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Abstract. This review summarizes recent experimental investigations using neutron scattering on
layered nanomagnetic systems (accentuating my contribution), which have applications in spintronics also. Polarized neutron investigations of such artificially structured materials are basically done
to understand the interplay between structure and magnetism confined within the nanometer scale
that can be additionally depth-resolved. Details of the identification of buried domains and their
nature of lateral and vertical correlations within the systems are important. A particularly interesting aspect that has emerged over the years is the capability to measure polarized neutron scattering
in directions parallel and perpendicular to the applied field direction (which is also the quantization
axis for neutron polarizations). This was added with the capability of measuring in specular as well
as in off-specular geometry. Distorted wave Born approximation (DWBA) theory for neutrons has
proved to be a remarkable development in the quantitative analysis of the scattering data measured
simultaneously for specular and off-specular modes within the same framework. In particular, the
depth and lateral distribution of the ferromagnetic spins relative to the interface within interlayercoupled or exchange-coupled system has been extensive. For example, twisted magnetization state
at interlayer coupled interfaces or intricacies of symmetric and asymmetric magnetization reversals
along with suppression of training effect in exchange coupled system was microscopically identified
using neutron scattering only. The investigation on the distribution of magnetic species within dilute
ferromagnetic semiconductor superlattices, with low angle neutron scattering, has played a crucial
role both from practical and fundamental research points of view.
Keywords. Neutron reflectometry; magnetization reversal mechanisms; magnetic properties of
interfaces; magnetic multilayers.
PACS Nos 61.05.fj; 75.70.Cn; 75.60.Jk; 75.70.-i

1. Introduction
In this review article the current perspectives focussing on the work done during the last
few years in the field of neutron scattering investigation of layered nanomagnetic systems
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is presented. The emphasis would be on the investigations done with the author’s initiative
in different projects.
During the year 1980, polarized neutron scattering technique came into being as an analytic tool to measure the vector-magnetic depth profile in thin films or in proximity with
surfaces and interfaces. At present, there are quite a number of polarized neutron reflectometers in the world working in steady-state reactors or in pulsed source reactors. A
particularly interesting aspect that has emerged over the years is the capability to measure
neutron scattering in a direction parallel and also perpendicular to the field direction. These
measurements are often done in specular and off-specular geometries. Simultaneously, distorted wave Born approximation (DWBA) theory for neutrons has proved to be remarkable
in the quantitative analysis of the scattering data in the specular and off-specular modes.
Spintronics in nanolayered system, on the other hand, has seen tremendous progress
since the discovery of giant magnetoresistance (GMR) in interlayer-coupled structures in
1988. A significant step in the field of magnetism and magnetic materials is the exploitation
of spin polarization of carriers which provided a new direction in the field of electronics.
The future focusses on electronic or nuclear spin manipulation utilizing quantum entanglement leading to quantum computing. In this article, a very short overview on spintronics is
presented. The overviews are not claimed to be complete due to its vastness. However, it
should provide a starting point for beginners.

