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Neutron Reflectometry as a Tool to Study Magnetism

G.P. Felcher, Material Science Division, Argonne National Laboratory, Argonne, IL

60439

Polarized-neutron specular reflectometry (PNR) was developed in the 1980’s as a
--—

means o-fmeasuring magnetic depth profiles in flat films. Starting from simple profiles,

and gradually solving structures of greater complexity, Pm has been used to observe or

clarifi a variety of magnetic. phenomena. It has been used to measure the absolute

magnetization of films of thiclmess not exceeding a few atomic planes, the penetration of

magnetic fields in micron-thick superconductors, and the detailed magnetic :oupling

across non-magnetic spacers in multilayers and superlattices. Although PNR is

considered a probe of depthdependent magnetic structure, laterally averaged in the plane

of the film, the development of new scattering techniques promises to enable the

characterization of lateral magnetic structures. Retaining the depth-sensitivity of specular

reflectivity, off-specular reflectivity may be brought to resolve in-plane structures over

nanometer to micron length scales.
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l.Reflectometry.

Polarized neutron reflectometry (PNR) has reached a maturity perhaps surprising

in view of its young age. Born in the middle ‘80’s, it was devised as an analytic tool to

..—%
measure the magnetic depth profile of thin films or in proximity of surfaces and

interfaces. Fortunately its deployment was paralleled by the evolution of techniques

capable of producing reliable magnetic films with novel magnetic properties. Maturity

has come to PNR in two ways: its role in research has become better defined, and the

results obtained by different laboratories have become quite consistent [1-4].

Neutron reflectivity is an optical technique [5,6]: the interaction of neutrons with

the medium through which they propagate is described by a potential whose magnitude is

related ,simply to the scattering length density of the nuclei and the magnetic induction B

in the material:

v@=~+vm= 2n%2
—bN+~.;

m
(1)

where b is the mean-of the scattering lengths over the N atoms occupying a unit volume

ands is the neutron spin. For thermal and cold neutrons, the elemental quantities b are

constant and conveniently tabulated for all nuclei (as well as for the natural isotopic

composition of all elements). The trajectory of the neutron in this potential is obtained by

solving the Schrodinger equation. If Vcflis fimction only of the depth from the surface (as

in a stratified medium) only the z-component of the motion perpendicular

is affected by it: the motion in the plane x,y (parallel to the surface) is

particle.

to the surface

that of a free
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As shown in Fig. 1, a beam of neutrons is specularly reflected km a flat, laterally

homogeneous object. The intensity of the reflected beam, recorded at different neutron

wavelengths and angles of incidence, permits an evaluation of the chemical and magnetic

depth profile. In vacuum the component of the neutron momentum perpendicular to the

.sUrfa= ~skn=2nsinWk, where 0 is the angle of incidence on the surface and A the

neutron wavelength.

When Eq. (1) contain? only a nuclear potential, in the medium the wavevector

becomes:

kZq(&2-4nbN) (2)

Reflection as well as refraction takes place at the surface; in a layered medium, the same

can be said of any interface. The conditions of continuity of particles and their flux at the

interface between layers j and j+l yield the expression for the reflectance rj :

rj=exp(-ikadj) (rj+l+Fj) / (rj+lFj + 1 ) (3)

where

Fj ~ (kZJ+l-kzj)/(kzj~l+ kzj) (4)

From such expressions can be calculated the reflectance at the surface, r, and the

reflectivity R=lr~\2which is the observable quantity. The wavevector transfer,

%= kfkzi = 4n ‘ine /z (5)

provides a convenient metric for characterizing the specular reflection process [in which

incident- and reflected-beam wavevectors (~,, tY ) enter and exit the surface at the s~e

glancing angle 6 [4]. Since the momentum ~ is the quantum mechanical conjugate to

position z, one can transform the depth profile of scattering material b(z) into reflectivity
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R(qJ Eq.2 can be solved only iteratively. At large values of Q both ~ and FJare much

less than 1. Neglecting higher order terms in the denominator, Eq. (2) reduces to a sum of

Fj over all interfaces: this is the kinematical approximation, The expressions given above

are valid as well when dealing with X-ray reflectivity: only the numerical values of the
-—.,

scattering length densities need to be changed.

