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Abstract

The current interest in the magnetism of ultrathin "lms is driven by their manifold applications in the nano-technology
area, for instance as magnetic "eld sensors or as devices for information storage. Neutron scattering has played
a dominant role for the determination of spin structures, phase transitions, and magnetic excitations in bulk materials.
Today, its potential for the investigation of thin magnetic "lms has to be rede"ned. In the "eld of thin "lm magnetism,
polarized neutron re#ectivity (PNR) at small wave vectors can provide precise information on magnetization vectors in
the "lm plane and on their variation from plane to plane. Therefore, neutron scattering remains the only method which
allows to unravel the magnetization in thin "lms and superlattices independent of their thickness and depth below the
surface. In addition, PNR is not only sensitive to structural interface roughness but also to the magnetic roughness. Some
new developments will be discussed. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The re#ection of neutrons o! planar surfaces dates
back to the mid 1940s for determining the sign of the
average coherent scattering length, and later in the 1960s
for guidance of cold neutrons to instruments at far dis-
tance from the source. In the early 1980s neutron re#ec-
tion was re-invented by Felcher as a powerful tool for
speci"c condensed matter and materials science prob-
lems, in particular for the investigation of polymer, mag-
netic, and superconducting "lms [1]. Since then, the
application of neutron re#ectivity has seen a steady
growth. The "rst wavelength dispersive neutron re#ec-
tometer with full polarization analysis was operating at
the Frank Laboratory of Neutron Scattering in 1987,
followed by an equivalent angle dispersive neutron re#ec-
tometer at the Research Reactor of the National Institute
of Standards and Technology in 1992. An overview of the

presently available instruments is provided in Ref. [2].
Only a few remarks on the method of polarized neutron
re#ectivity (PNR) shall be provided here. For further
details the reader is referred to a number of reviews
published during the last years [3}6].

2. Remarks to the method

Let us assume that a sample with a #at surface is in
a ferromagnetic, single domain state and that the average
magnetization vector of the sample makes an angle
h against the X-axis, as indicated in Fig. 1(a). Further-
more, we assume that a monochromatic and polarized
neutron beam with polarization axis along the >-direc-
tion impinges onto the sample at a glancing angle /. In
the Z-direction the neutron kinetic energy experiences
a potential step composed of a nuclear and magne-
tic part: <
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Fig. 1. (a) Scattering geometry for polarized neutron re#ectivity
studies.>-refers is the quantization axis for the neutrons and the
non-spin-#ip axis, X is the spin-#ips axis. (b) and (c) show
schematic outlines of a wavelength and angle dispersive polariz-
ed neutron re#ectometer, respectively.

with respect to the >-axis, and p
.

can be regarded as
a magnetic scattering length. Thus any >-component of
a magnetic "eld distribution or a sample magnetization
leads to two critical angles for total neutron re#ection
with respect to the two possible neutron spin polariza-
tions. If the incident beam is unpolarized, for scattering
vectors Q~

c
(Q(Q`

c
, one polarized beam is re#ected

and the other one with the opposite polarization is re-
fracted. This property is exploited in supermirrors for
polarizing neutron beams, where either the re#ected or
the transmitted beam is being used for re#ectivity
measurements. The >-axis is referred to as the non-spin
-#ip (NSF)-axis. The X-component of the magnetization
vector, though not changing the refractive index, causes
a perturbation of the neutron polarization, which over
some optical path length #ips the neutron spin from the
(#) to the (!) state or vice versa. The spin-#ip (SF)
process is of purely magnetic origin and does not occur in
coherent nuclear scattering. The respective (#,!) and
(!,#) cross sections are always degenerate for the
scattering geometry depicted in Fig. 1(a). From measur-
ing the NSF and SF intensities the angle h can be deter-
mined. In a strati"ed medium a potential step occurs at
each interface and the scattering length along the sample
normal becomes a function of the depth below the sur-
face: b
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neutron re#ectivity it is possible to measure the NSF
re#ectivities R`,`,R~,~ and the SF re#ectivities
R`,~"R~,` and thus to retrieve the potential pro"le
along the sample normal, including the nuclear density
variation as well as the in-plane magnetization vector
from layer to layer.