1.1 Spintronics overview
Magnetic materials and magnetic devices play major roles in modern science and technology. Yet in the early 1980s, thin-film magnetism was applied to higher-density non-volatile
random access memory. A new path leading to the integration of magnetic devices into
computer technology began to emerge with the discovery of GMR effect in the late 1980s
by Fert’s group [1] and Grünberg’s group [2]. Their discovery, awarded with the Nobel
Prize in Physics in 2007, may be regarded as the first step in developing a completely new
type of electronics, named magnetoelectronics (or spintronics). The word ‘Spintronics’
was coined by Wolf as the field was introduced in 1996 [3]. It was originally the name for
a Defense Advanced Research Projects Agency program managed by Wolf.
The use of the electron spin, not only its electrical charge, is the characteristic of spintronics. The GMR effect allowed for magnetic read heads of the computer hard disks
to be much more sensitive to changes in magnetic fields, which boosts storage capacity by
allowing information to be stored in much smaller regions on the disk’s surface. Nowadays,
nearly all disk drives in computers incorporate GMR read heads. Magnetic random-access
memory (MRAM), is based on an effect similar to GMR known as tunnel magnetoresistance (TMR) [4]. Spintronics has the most significant impact on the future of all aspects
of electronics.
The discovery of antiferromagnetic coupling was critical to the discovery of GMR, providing as it did antiparallel alignment of the magnetic layers which could be overcome by
an applied magnetic field. However, antiferromagnetic coupling itself is not a prerequisite
for GMR. In fact, the strength of antiferromagnetic coupling proved to be a problem in
the development of GMR materials for magnetic sensors as considerable magnetic field is
often required to overcome the coupling exchange energy. A different way of achieving
2
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antiparallel alignment, which could easily be removed with the application of a magnetic
field, was therefore sought. This initiative gave rise to the concept of spin valve.
The GMR effect manifests itself in magnetic multilayered structures consisting of alternating thin ferromagnetic and non-ferromagnetic metallic layers. A GMR device, such as
the first spin valve proposed by IBM researchers, consists of two soft ferromagnetic layers
separated by a non-ferromagnetic conductive layer. One of the two ferromagnetic layers
is placed in contact with an antiferromagnetic layer and it is usually being referred to as
‘pinned’ ferromagnetic layer. The other ferromagnetic layer, usually named ‘free’ ferromagnetic layer, responds to a magnetic field while the ‘pinned’ ferromagnetic layer does
not. When the magnetizations of the two ferromagnetic layers are oriented parallel, conduction electrons pass more freely between them than when the magnetizations are aligned
antiparallel. Thus the resistance is lower in the parallel magnetization than in the antiparallel magnetization. The GMR effect describes the difference in the electrical resistance for
parallel or antiparallel alignment of the magnetizations of the two ferromagnetic layers. A
spin-dependent tunnelling device is similar to a GMR device but replaces the metal between
the two ferromagnetic layers with a very thin insulator through which a current can tunnel
preferentially when the two magnetic orientations are aligned. The difference in resistance
between the spin-aligned and non-aligned cases is much greater than for GMR devices
and large enough that the low-resistance state can encode, say, ‘1’ and the high-resistance
state, ‘0’.
The pinned ferromagnetic layer has its magnetization fixed in a certain direction due to
the exchange interaction with the adjacent antiferromagnetic layer. This exchange interaction between a ferromagnetic and an antiferromagnetic layer is usually referred to as
exchange bias [5]. It manifests itself in a shift and a broadening of the hysteresis loop of
the ferromagnetic/antiferromagnetic (FM/AF) bilayer, resulting in the pinning of the FM
layer magnetization. The direction of the pinned FM layer magnetization is considered to
be the reference direction in spin-valve devices. On the other hand, the magnetization of
the free FM layer can be set (by magnetic field or spin-polarized current) either parallel or
antiparallel with respect to the reference direction. Hence, the exchange bias effect is of
fundamental importance in all devices containing spin valves with GMR or TMR. Figure 1
shows a typical spin-valve system with FeMn as the AF layer and NiFe as the FM layer [6].
A spin-valve system can also be realized without an AF. Such a system is called pseudospin
valve where the magnetic antialignment of the two FM layers – due to different switching
fields of the layers – are utilized to get a change in spin-dependent scattering or a change
in resistance [7].
The discovery of GMR has stimulated research on the spin dependence of other transport
phenomena, some intimately connected to GMR such as TMR and others with a completely
different mechanism such as colossal magnetoresistance (CMR). If the two ferromagnetic
electrodes are separated by a thin insulating layer, then classical electron transport through
the insulator cannot take place; however, if the insulating layer is thin enough, typically
a few atomic layers, then electrons are able to tunnel through the insulating barrier into
available electron states on the other side. The tunnelling process is therefore dependent
on the available electron states in the ferromagnetic electrodes, and, as has recently been
shown, on the available channels in the insulator.
Shortly after the discovery of GMR, Datta and Das proposed a new type of field
effect transistor (FET) that exploits the spin of the electrons travelling through a
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Figure 1. The magnetization and magnetoresistance behaviour of a typical spin-valve
structure of a magnetic tunnel junction (MTJ) structure comprised of two FM layers
separated by a conductor (from Paul et al [6])

semiconductor without being scattered [8]. When a voltage is applied to the gate electrode of a FET, the resulting electric field creates a conducting channel between the source
and the drain electrodes. Datta and Das suggested that the field could also be used to control the orientation of the spin so that it modulates the current. This concept has become a
paradigm of semiconductor spintronics and has stimulated a worldwide research effort.
Diluted magnetic semiconductors (DMSs) are alloys between a non-magnetic semiconductor (e.g. GaAs) and a magnetic element, usually manganese (Mn) [9]. Therefore,
semiconducting and ferromagnetic properties coexist in these materials. This leads to
important technological applications since the charge and the spin of the electron could
be used on the same device. At the same time, the underlying solid-state system has an
enormous interest for basic science. The possibility of controlling both the charge and the
spin of the electron has attracted the interest of researchers for several decades. However,
it is very difficult to inject net spin polarization directly from a metal into a semiconductor
[10], due to the conductance mismatch between the two materials that will cause big suppression of spintronic effects. At this point DMSs would become extremely useful because
they would substitute the metallic contact and provide a FM contact that has a conductance
similar to that of the semiconductor. The focus of this work, however, is on the physics
of these ferromagnets and there are indeed important motivations for their study from the
point of view of basic science only.
4
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Another avenue for using the spins of elementary particles comes from the rapidly developing field of quantum computing. The states of spin of electrons or other spin-1/2
particles can be used as an implementation of a qubit (quantum bit, the unit of quantum
information), i.e. uses spin of nuclei as qubits. Information can be encoded using the
polarization of the spin, manipulation (computation) can be done using external magnetic
fields or laser pulses, and readout can be done by measuring spin-dependent transport.