Neutrons also interact with the magnetic induction fields ~ in the material. Since

the neutron is a spin-1/2 particle, there are two states of quantization with reference to an

external magnetic field ~. When all neutrons are in one of these states they are polarized

either parallel (+) or antiparallel (–)”to E. If the magnetic induction everywhere in the

neutron path is parallel to H, neutrons remain polarized in the original state, and see a

potential U’= (h2 /2nz)Nb& @, where

magnetic medium is, in effect, birefringent.

To illustrate the notions introduced

~ is the neutron magnetic moment. The

above, Fig.2 presents the X-ray and neutron

reflectivity from a “double superlattice” of Fe/Cr, i.e. the sample composed of a Fe/Cr

superlattice with antiferromagnetic coupling topped by a second Fe/Cr superlattice with

ferromagnetic coupling[7]. The X-ray pattern extends over a range of ~ much larger than

that of neutrons, thanks to the higher intensity of the source and also to the higher

scattering density of the layers. The neutron reflectivity is strongly spin dependent,

because of the relatively Iarge scattering amplitude. The X-ray reflectivity was fitted by a

chemical profile, and in turn this, together with information obtained from magnetization

measurements, was used to calculate the PNR profiles without any fitting.

The problem of fitting PNR data has been found difficult to solve. Since the

dynamic range is less extensive than for X-rays, approximate methods [8] turn out to be
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less useful. A number of fitting routines have been proposed [9]. However, as with other

scattering techniques, measurements of the reflected intensity R = r 2 lose the phase

information required for a unique determination of sample structure. Consequently, very

different scattering density profiles may produce specular reflectivities that are-.—%

statistically similar. There have been a number of recent advances in direct inversion of

reflectivity data that, in principle, retain the phase of r, by means of the addition of two or

three reference layers [10-1 1]..4

Figure 3 summarizes the behavior of the neutron spin during reflection for

different magnetic systems. In all cases, neutrons are initially polarized along a magnetic

field H and experience a magnetic induction B within the material. Clear is the difference

between the cases illustrated in Figures 3b and 3d. In the former case the reflected

neutrons are still polarized, but in a direction different from the original one; in the latter

case, the neutrons become partially or completely depolarized. Unfortunately, in all

current experiments, only the projection along H (the same field along which the incident

neutrons were polarized) of the polarization of the reflected neutrons is measured . With

such information alone, cases b) and d) cannot be distinguished. Still, with such

arrangement the experimental findings can be described in terms of four reflectivities:

R+’, R–, R+-, and R-’ , where the first sign indicates the polarization state of the neutron

before reflection and the second after reflection.

The presence of R*T in the specularly reflected intensity is a signature of a non

collinear structure. In some circumstances, the interpretation of the spin dependence of

scattering is straightforward. This is the case of an AF Bragg diffraction peak due to a
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series of magnetic layers, of spacing d and magnetization M alternately magnetized in

opposite direction but with orientation different from that of the quantizing field H. The

AF Bragg diffraction peak in the reflection spectrum is centered at ~= 2n/d~~, with

dA~=2d. The reflectivities, integrated over the width of the Bragg reflection, are
-—.

proportional to:

R**= Ml; ; R*T= ML* (6)
.

where Ml,and Ml are respectively the projections of the sublattice magnetization parallel

and perpendicular to H. For other values of ~ this simple relationship does not hold. For

instance, it is easy to show that R+-

region, with the asymptotic behavior

tends to decreases with q= in the total reflection

R-+O when qZ+O. While the reflectivity can be

easily calculated for any given magnetic structure [12, 13], often the reverse path is not

transparent, and the details of the non-collinear structure are obtained by model fitting.

A reflectometer is a simple instrument: a neutron beam of wavelength k hits a

sample surface at an Wgle e and is reflected from the surface at the same angle 0. The

instrument is practically a diffractometer with resolution sufficient to separate transmitted
.

and reflected beams at values of qZ where the reflectivity becomes unitary. The

reflectivity is solely a function of the momentum transfer along the z direction, and qZ=4

nsinWk can be spanned either by changing the wavelength, and keeping fixed the angle

of incidence, or by changing the angle of incidence at fixed wavelength. Appropriate

devices are added to polarize the incoming neutrons along an applied magnetic field or to

analyze the polarization of the reflected beam. Reversal of the neutron spin is obtained by

energizing flippers placed before and tier the sample [4].
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2. Research on magnetism: a partial survey.