PNR studies are carried out either in a wavelength or
in an angle dispersive mode, both are schematically de-
picted in Fig. 1(b) and (c). In both cases super-mirrors
and spin-#ippers are used in the incident and re#ected
beam. The super-mirror and spin-#ipper can be integ-
rated into one device if the remnant magnetization of the
supermirror is high enough and if its magnetization can
be switched from one orientation to the opposite with
a pulsed "eld [7]. The main advantage of the wavelength
dispersive mode is a "xed grazing angle to the sample
surface. On the other hand, the angle dispersive mode has
the advantage of a constant e$ciency for the super-
mirrors and spin #ippers, optimized for the particular
wavelength used.

3. Magnetic heterostructure research with neutron
scattering

In the past neutron scattering has contributed little to
semiconductor physics and electronic devices. With the
advent of magneto-electronic heterostructures in recent
years, this situation has dramatically changed. Mag-
neto-electronic heterostructures, in general, consist of
ferromagnetic metal layers in conjunction with layers of
paramagnetic metals, semiconductors, or antiferromag-
netic insulators. Common features of magneto-electronic
devices are the spin transport, the spin scattering, or the
spin freezing of polarized electrons in de"ned orienta-
tions. They are used for nanoscale magnetic sensors and
for non-volatile information storage devices. Magnetic
structure information of these materials is very much
needed from neutron scattering for their basic under-
standing and for further developments. The following
provides a few examples.

3.1. Exchange coupled superlattices

Exchange coupled multilayers are important hetero-
structures for the study and application of the giant
magneto-resistance e!ect. Fe/Cr superlattices are the
archetypal system in this regard, for which an oscillatory
RKKY-type exchange coupling was "rst discerned, in-
cluding short and long period oscillations, collinear and
non-collinear magnetic coupling angles between adjacent
Fe layers, and a very large giant magneto-resistance
(GMR) e!ect (for a review see e.g. Ref. [8]). Yet, the
magnetic state of Cr and its role for the exchange coup-
ling was not known until recently. For an ideally #at
Fe/Cr interface and a Cr spacer thicker than required for
half a period of the spin-density wave (SDW), we expect
the antinode of the SDW to be placed next to the in-
terface. Then the antiferromagnetic Fe}Cr interface
coupling should be strong and the phase information
controlling parallel or antiparallel alignment of success-
ive Fe layers should be transmitted through the Cr
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Fig. 2. Neutron scattering from a Fe/Cr superlattice with a Cr
spacer thickness of 42 As . In the center is shown a scan at the
(0 1 0) Bragg position in the z-direction, revealing a commensur-
ate Cr(0 1 0) peak modulated by the magnetic superlattice peri-
odicity. The inset in the upper left corner shows polarized
neutron re#ectivity data, revealing a non-collinear arrangement
of the Fe layer magnetization vectors. In the upper right inset is
sketched the most reasonable spin structure in the Fe/Cr super-
lattice with respect to the experimentally determined boundary
conditions.

spacer. With increasing roughness, the Fe}Cr interface
coupling becomes frustrated and a node of the SDW at
the interface is energetically more favorable. A node
however, weakens the Fe}Cr interface coupling and de-
stroys the phase information. This scenario has indeed
been observed in neutron scattering experiments on
Fe/Cr superlattices by comparing interlayer exchange
coupling with SDW order [9,10]. While at low temper-
atures a transverse incommensurate (I) - SDW exists with
the ordering wave vector Q

SDW
normal to the "lm plane,

the I-SDW order vanishes by passing a transition region
above the NeH el temperature and is replaced by a com-
mensurate (C)-SDW. The C-SDW phase exhibits a much
higher NeH el temperature than the I-SDW phase, the
former depending on the proximity to the Fe layer and
the latter on the scaling with thickness. These experi-
ments also revealed that in the low-temperature I-SDW
phase the exchange coupling is very weak, whereas in the
high-temperature C-SDW phase the Cr spin structure
mediates a strong non-collinear exchange coupling. In
Fig. 2 neutron scattering data are reproduced for a Fe/Cr
superlattice with a Cr thickness of 42 As . The low-angle
re#ectivity measurements reveal a non-collinearly
coupled superlattice, while the high-angle data con"rm
a commensurate Cr spin structure. In addition, the super-
lattice periodicity is imprinted not only on the structure
factor of the Fe layers but also on the Cr layers. Thus
both, the ferromagnetic and antiferromagnetic layers are
modulated by the same superlattice periodicity. Accord-
ing to the proximity exchange model introduced by
Slonczewski [11], lateral thickness #uctuations of mono-
atomic high steps require the Cr spin structure to be
twisted counterclockwise on either side of a step in order