1.2 Neutron experimental overview
Neutron investigation of such artificially structured materials are basically done for understanding the interplay between structure and magnetism confined within the nanometre
scale. If we look into the major investigations of polarized neutron scattering technique on
layered spintronic systems, we can broadly classify them into five different groups.
1. Identification of bilinear and biquadratic coupling interlayer coupled systems started
it all. The identification of buried domains and their nature of lateral and vertical
correlations was equally significant.
2. This was followed by depth and lateral distribution of the ferromagnetic spins relative
to the interface within an interlayer-coupled or exchange-coupled system. This has
been a key in understanding the physics of thin film magnetism at interfaces.
3. Recently, the advent of dilute ferromagnetic semiconductor superlattices, and the
magnetic interlayer exchange interactions within them, have played a crucial role
both from practical and fundamental research points of views.
4. Investigation of laterally structured specimens (stripes and dot arrays) which are
exchange-coupled, has been crucial in understanding the effect of size on exchange
bias when they are of the order of characteristic length scales of magnetism.
5. With the development of heterogeneous oxide film growth technique, a new avenue
for investigation has emerged in the field of orbital engineering due to interfacialcombination of various superconductors, multiferroic and perovskite oxide films.
Few more works on layered systems have been done on superconductor (non-oxides)/
ferromagnet combination or on diffusion coefficient evaluation using isotopic alloymultilayers, but could not be included strictly within the field of spintronic systems. A
review on laterally structured specimens investigated by neutron scattering has been left
out as it has been dealt with by other groups elsewhere. We also refrain from discussing
the upcoming interest of neutron in heterogeneous oxide systems from this review.
Before starting the experimental section I would like to address some basic fundamental
issues concerning neutron scattering particularly concerned with the low-angle geometry.
Various issues like instrumentation and data treatment and its analysis have been briefly
dealt with for the sake of its completeness.
In the first part of this review, we revisit conventional antiferromagnetically-coupled
systems (moderately coupled) and discuss the evolution of magnetic domains as we grow
our interlayer-coupled multilayers. Later on, we continue with another system now strongly
coupled, and explore the new twisted magnetization state at the very interface.
In the second part, we focus on the phenomena of exchange bias and show that the bias
field is indeed mediated by the number of uncompensated spins in the antiferromagnet. We
Pramana – J. Phys., Vol. 78, No. 1, January 2012
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went on with our investigation with bilayers and multilayers to finally unravel the mystery
of symmetric and asymmetric magnetization reversal in exchange bias, using polarized
neutron scattering. This was followed by discovering a suppression of training effect
(or regaining the untrained state) by a novel means – playing solely with the cooling field.
In the third part, we find that if in a system, there is a difference in magnetic interaction
for different concentrations of co-doped Fe and Mn within a dilute magnetic semiconductor,
there is a difference in overall magnetic behaviour (segregation) within such system.
Since the first experimental report of using polarized neutron scattering at low angles in
1981, there have been an exponential increase in the number of publications per year (with
reasonably high impact factor of ≥3) in the field of magnetic layers using the technique.
I enlist here a few very significant contributions over the years on spintronic materials
using neutron scattering at grazing incidence.
The very first report on using neutron reflection as a probe of surface magnetism was
by Felcher in 1981 [11]. This was followed by measurement of ferromagnetic moments in
metastable magnetic films by spin-polarized-neutron reflection by Bland et al in 1987 [12].
Then there was the report of using neutron reflection in 1989 by Anker et al [13]. Parkin
et al showed that polarized neutron reflectivity (PNR) can measure the magnetic profile of
iron oxide films through the thickness of the film [14]. This was followed by an investigation on unidirectional permalloy in 1990 by Parkin et al using PNR [15]. Later on, Parkin
et al observed the antiferromagnetic arrangement of the Fe layers by PNR experiments
and indirectly from magnetization studies in Fe/Cr multilayers [16]. Probing magnetic
films and multilayers with neutron reflection was reported again in 1992 by Blundell and
Bland [17].
After the initial years of development of the technique, two significant results were
achieved, one that of identification of the oscillatory exchange coupling in Co/Cu(1 1 1)
superlattices and the other of non-collinear and collinear magnetic structures in exchangecoupled Fe/Cr(0 0 1) superlattices in 1993 [18] and 1995 [19] respectively. These two
studies by Schreyer et al, did the handshaking between spintronics and low-angle neutron
scattering. Antiferromagnetic interlayer correlations in annealed Ni80 Fe20 /Ag multilayers
were identified by Borchers et al [20] and in the same year, the observation of partial Gd
twisted spin state in an epitaxial Gd/Fe bilayer was identified by McGrath et al [21]. Using
PNR, depth-dependent magnetic profiling was reported for exchange-biased systems way
back in 1996 by Ball et al [22].
The continuous and reversible change of the magnetic coupling in an Fe/Nb multilayer
induced by hydrogen charging was introduced by Klose et al [23]. Magnetic structure of
Cr in exchange-coupled Fe/Cr superlattices by Schreyer et al was another achievement of
neutron reflectivity [24] in 1997 just as interfacial magnetometry in spin-valve structures
by Bland et al [25]. Observation of antiparallel magnetic order in weakly-coupled Co/Cu
multilayers by Borchers et al focussed on domain structure [26].
The layer-by-layer magnetization of a ‘double-superlattice’ exchange-bias junction was