The goal of the first PNR experiment was to measure the London penetration

depth k’ in superconducting niobium [14]. The penetration depth characterizes

complekly the diamagnetism of a film for applied magnetic fields below Hcl , the field

below which magnetic flux is expelled from the bulk of the material. Values of the

penetration depth determined by PNR include conventional superconductors, like
.

niobium [15], lead [17] and high-Tc superconductor ~a2Cu307.X, where the

measurements point to a penetration depth of the order of 1400 ~ [17,18], in good

agreement with the results obtained by muon spin rotation. A distinguishing feature of

PNR is the capability to veri& if the magnetic field decays from the surface exponentially

or with a more complex behavior. This issue is important when attempting to measure the

●

magnetic depth profiles of type-II superconductors in fields exceeding the critical value

Hcl”

Above Hcl, an inhomogeneous state is created in type-II superconductors, with

the magnetic field penetrating along lines of fluxoids. For fields perpendicular to the

surface arrays of fluxoids have been observed with surface-sensitive techniques. With the

field parallel to the surface the fluxoids may remain parallel to the surface and entirely

submerged within the material. Up to now the presence of fluxoids in this geometry has

been derived from careful measurements of the spin dependence of the specular

reflectivity. If the fluxoids are pinned at random along the thickness z of the film their

effect can be seen only close to the value of qZfor

fluxoids located at the center of a superconducting

total reflection. However, a line of

film of thickness D gives rise to an
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spin dependence of the reflectivity extended to qZ=4z/D [19,20]. An array of Josephson

fluxoids in a multilayer should exhibit a maximal spin dependence of the reflectivity at

the Bragg reflections of the muhilayer [21].

. ._Most of the research by PNR has been addressed to the magnetism of thin layers,

either single or coupled to form multilayers. For a film thickness of the order of ten

&igstroms the magnetization of a ferromagnet is

in size, direction of magnetization and even

significantly altered from the bulk value

type of magnetic order. These new

properties are the result of a complex set of circumstances, such as the incomplete “

quenching of the orbital moments, the stretching (or compressing) of the lattice on the

substrate, and the transfer of electrons between magnetic film and substrate. Polarized

neutron reflection has been used to determine the absolute value of the magnetic moment

per atom in very thin fdms (5 atomic planes) sandwiched between Ag on one side and Pd,

Ag, Au, Cu on the other side. At this thickness, an average moment per Fe atom has been

found of -2.5jL~, against a bulk value of 2.2 ~~[22-23]. This result is in agreement with

the 309Z0increase of the Fe moment predicted for the surface layer. In contrast, it was

found that Ni in Cu/Ni/Cu sandwiches exhibits a decreased magnetization for films as

thick as 100~, with a residual magnetization of -0.1 p~ /Ni at an nickel thickness of 30 ~

[24].

First for a few selected pairs, then for a host of combinations of Fe, Co, Ni

interleaved by most of the 3, 4, and 5d transition metals, it was found that the coupling

between subsequent ferromagnetic layers oscillates from ferromagnetic (FM) to

W.iferromagnetic (AF) by varying the thickness of the non-magnetic spacers. Magnetic
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fields ranging from several to a few thousand Oersted saturate the magnetization of AF-

coupled multilayers, with a corresponding large change of magnetoresistance. The basic

magnetic structure predicted for the AF state is of type + – + –, a simple doublingof the

chemical periodlcity d. This structure has been

—.
multilayers of Fe/Cr [25] and since then in a host

confirmed directly by PNR first in

of other multilayers. The basic PNR

experiment consists of measuring the intensity of Bragg reflections at the values of

2 sine/A equal to 1/d and, 1/ 2d: the first gives information on the ferromagnetic

contribution of the average bilayer, the second on the AF contribution. Hydrogenation

changes reversibly the band structure and metallic character of the components of a

multilayer in a selective way, and by an amount controllable with the hydrogen pressure.