to couple to a homogeneous Fe layer magnetization. The
neutron scattering results corroborate this model and
thus provide the missing link between SDW order in
thin Cr "lms as a function of temperature and thickness,
the coupling strength, and the orientation of the Fe
magnetization vectors [9,10,12]. The shape of the GMR
e!ect depends sensitively on these properties and can
now be calculated in detail [13].

3.2. Exchange bias

The exchange coupling between thin itinerant fer-
romagnetic layers (F) and antiferromagnetic substrates
(AF) leads to an unusual asymmetry of the magnetic
hysteresis M(H) [14]. In fact, the exchange anisotropy for
F/AF heterostructures is a unidirectional anisotropy giv-
ing rise to one easy axis of magnetization. Although
discovered more than 50 years ago, it is not until recently
that this e!ect has gained tremendous technological im-
portance in spin-valve systems for magnetic "eld sensors
and for the stabilization of magnetic domains in mag-
neto-resistive reading heads. The exchange bias has been
observed for F/AF layers in direct contact, as well as in
indirect contact across a diamagnetic interlayer. In most
cases the AF layer is an antiferromagnetic insulator.
However, most recently an exchange bias e!ect has also
been observed for a completely metallic system [15].
Using a double Fe/Cr superlattice, consisting of a fer-
romagnetically coupled Fe/Cr superlattice grown on top
of an antiferromagnetically coupled Fe/Cr superlattice,
both coupled antiferromagnetically via a Cr spacer in
between, a hysteresis with a clear exchange "eld can be
observed after "eld cooling. Subsequently neutron re#ec-
tivity measurements were taken at two speci"c points
along the hysteresis loop just before magnetization rever-
sal along the descending "eld and on the ascending "eld
branch. The neutron re#ectivity results in terms of the
neutron spin asymmetry P"(R

`
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~
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`
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~
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veals signi"cant di!erences for both magnetization
branches, indicative for di!erent spin structures at the
F/AF interface. The microscopic origin of the bias ex-
change is not completely clear up to now. Usually it is
assumed that the interface exchange coupling between
the F and AF layer breaks the symmetry upon favoring
one of the AF sublattices by the orientation of the ex-
ternal "eld during "eld cooling of the system below the
NeH el temperature of the AF layer. In the simplest case
these models assume a layered antiferromagnetic struc-
ture close to the interface (fully uncompensated). Recent
experiments, however, show that this notion is too
simple. Exchange bias also occurs if the interface is mag-
netically compensated [16,17]. Then a 903-coupling be-
tween the magnetic moments of the F and AF layer
appears typically. This is con"rmed by molecular "eld-
type calculations, indicating a spin-#op mechanism due
to frustrated bilinear interface coupling. If domain walls
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Fig. 3. Transverse scans taken across the half order antifer-
romagnetic peak of an antiferromagnetically coupled Fe/Cr
superlattice as a function of external "eld. The scans are taken
with di!erent cross sections. The top and middle panel repro-
duce the non-spin-#ip (NSF) scattering results, the bottom panel
shows the spin #ip (SF) measurements.

occur along the interface, interface roughness should
reduce the exchange bias e!ect, which, however, is con-
trary to observations [18]. All experiments so far have
concentrated on the magnetic hysteresis of the F layer,
since there is no easy way to determine the domain
structure of the AF layer. Neutron scattering is indeed
the only method to reveal the antiferromagnetic structure
of materials and to shed light on the domain wall separ-
ation.