determined by PNR [27]. An n-layered Fe/Cr AF superlattice is coupled with an m-layered
Fe/Cr FM superlattice, providing controlled exchange bias. Such a system was further
explored by Steadman et al [28].
Quantification of magnetic domain disorder and correlations in antiferromagnetically
coupled multilayers by neutron reflectometry was reported by Langridge et al [29].
Exchange bias came under the neutron scanner with the observation of asymmetric
6
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magnetization reversal in exchange-biased hysteresis loops by Fitzsimmons et al [30]. Ferromagnetism of GaMnAs studied by polarized neutron reflectometry was reported by Képa
et al who demonstrated the sensitivity of neutron technique [31]. Two-stage magnetization
reversal in exchange-biased bilayers by Leighton et al, confirmed the capability of neutron
scattering in investigating exchange-biased systems [32]. A series of interface magnetometric studies followed after that on exchange-biased system in particular. Using off-specular
PNR, Temst et al determined the magnetic properties of a large array of in-plane magnetized ferromagnetic Co disks. Resonant peaks were observed in the off-specular intensities,
due to the lateral periodicity of the disk array [33]. Asymmetry of magnetization reversal
was also identified for a Co/CoO exchange-bias system by Gierlings et al [34]. Spin flop
transition in a finite antiferromagnetic superlattice by Velthuis et al also contributed to the
field of magneto-electronics [35]. Boris et al formulated the analysis of off-specular scattering which essentially served the purpose of quantifying the domain structure in magnetic
layers [36].
Magnetization reversal investigation in CoO/Co system by Radu et al [37], showed the
domain formation during magnetization reversal. This was followed by laterally patterned
structures which did find a mean of investigation, i.e. polarized neutron scattering, with the
magnetization reversal study of CoFe stripes by Theis-Bröhl et al [38]. In 2004, depth profiling of dilute magnetic semiconductors were reported by annealing-dependent magnetic
depth profile in Ga1−x Mnx As by Kirby et al [39]. In the same year, magnetic fluctuations
of the magnetization reversal in exchange-biased multilayers was demonstrated by Paul
et al [40] indicating the relevance of off-specular scattering in layered exchange-biased
systems. The effects of interdiffusion at the AF/FM interface of epitaxial exchange-biased
bilayers were studied by PNR [41] indicating reduced ferromagnetic layer thickness with
temperature.
Magnetic proximity effect in perovskite superconductor/ferromagnet multilayers by
Stahn et al put the focus on heterogeneous structures [42]. Also a work on superferromagnetic domain state determination for a discontinuous metal insulator multilayer by Bedanta
et al cannot be overlooked as it represents the dynamic regimes of domain wall motion by
polarized neutron studies [43]. Antiferromagnetic dipolar ordering in Heusler alloys like
Co2 MnGe/V multilayers found by Bergmann et al brought in the case of spin-polarized
system [44].
By studying field-dependent magnetic domain structure in antiferromagnetically coupled multilayers [45] by polarized neutron scattering, Paul et al [46] showed the connection
between evolution of domains due to structural evolution. Symmetry and asymmetry studies during magnetization reversal in exchange-biased multilayers and bilayers, also by
Paul et al, dealt extensively with reversal mechanism in mutilayered exchange-biased systems [47]. Magnetization reversal with variation of the ratio of the anisotropy energies in
exchange-bias systems by Paul et al, finally solved the mystery of symmetry and asymmetry in reversal using neutron reflectivity technique [48]. On the other hand, a study of
exchange-bias instability in a bilayer with an ion-beam imprinted stripe pattern of FM/AF
interfaces by Theis-Bröhl et al shows the significance of off-specular scattering in patterned
structures as well [49]. The patterned AF-coupled multilayer and its domain structure was
studied by Langridge et al [50].
The year 2007 saw the definitive evidence of interlayer coupling in Ga1−x Mnx As layers separated by a non-magnetic spacer by Kirby et al [51]. Pinned magnetization in the
Pramana – J. Phys., Vol. 78, No. 1, January 2012
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antiferromagnet and ferromagnet of an exchange-bias system by Fitzsimmons et al [52] and
reversal mechanism and suppression of training in an exchange-coupled system by Paul et
al are worth mentioning in the present context [53].
Twisted magnetization state in an antiferromagnetically-coupled Fe/Si multilayer by
Paul et al, showed the importance of micromagnetic simulations in the interpretation
of neutron data [54]. Carrier-mediated AF coupling in diluted magnetic semiconductor multilayers, reported by Chung et al [55] demonstrates the capability of neutron
in identifying low magnetic moment in materials. While mechanisms of exchange bias
with multiferroic BiFeO3 epitaxial thin films by Béa et al brought in multiferroic
systems under the arena [56], metal–insulator transition and its relation to magnetic structure in (LaMnO3 )2n/(SrMnO3 )n superlattices using neutron reflectivity by
Bhattacharya et al are to be mentioned as interesting contribution with respect to oxide–
heterostructure systems [57]. Few other interesting works were reported exploring the indepth unusual properties at the superconductor–ferromagnet interface by Chakhalian et al
[58] and Hoppler et al [59]. The results gave a microscopic insight into the interplay
of spin and orbital degrees of freedom at the interface in YBCO (YBa2 Cu3 O7 )/LCMO
(La2 /3Ca1 /3MnO3 ) interface. The experiments also revealed an extensive rearrangement
of the magnetic domain structure at the superconducting transition temperature. On the
other hand, in YPrBCO (Y0.6 Pr0.4 Ba2 Cu3 O7 )/LCMO interface, a large superconductivityinduced modulation of the vertical ferromagnetic magnetization profile was observed. This
modulation is highly susceptible to the strain, which is transmitted from the SrTiO3 substrate. Very recently, Paul and Mattauch showed a convincing way of restoring the initial
field-cooled state in exchange-coupled system (or suppressing the training effect) using
PNR as the principal probe [60].