Magnetically, the effect of hydrogenation is to switch reversibly between

FM-coupled states. In Nb/Fe and V/Fe superlattices, it has been shown

the AF- and

[26,27] that

hydrogen enters solely in the Nb and

characterized by a simple +-+- sequence.

V lattices and that the AF state is again

PNR has gradually been applied to unravel considerably more complex magnetic

systems. In general, to determine the details of the magnetic profile of the repeat unit of a
.

superlattice, a large qZregion needs to be

epitaxial layers, with the in-plane structure

~-’, corresponding to the mean atomic

explored. If the superlattice is composed of

in registry, Bragg reflections appear at q, -2

plane spacing a. Close to these lines, at

L=2x[( l/a)A( l/d)], satellites appear due to the modulation of the superlattice spacing d

with the atomic spacing a. By comparing the intensities of these satellites, it is possible in

principle to determine the magnetization of the layer with a resolution of one atomic

plane. For instance in GdN extended range diffraction measurements were used to test

the presence of magnetic dead layers at the interface [28]. However, for a correct analysis
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the thickness of each single layer has to be controlled with a precision exceeding that of

one atomic plane, otherwise the wave reflected by that layer is out of phase with the

others, with the net effect that the average interface appears as smeared. Perhaps more

intriguing was the quest of the antiferromagnetic response of chromium in Fe/Cr
. ..— *O

superlattices. Bulk Cr orders magnetically; the induced magnetic moment is small (less

than 1 ~* and modulated into an antiferromagnetic spin density wave (SDW) in Cr. The

SDW gives rise to magnetic satellites around the Cr(OOl) diffraction line [29,30]. From

their positions and intensities it has been found that the SDW is modified, in period and

phase, by the adjacent strong ferromagnetic layers (Figure 4).

Analysis of the polarization state of reflected neutrons has been used in those

cases, in which the direction of the magnetization was suspected of being depth

dependent. Perhaps the case most discussed in recent years has been that of biquadratic

exchange. Two ferromagnetic layers, separated by a spacer of thickness such to provide

only a very weak coupling, have been found to exhibit, a 90° magnetization, thereby

minimizing biquadratic terms J -M12M22of the energy. Sustained research has been done

by PNR to see if conformations of this kind persist in multilayers of Fe/Cr. The

experimental pattern indicated the presence of both a FM Bragg reflection at ~=2n/d and

an AF one at half that value. From these IM111+MZI112,IM11+MU12,IMIII-M21112,IM11-MU12

were extracted separately (cfr. Eq.(6)) and the relative orientation of the moments in the

average bilayer was reconstructed, assuming the system homogeneous (not composed of

ferromagnetic and antiferromagnetic domains). In general the angle between subsequent

layers was found to be acute, in some cases approaching 90°[31-34]. “

In 1990 a model system was proposed[35] to describe the magnetic phases of

tightly coupled multilayers, namely Gal/Fe. From the basic knowledge of the interaction

between Gd and Fe on the atomic scale, individual layers of Gd and Fe were assumed to

be ferromagnetic with the net moment aligned toward a weak magnetic field. Increasing
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the field was predicted to cause a phase transition from the ferrirnagnetic to a twisted

configuration. The transition was broadened in a mukilayer composed of a finite number

of elements, in view of surface effects that cause the twist to be depth-dependent. The

detailed amount of predictions constituted quite an open challenge to the

experi~efitalists, who set up to confirm their applicability to real systems. However, the

confirmation of the effect, by PNR measurements on Fe/Gal multilayers, was not directi

the intensity of Bragg reflections gives information on the magnetization of the average

bilayer and thus does not address the problem of surface-induced transitions. This

requires an analysis of the intensity reflected off the Bragg reflections, but for a

muItiIayer this becomes quite a complex task [36,37]. Hitherto the most direct

experimental evidence of a depth dependent twist of the magnetic moments was found in

a single bilayer of Gal/Fe. At the contact point between the two layers the magnetization

vectors of the gadolinium and iron layers were found to be oppositely aligned, and such

arrangement persists throughout the respective layers in zero field. However when a

magnetic field is applied the softer exchange interaction within the gadolinium layers

gave rise to a twisted configuration [38] (Fig. 5).

