊ ): this can be explained by a

partial strain relaxation in the Fe ®lm as

indicated by the `stand off' dislocations

observed by high-resolution transmis-

sion electron microscopy (Snoeck et al.,

1998).

In the patterned Fe ®lm, the Fe

structure is expected to be monoclinic

and described by three crystallographic

parameters �0, �0 and c0 (Fig. 2b). For this

sample, we have recorded three absorp-

tion spectra: a grazing-incidence spec-

trum, with the linear polarization of the

X-rays perpendicular to the ®lm plane,

and two normal-incidence spectra, with

the linear polarization of the X-rays

parallel to the ®lm plane, but either

parallel (PA) or perpendicular (PE) to

the strips. The FN contribution will be

due to R01, R001 and R02 in grazing inci-

Figure 1
Fourier transform (between k = 2.55 and k = 12.35 AÊ ÿ1) of experimental EXAFS spectra recorded on a 10 ML
Ni/Cu(001) ®lm in normal incidence and in grazing incidence. Comparison with FEFF calculation using a|| =
3.61 AÊ and a? = 3.42 AÊ .



dence, to R01 and R03 when the polarization is parallel to the strips, and

to R001 and R03 when the polarization is perpendicular to the strips. We

have used the phase-derivative method to analyse the data; the

experimental spectra are shown in Fig. 2(c). The two spectra recorded

with the polarization either parallel or perpendicular to the strips

present minima located at different k values, denoting a non-square

symmetry of the surface lattice. According to our notation, the bond

length differences involved for each polarization direction are �RPE

= R03 ÿ R001 , �RPA = R03 ÿ R01 and �RGI ' R02 ÿ 1/2(R01 + R001).

As in the study of the as-deposited ®lm, the crystallographic

parameters (�0, �0, c0) are obtained by comparing the experimental

curves with FEFF simulations: the best agreement is reached for �0 =

2.02 � 0.01 AÊ , �0 = 2.07 � 0.01 AÊ and c0 = 2.83 � 0.01 AÊ .

These results show that the patterned ®lm has a monoclinic

structure. As it was supposed, the effect of the atomic saw process

is mainly to relax the epitaxial strain perpendicular to the ribbons.

Thus, the structure is also slightly relaxed perpendicular to the ®lm

plane (c0 > c).

4. Structure of thin ®lms as elastic deformation of bulk structure

In a previous study of Co ®lms on Cu(001) (Heckmann et al., 1994),

the Co tetragonal structure was explained by an elastic deformation

of a cubic cell, using the continuum elastic theory. In this approach,

assuming that the thin ®lms can be considered as an elastic conti-

nuum, the elastic theory is used to predict the contraction of the

lattice parameter in the direction perpendicular to the interface,

knowing the strain imposed by the substrate. Since the surface of the

®lm is free, there is no stress in the direction perpendicular to the

interface. Therefore, a? and a|| in the tetragonal structure of Ni and a

and c in the tetragonal structure of the as-deposited Fe ®lm should be

linked by the formulae (Hooke's law)

a? ÿ aNi

aNi

� ÿ2
C12

C11

ajj ÿ aNi

aNi

and

cÿ aFe

aFe

� ÿ2
C12

C11

aÿ aFe

aFe

;

where Cij are the standard elastic coef®cients of a cubic crystal and aNi

and aFe are the lattice parameters of the bulk structures. For Ni ®lms,

a|| was found to be imposed by the Cu substrate (3.61 AÊ ) and, using

C12/C11 = 0.578 (Simmons & Wang, 1971), one obtains a? = 3.42 AÊ .

This leads to Rout-of-plane = 2.49 AÊ , a value very close to that deter-

mined by the EXAFS measurements. For the as-deposited Fe ®lm, a

is found to be 2.915 AÊ . Taking C12/C11 = 0.595 (American Institute

Handbook), one obtains c = 2.82 AÊ , a value also in agreement with

the experimental measurement.

In the patterned Fe ®lm, there are two stress-free directions:

perpendicular to the surface and in the PE direction. Hooke's law

then gives two equations,

��

�
� �

0 ÿ �Fe

�Fe

� ÿC11 � C12 ÿ 2C 2
12=C11 ÿ C44

C11 � C12 ÿ 2C 2
12=C11 � C44

�0 ÿ �Fe

�Fe
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Figure 2
(a) Body-centred tetragonal (b.c.t.) structure expected in the case of the as-deposited ®lm. (b) Trigonal structure expected for the patterned ®lm. The b.c.t. cell is
relaxed along the [1�10] direction. The projection in the (001) plane is shown; �0 and �0 are the values of the half diagonals. (c) Phase derivative of the ®rst-
neighbour EXAFS signal recorded in normal incidence (NI) and in grazing incidence (GI) on as-deposited Fe ®lm (upper curves) and in perpendicular (PE),
parallel (PA) and grazing incidence (GI) on the patterned Fe ®lm (lower curves).
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and

c0 ÿ cFe

cFe

� ÿC12

C11

��

�
���

�

� �
;

where �Fe = �Fe = 2.03 AÊ and cFe = 2.87 AÊ are the bulk Fe lattice

parameters. Taking the numerical values (American Institute Hand-

book) of Cij and the experimental �0 = 2.07 AÊ , we found �0 = 2.02 AÊ

and c0 = 2.84 AÊ . These values are again in perfect agreement with

experimental values, showing that the main effect of the atomic saw

process is to release the stress along the direction perpendicular to

the strips.

5. Magnetoelastic model: Fe/MgO

The magnetoelastic energy in a cubic structure is

EME � B1�"11M2
x � "22M2

y� � 2B2"12MxMy;

where B1 and B2 are the magnetoelastic coef®cients. " is the strain

tensor and Mi are the magnetization coordinates on the standard

Fe[100] basis. Also "12 = (1/2)(��/� ÿ ��/�). Then, the energy

difference between the two in-plane magnetization directions

(perpendicular or parallel to the strips) can be written

�EME � B2

��

�
ÿ��

�

� �
' ÿ1:9� 106 erg cmÿ3;

with B2 = 7.62 � 107 erg cmÿ3 (Bruno, 1993). This negative value,

obtained using the measured strains, shows that a magnetization

vector perpendicular to the ribbons minimizes the magnetoelastic

energy, as observed in the magneto-optical measurements. The

anisotropy ®eld Ha, given by Ha = 2�EME/MS, is roughly equal to

2250 Oe, a value very close to that determined experimentally

(2400 Oe), which proves the validity of this simple magnetoelastic

model.

A switching of the easy axis of magnetization has also been

reported for Fe deposits on W(110) (Bansmann et al., 1997; Lu et al.,

1998). The authors of those reports showed that an annealing of the

Fe ®lms resulted in the creation of elongated islands with an easy axis

of magnetization that was different from that of the continuous as-

deposited ®lm. But, in these cases, the switching seemed to be caused

by changes in the ®lm morphology, and not structural effects as

discussed here.

6. Conclusions

We have presented an EXAFS study on thin Ni and Fe ®lms. In both

cases, the epitaxy on a single-crystal substrate induces strains in the

®lm. Despite a quite large strain parallel to the surface (2.6% in Ni

®lms and 1.7% in Fe ®lms), the Ni and Fe tetragonal or trigonal

structures can be considered as elastic deformations of the bulk cubic

cell, and are well described by the continuum elastic theory. These

measurements are of key importance in order to understand the

magnetic properties of these ®lms. In both cases, one can show (Le

FeÁvre et al., 1999; JaffreÁs et al., 2000) that simple magnetoelastic

models can account for the magnetic anisotropy observed in these

samples.
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