1.3 Fundamentals in neutron scattering technique
The neutron has the following characteristics: it is a quantum particle with zero electric
charge and a spin equal to one half. Neutron is an ensemble of one up-quark and two downquarks. The neutron wavelength is obtained from the de Broglie relation
λ=

h
.
mv

(1)

The velocity distribution of neutrons are given by Maxwell velocity distribution and are
thus dependent upon the temperatures of the moderator. They are detected by nuclear
reactions that produce charged particles using proportional counters (with 3 He gas) or
scintillation counters (6 Li).
The Larmor precession of the neutron spin, propagating with velocity υ (= 848 ×
102 cm s−1 for 4.66 Å) and in a magnetic field, determines the phase φ of Larmor precession that is proportional to the propagation time τ (= a/υ) of each neutron within a
distance a in a time-independent magnetic field H , as φ = ωL τ , where ωL (= γN H ) is the
Larmor frequency and γN is the neutron gyromagnetic ratio. Thus ωL = 18.356 × 103
mrad Oe−1 s−1 as |γN|= 2913 × 2π Oe−1 s−1 .
In the neutron scattering experiments, only the nuclear interaction between the neutrons
and the nuclei of the sample is considered. The nuclear interaction is by far the dominating
8
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one and we thus neglect other interactions such as magnetic and electronic interactions.
The nuclear interaction is, however, weak on an absolute scale, and therefore neutrons can
penetrate the sample and probe the bulk properties. At wavelengths comparable to interatomic distances, the neutron has an energy which is low compared to molecular binding
energies. This makes the neutron an excellent probe for measuring structure and dynamics
on the molecular level.
When a neutron interacts with a nucleus it can either be absorbed or scattered. Here
we restrict ourselves to elastic scattering, where the atoms are considered to be rigid and
thereby no change in the neutron velocity or energy takes place during the scattering event.
If it is scattered by a nucleus, energy and momentum are transferred. The event can be
described in the Fraunhofer approximation (plane waves due to significantly larger distances between the source–sample and sample–detector as compared to the size of the
sample) by the following equations:
 = ki − kf = 4π sin αi ,
Q
λ

(2)

 is the momentum transfer, ki is the momentum of the incident neutron, kf is the
where Q
momentum of the scattered neutron and m is the neutron mass.
In neutron scattering by atoms, two main interactions occur. The first is the short-range
nuclear interaction of the neutron with the atomic nucleus (the nuclear scattering). The
second one is the Zeeman interaction of the magnetic moment of the neutron with the magnetic field produced by spin and orbital magnetic moments of the electrons. Neutron spins
do not interact with the magnetic field but interact with magnetic induction thus making
the neutron scattering a useful technique to investigate magnetism.
The magnetic scattering would involve a scattering potential related to μn and the
magnetic fields due to spin plus that due to orbital momentum of the electrons.

Vm = −μn · B.