3.3. Magnetic roughness

It is readily appreciated that magnetic roughness plays
an important role for the performance of magneto-
electronic devices. The GMR amplitude, the exchange
coupling strength and the exchange "eld are examples
for properties which depend strongly on the interface
roughness. Obviously the magnetic and structural
roughness may not be the same. Interdi!usion may
cause spin canting, spin glass properties or a complete
quenching of the magnetic moments, as is the case at
Fe/Nb interfaces [19]. The structural roughness is often
characterized by a height}height correlation function for
a self-a$ne and fractal surface [20]: C(R)"Sz(0)z(R)T
"p2exp[!(R/m)]2h, where z(0) and z(R) is the height
above an average surface at the origin and at the distance
R, respectively, p is the mean square roughness, m is the
cut-o! length, and h is the Hurst parameter, describing
the jaggedness of the interface. The structural roughness
gives rise to di!use o!-specular scattering in X-ray and
neutron re#ectivity scans. The description of magnetic
roughness and its interpretation is far more di$cult and
still in its infancy [21]. On the one hand, the magnetic
roughness must be smoother than the structural rough-
ness because of the magnetic permeability of most mater-
ials, allowing the magnetic "eld lines to penetrate
through hills and valleys. On the other, a single step at an
Fe/Cr interface being a negligible structural defect, may
cause a complete reorientation of the SDW with much
spin canting close to the interface [22]. Magnetic rough-
ness must eventually decay either in a high enough mag-
netic "eld or above the Curie temperature. O!-specular
polarized neutron re#ectivity is particular suitable for
analyzing magnetic roughness. First, the SP cross section
allows a separation between magnetic and structural
contributions, and second the "eld or temperature de-
pendence are sensitive indicators for the presence of
magnetic roughness.

In Fig. 3 are shown transverse scans of an antifer-
romagnetically coupled Fe/Cr superlattice. The scans are
taken across the half order peak at the position K"p/K
with di!erent cross sections, where K is the superlattice
periodicity. The (#,#) cross section is independent of
the magnetic "eld, whereas the (!,!) cross section is
sensitive to the progressively increasing ferromagnetic
order with increasing external magnetic "eld. Thus the

intensity of this peak decreases with increasing "eld. Both
transverse scans do not exhibit much di!use scattering
away from the specular ridge, indicating that the struc-
tural roughness is minimal. This is also con"rmed by
x-ray scattering experiments on the same sample. It is
only in the SP (#,!) and (!,#) cross sections that
di!use scattering can be recognized. This di!use scatter-
ing strongly depends on the "eld strength, proving that it
is of magnetic origin, whereas the structural roughness
does not depend on the magnetic "eld. At this point we
should recall that the polarized neutron re#ectivity is
sensitive to the magnetic induction and not to the local
magnetic moments. Therefore, with increasing "eld it is
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Fig. 4. O!-specular di!use polarized neutron scattering from
a Fe

0.43
Cr

0.57
/Cr superlattice. The data are taken at the half-

order antiferromagnetic peak. The strong di!use scattering oc-
curs only below the Curie temperature of about 450 K.

natural to assume that the "eld lines become more
straight, re#ecting a magnetically smoother interface. De-
termination of spin disorder on an atomic scale would
require scans at higher scattering vectors.

In Fig. 4 o!-specular di!use scans are shown as a func-
tion of temperature, which were taken at the antifer-
romagnetic p/" position of an antiferromagnetically
coupled Fe

1~x
Cr

x
/Cr(x"0.57) superlattice. In this case,

a ferromagnetic alloy layer was used to reduce the
Curie-temperature below the temperature where inter-
di!usion starts to take place. At low temperatures the
di!use scattering is strong due to a magnetically rough
interface causing magnetic frustrations in the exchange
coupled superlattice. With increasing temperature the
di!use scattering diminishes and above the Curie temper-
ature a weak sharp peak is visible from the specular ridge.
The specular peak is due to the structural interface,
which has not changed upon heating. This indicates that
the structural roughness is much lower than the magnetic
one.

4. Conclusions

The analysis and understanding of new magneto-elec-
tronic heterostructures is an important "eld with much
potential for neutron scattering research in the future.
Only a few examples could be discussed here. Not
mentioned have been ferromagnetic/superconducting

interfaces with proximity e!ects, spring magnets consist-
ing of alternating soft and hard magnetic layers, and
laterally structured magnetic systems. The magnetic
roughness at interfaces needs to be better characterized
and understood in the future. For the performance of
spinelectronic devices it is presently not clear whether
disorder of local moments or of the magnetic "eld distri-
bution is the more important parameter. It must also be
tested to what extend spin-#ip of neutrons yields in-
formation on the spin #ip of electrons in these magnetic
heterostructures. Scattering experiments with neutrons
and with synchrotron radiation will continue to prove
most useful in this context.
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