Finally, it will be mentioned a curious effect found in Fe/La multilayers [39].

Those samples exhibited a fragile helical magnetic structure, stable in time, but

permanently destroyed after application of a field of 100 Oe. In one of those rare cases in

which PNR served as a primary diagnostic tools, such effect turned out to result from

imprinting during film deposition, rather than by interlayer coupling [70]. Each layer was

30 ~ thick, and during deposition the sample was rotated in an external field of 3 oe,

strong enough to magnetize the Fe layer being deposited but not sufficient to perturb the

magnetization of the Fe layers already grown. AS revealed by PNR, adjacent Fe layers
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formed a helical structure (Fig.6)

rotational direction and speed of the

with a chirality and periodicity determined by the

substrate and the rate of deposition.

3. Off-Specular Scattering

Up to now we considered the reflectivity from a stack of infinite parallel layers

with sharp boundaries (Fig. 1). Real surfaces and interfaces usually show some kind of

imperfection. This could be i~terdiffusion (Fig.7, left). Here, on an atomic scale, the

lateral translational symmetry is broken. In the case of surface roughness (Fig.7, center)

the lateral correlation length could extend to thousands of ~gstroms. The two cases can

be distinguished not by specular reflectivity - where it matters just the average scattering

amplitude at each height z - but by diffuse scattering. Fig. 8 shows the geometry of

scattering at grazing incidence. The scattered beam is defined by e~, the angle with the

surface in the reflection plane, and (p, the angle off the reflection plane. Conservation of

energy and momentum require that objects with an in plane repeat distance ~, dYare

scattered with the law:

I/dX=(l~)(cose~ cos(p-cosei) (7)

If dX=~ , the scattered

(8)

beam in the reflection plane is much farther away from the

specular beam than the scattered beam off the reflection plane. Thus it can be claimed

[40] that, by choosing the proper geometry, the scattering of particles ranging from tens

of ~ to tens of microns can be studied.



. .
13

Roughness, and the off-specular scattering that it causes, has been extensively

studied with X-rays [41]. Similar effects can take place in neutron scattering, and they

could have their origin in structural, as well as in magnetic, roughness. For instance,

neutron scattering has been observed of shear-induced ordering of dilute solutions of

threadlike micelles [42]; not too dissimilar a figure of scattering should be obtained from

lines of fluxoids parallel to the surface. In other cases lateral imperfections of magnetic

origin have a flavor of their own. For instance in Fig.7 (right) is presented the case in
.

which one layer of ferromagnet has been laterally subdivided in broken down in domains.

More complex magnetic structures can be built starting from the simple case

illustrated in Fig.7 (right). For instance, each ferromagnetic domain can be substituted

with a column of AF layers. Experimentally lateral magnetic disorder has been observed

in AF multilayers of Fe/Cr and similar materials [1]. It was easy to identify the origin of

the diffuse scattering, because this appears as wings of the AF Bragg diffraction peak,

but is totally absent from the structural Bragg peaks. Later work attempted to link the

diffuse scattering AF scattering in Fe/Cr with the transport properties, including

magnetoresistance, of multilayers annealed at different temperatures [43]. Recently the

weak magnetic coupling in Co/Cu multilayers has been seen to give rise to domains with

strong antiferromagnetic correlation between layers. These are present in the freshly
.

prepared samples, but at the coercive field the domains within each cobalt layer loose

(irreversibly) all correlations with the adjacent layers [44]. This evolution of the magnetic

structure explains the observed decrease of the magnetoresistance from the virgin to the

trained state. In yet another experiment on Fe/Cr multilayers an accurate analysis has

been made of the shape of the AF diffuse scattering, as a result of model distributions of

domains [45].
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Surface magnetic structures have been studied by means of grazing incidence,

large angle diffraction. If incident and exit angles (li and e~ are below the critical angle

for total reflection, then the penetration depth of the neutron evanescent wave below the

sample surface is limited to 50-100 ~ for most materials [46]. Intensity measured by