(3)

Here B = Bspin + Borbital . The scattering amplitude that can be obtained for such a
potential is
γn r 0 
S |σ| Sz M⊥ (Q).
(4)
A(Q) = −
2μB z
Here r0 is the classical electron radius and S is the propagation vector. Note that M⊥ (Q) is
the component of the Fourier transform of the sample magnetization which is perpendicular
 and it is the only component that contributes to the magnetic
to the the scattering vector Q,
scattering. This follows from the notion that neutrons are scattered from the dipolar field
of the electrons. For the magnetization parallel M (Q), the field average over the planes
of equal phase – through the dipolar field – cancels out. For M⊥ (Q), on the other hand,
no such cancellation occurs and allows to determine the magnetic moments in the plane of
the sample or lattice. In other words, components of M⊥ (Q) cannot satisfy the continuity
condition normal to the sample plane as required by the Maxwell’s equations.
Expanding more on the operators of Pauli-spin matrices we get






01
0 −i
1 0
σx =
; σy =
; σz =
.
(5)
10
i 0
0 −1
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Next we describe the behaviour of neutron (spin- 21 ) by two-component vector of states as
 +
ψ
+
+
−
−
| ψ(r ) = | ψ (r ) | χ  + | ψ (r ) | χ  =
.
(6)
ψ−
The pair of complex functions ψ ± (r ) = |ψ ± | eiφ± as ± represents the projections onto
two-component basic vectors:
 
 
1
0
| χ (r )+  = | + =
; | χ (r )−  = | − =
.
(7)
0
1
These vectors being orthogonal, one can write
+ | − = − | + = 0;

+ | + = − | − = 1.

(8)

Now we derive the influence of spin projection operators on Pauli-spin operators:
σx | + = | −, σx | − = | +
σ y | + = i | −, σ y | − = −i | +
σz | + = | +, σz | − = − | −

(9)

Inserting these equations into eq. (4) one can obtain the matrix elements for the scattering
amplitude for the component of the magnetization parallel to the neutron quantization axis
and that is perpendicular to the same as
⎧
M⊥z
+ → +: NSF
⎪
⎪
γn r0 ⎨ − M⊥z
− → − : NSF
A(Q) = −
.
(10)
×
−
i
M
+ → − : SF
M
2μB ⎪
⊥x
⊥y
⎪
⎩
M⊥x + i M⊥y − → + : SF
Here non-spin-flip (NSF) defines the scattering process that conserves the neutron spin and
spin-flip (SF) defines the process which reverses the neutron spin.
1.4 Polarized neutron scattering on neutron reflectometers
Magnetization profile near the surfaces or interface of crystals, thin films and multilayers
can be done using the depth-sensitive polarized neutron reflectometry in glancing incidence
geometry near the angle for total external reflection. Reflectivity probes structures perpen and averages over a structure in the plane of
dicular to the sample surface (parallel to Q),
the sample. Small-angle neutron scattering (SANS), on the other hand, probes the structure
 but averages over a structure perpendicular
in the plane of the sample (again parallel to Q),
to the sample surface.
Small-angle scattering is a straightforward method to investigate mesoscopic length
scales without taking into account the exact molecular structure of the samples. Small
 of the scattered
angle in this case means that the mean value of the wave vector transfer Q
beam is much smaller than the typical reciprocal spacing of the atoms in the sample (e.g.,
the reciprocal lattice vector for a crystal with cubic symmetry). In this case the effects of
the atomic structure on the scattered signal are negligible. In general, SANS or reflectivity
probes length scale d ≈ 2π /Q.
10
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1.4.1 Neutron scattering geometry. The neutron scattering geometry is shown in figure 2.
In the specular scattering geometry (i.e., angle of incidence αi is equal to the exit angle αf ),
the reflectivities follow from energy and in-plane momentum conservation laws as normal
wave vector transfers
 ⊥ = 2π [sin(αi ) + sin(αf )]
(11)
Q
λ
are probed. We consider sample surface in the x–y plane and the z-axis along the surface
normal. Off-specular scattering contributions along the in-plane momentum transfer vector
 = 2π [cos(αf ) − cos(αi )]
(12)
Q
λ
arise, however, when the in-plane translational symmetry is broken by interface waviness
(roughness) or by magnetic domains on a length scale shorter than the in-plane projection
 (= Q
 x , Qy ).
of the neutron coherence length l along Q
 ) can
The resolutions in the in-plane components of the momentum transfer vector ( Q
be expressed as
ςx,y =

2π
.
 x,y
δQ

(13)

The in-plane projection (parallel projection) of neutron coherence l , is related to the
respective resolutions (∼ ςx · ς y ) along the x and y directions. In the present experimental
 y is integrated (collimation along the
 x is resolved whereas signal along Q
geometry, only Q

y

detec
tor pla
ne

x

e
pl
m
sa

e
an
pl

f

z
i

scattering plane

z

ki

kf
αf

αi

2θf

x

sample plane
y

Figure 2. Schematic of the neutron scattering geometry from two different perspectives. The beam is collimated in the reflection plane and relaxed along y-axis. Here ki
is the incident wave vector at an angle αi . The scattered wave vector kf makes angles αf
and 2θf along two different scattering planes.
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y-axis is relaxed). Typical spread of ςx varies from few nanometres to few micrometres.
On the other hand, l⊥ (perpendicular projection) which is also related to
ςz =

2π
,
z
δQ

(14)

(due to the possibility of employing higher angular resolution) has relatively much higher
extension (in several microns) and thus the scattering can be considered coherent along the
thickness of the specimen.
At grazing incidence, there can be three scattering geometries, specular reflection, scattering in the incidence plane (off-specular scattering) and scattering perpendicular to the
incidence plane (grazing incidence SANS).
We can estimate the extent of correlation lengths from the three equations of momentum
transfers along three different axes owing to the scattering geometry for small angles.
 ⊥ = 2π [sin(αi ) + sin(αf )]
z = Q
Q
λ

2π
[αi + αf ],
λ

 = 2π [cos(αf ) cos(2θf ) − cos(αi )]
x = Q
Q
λ
2π 2
[α − αf2 − θf2 ]
λ i

(15)

(16)

 y = Q = 2π cos(αf ) sin(2θf ) 2π [θf ].
(17)
Q
λ
λ
Here we consider the incident wave vector ki making an angle αi in the x–z plane while
the scattered wave vector kf making angle αf in the x–z plane and also 2θf in the x–y
 (ranging from nm
plane (relevant for diffuse scattering). Different length scales ξ = 2π / Q
to μm) can be accessed by using different scattering geometries in most practical cases.
 z or the depth of the film (3 nm < ξ <
Specular reflectivity scans the sample along Q
 x (500 nm
1 μm) perpendicular to the film-plane. Off-specular scattering scans along Q
< ξ < 50 μm) whereas grazing incidence SANS scans the surface (3 nm < ξ < 100 nm)
 y.
along Q
1.4.2 Specular scattering. (a) Parratt’s recursion relation. Before describing the interaction of the neutron dipole moment with the multilayer, we define one single quantization
axis along the guiding magnetic field outside the sample that is fixed during the consideration of the whole interaction process. Prior to the interaction with the sample and its
surrounding magnetic field, the neutron can be considered as a plane wave and the interaction potential has no dependency along the lateral coordinate. The three-dimensional
Schrödinger equation can therefore be reduced to a set of one-dimensional equations. To
 ⊥ , we need to deteraccomplish measurements of the sample reflectivity as a function of Q
mine the probabilities that the wave function is reflected and transmitted by the sample.
The operators of reflection and transmission amplitude in each layer can be deduced recursively by considering the conservation of neutron intensity, i.e., |ψ|2 = 1, the continuities of
the wave function ψ(z) and its first derivative ∂ψ/∂z at the interfaces between two layers.
12
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In the following we define the longitudinal magnetization component M as parallel to
 cos φA ) and the transversal magnetization component
the applied field direction (M = M
 sin φA ), where φA is the angle
M⊥ as perpendicular to the applied field direction (M⊥ = M
between the magnetization direction M and the applied field Ha .
Due to the interaction between polarized neutrons and the magnetic moments in the
specimen, PNR is sensitive to the in-plane magnetization for a homogeneous film. Neutron
scattering measures the average of the in-plane magnetization vector, which is essentially
the incoherent average over several coherent volumes (each ≈5–10 μm in diameter as
defined by l ). The projection of the neutron coherence length along the sample plane is
usually smaller than the illuminated sample surface. The averaging of the local magnetization on a length scale smaller than l is coherently summed whereas averaging over the
total illuminated area is incoherently summed (averaging intensities). Signal along Qy is
integrated and thereby results in incoherent average along y direction.
The neutron interaction potential is given by
2π 2

N bn + μN σ · B,
m
V ∝ (ρn ± ρm ),
V̂ =

(18)

where N (=density NA A−1 cm−3 ) is the number density, bn is the coherent nuclear scattering length, m is the neutron mass, A is the atomic mass (g mol−1 ), B is the internal
magnetic field of the specimen, σ represents the operator associated with the Pauli-spin
matrices while μN is the nuclear magneton. The neutron magnetic moment is expressed
as μn = −gn μN Sn , where Sn (= σ /2) is the spin-1/2 operator and gn is the g-factor of
the nucleon related to the gyromagnetic ratio γN (=1.913). The scattering-length densities
(SLD) of a magnetic specimen are given by either the sum or difference of the nuclear (ρn )
and magnetic (ρm ) components. The ± sign refers to the sign in front of ρm as it sees the
spin-up and spin-down states of the incident neutron.
The reflectivity is calculated by applying the time-independent Schrödinger equation for
the neutron wave function inside and outside the specimen. One can solve the equation
by taking into account the spin dependencies of the scattering potential and the neutron
wave function. In this way we get the expressions for NSF and SF scatterings. The NSF
scattering amplitude provides information about
ρn ± ρm cos φA ,

(19)

i.e., the magnetization component M parallel or anti-parallel to the applied field. The SF
channels measure
ρm2 sin2 φA ,