—-~-l
scanning qI through a surface-plane Bragg reflection then arises solely from atoms

confined to this thin surface layer. Even if the neutrons are initially unpolarized, the

diffracted intensities 1+ and 1- appear at different spots, because within the ferromagnetic

material, neutrons of opposite spin are refracted at different angles. ~ experiment run on

the (1 10) surface Bragg peak of a fully magnetized Fe(100) film gave an unexpected

result [47]. Aside from separated 1++and 1--intensities, different lobes indicated the

presence of non-negligible 1- and 1-+,as if some of the magnetic moments of Fe were

oriented perpendicular to the surface, possibly in a partially oxided layer. Sensitivity to

surface-normal magnetic components and to atomic order (inaccessible to specular

reflectivity measurements), as well as depth resolution, are compelling advantages of

grazing-angle diffraction which may overcome the difficulties of such technique.

We have seen how specular reflectivity of polarized neutrons has been applied to

a broad range of magnetic problems, successfully solving some while for others greater

resolution and/or sensitivity is required. An order of magnitude improvement in dynamic

range over current instruments would make possible the resolution of atom-scale

structures. One could then measure the fidl spectrum of sample lengths from thousands of

~ngstroms to inter-atomic spacings in a single specular measurement. Higher fluxes will

also allow new ventures, such as the study of the kinetics and dynamics of the

magnetization process. Finally, new applications will come with the construction and
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fabrication ofnovel mgnetic systems, suchmmays ofmagnetic dots. Thenextdecade

will see technical developments that will come close to fidfilling those conditions. A new

generation of high-flux pulsed neutron sources, as well as improvements in the optical

components, will increase the useful neutron flux possibly by two orders of magnitude. In

....— ~
addition, the full utilization of three-dimensional neutron spin analysis and off-specular

scattering may become possible common ground is established between experimental and

theoretical efforts. .
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Figure captions

Fig. 1 Scheme of reflection and refraction from a couple of flat layers perpendicular to z...—~

Fig.2 Neutron and x-ray reflectivity from a double superlattice of Fe/Cr. Below are the

structural parameters least-square fitted from the x-ray reflectivity data, and the

neutron scattering lerq$h densities used in the PNR calculations (the nuclear

scattering length densities are from literature and the magnetic amplitudes ffom

magnetization measurements).

Layers Thickness Roughness Scattering length density (104~-2)

(A) (A) X ray Neutron

Cr

Fe

Cr1x5

}

Fe

Cr
x 20

Cr

MgO (110)

cap 49 9.5 53.2 + 5.44i 2.97

F superlattice 54 6.3 58.3 + 7.53i 8.12 *4.4

17.8 53.2 + 5.44i 2.97

AF superlattice 14.3 6.3 58.3 + 7.53i 8.12* 4.4

12.1 53.2 + 5.44i 2.97

buffer 197 53.2 -t 5.44i 2.97

substrate 2.8 30.5 + 0.32i 5.97

Fig.3 Different spin-dependent process in the reflectivity. A) With BIIH the spin

remains unaltered during reflection. b) With BZH in the film plane, the neutron

precesses around B during the reflection process c)If B is perpendicular to the
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surface, B=H regardless of z, hence there is no magnetic scattering d) if the

san-qilecontains magnetic domains with different orientation of the magnetization,

the polarization of the neutrons is quenched upon reflection.

Fig.4 Schematic representation of the magnetic moments for Fe and Cr layers in 115,

‘“-—:3 and 51 ~ period samples. The moments were determined from the position

and the intensities of the diffraction peaks around Cr (001). From Ref. 29.

Fig.5 Schematic representation of the moment configuration in a Gal/Fe bilayer

showing the Gd twisted state (from Ref.38)

Fig.6 An imprinted spiral magnetic structure and the neutron scattering configuration

needed to ascertain its chirality (from Ref.39)

Fig.7 Different types of breakdown of a layered structure with infinitely sharp

interfaces.

Fig.8 Off-specular scattering from a network of magnetic domains in a FeO.5Pd05 thin

fdm. The top picture is the scattering image as appearing in a position sensitive

detector. The bottom picture is

magnetic domains. From Ref.40.

a magnetic force microscope image of the
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