(20)

i.e., the magnetization component M⊥ perpendicular to the applied field, if the domain size
is larger than l . In this approach, the magnetic scattering length bm (ρm = N bm ) includes
the magnetization M and the neutron magnetic moment μN . The magnetization component
parallel to the scattering vector (i.e. normal to the sample surface) is not visible to neutrons
 requires the out-of-plane component of B across the interas Maxwell’s equation (∇ · B)
face to be continuous. The variation of the magnetization vector (in-plane amplitude and
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direction) with depth can be extracted within the dynamical format (the phase information,
however, remains implicit) using a conventional reflectivity fitting analysis, as the reflection amplitude is related to the Fourier transform of the SLD depth profile. Therefore, the
specular reflectivities in the NSF channels (R++ and R−− ) are due to periodicities of the
structure and magnetization components collinear to Ha , whereas reflectivities in the SF
channels (R+− and R−+ ) are exclusively of magnetic origin and correspond to in-plane
magnetization components perpendicular to Ha . A magnetization rotation is identified by
a significant increase in the specular SF reflectivities, which corresponds to the formation of in-plane magnetization components developing perpendicular to the guiding field
Ha . On the other hand, magnetic reversal by domain nucleation and propagation does not
provide enhanced SF specular intensities, as long as the domain sizes are smaller than l
(but can produce off-specular signal in the SF channels), because the local magnetization
M is always collinear to Ha .
In the specular scattering geometry, normal wave vector transfers Qz = Q⊥ =
2π
[sin(αi ) + sin(αf )] are probed while off-specular scattering contributions along the
λ
in-plane momentum transfer vector Q = (2π /λ)[cos(αf ) − cos(αi )] arise, when the inplane translational symmetry is broken by interface waviness (roughness) or by magnetic
domains on a length scale shorter than l along Q [36]. Exact reflection coefficients can
 following the Parratt formalism [61].
be retrieved within the dynamical approach (low Q)
Here a model density profile is considered (prior knowledge of the scattering density) which
should be sufficiently close to the correct one. The variation of the magnetization vector
(in-plane amplitude and direction) with depth can thus be extracted as the reflection
amplitude is related to the Fourier transform of the SLD depth profile.
One may note that the illuminated part of the sample surface is usually much larger than
the projection of the coherence volume of the neutron beam. The scattered intensity that
one measures, in specular scattering, is the depth variation of laterally average interaction
potential from different coherent volumes (defined by Q = 0 as the surface is considered homogeneous and flat). Mean magnetization, averaged over the coherence volume is
responsible for the specular reflection.
For domains larger than Q , the intensities reflected from different domains superimpose
incoherently in the specular beam [62]. Due to the randomness of the domains, φ A may
vary along the sample surface and reflectivities are incoherently averaged. Thus the mean
value turns out to be cos φA  ≈ cos φA incoh cos φA coh . Here φA is related to the tilt of the
magnetization φA – varying from domain to domain – as φA = φA − φA coh . Fluctuations
of magnetization within the coherence volume reduce mean magnetization via the factor
cos φA coh , but not the spin-flip specular reflection.
The spin-flip specular reflection is solely due to a possible tilt (φA ) of the mean magnetization against the field guiding neutron polarization and is proportional to sin2 φA incoh :
this provides information leading to the mean-square dispersion of the domain orientations.
This means PNR can be used to probe the variation of φA either in the presence of fluctu
φA 2incoh ) or in the absence of fluctuations (sin2 φA incoh =
ations (sin2 φA incoh = Qsin
2
sin φA incoh = 0) [63,64].
The unit vector of B defines the quantization axis of the neutron spin. The two eigenvectors | + and | − of the operator σ · B determine spin projection along the quantization
axis. Linear combination of these two eigenstates essentially provides the solution to the

14
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Schrödinger equation for an incoming plane wave vector (ki ) with in-plane component κi .
Now, taking into account the continuity relations at the interfaces and its first derivative,
one can solve the Schrödinger equation for each layer following the recursion formula of
Parratt to deduce the reflectivity [61].
(b) Polarized neutron beam. Now consider the case of polarized neutrons. When the
magnetization in a layer l is not parallel or antiparallel to the quantization axis +− but
makes with it an angle φA , the wave functions ψ + and ψ − do not obey two independent
Schrödinger equations but they satisfy two coupled equations. To tackle such a complex
set of equations, one may resort to an averaged potential given by the matrix


2π 2 ρn 0
B x + i Bz
By
∓ μN σ
.
(21)
V =
Bx − i Bz −B y
0 ρn
m
The elements of the matrices are dependent on the nuclear scattering length density term,
ρn = ρn (z). Since neutron reflection occurs across interfaces with different scattering
length densities (nuclear or magnetic), the field applied to the sample and the field inside
the sample being the same do not yield contrast across the interface. In a polarized neutron
reflectometry experiment, some magnetic field (≈ few Oe) is nearly needed to be applied to
the sample, in order to maintain the polarization of the neutron beam. Thus, for an external
 μ0 H + M)
 can be
field (Ha ) applied parallel to the y-axis, the magnetic induction B(=

expressed as the intensity of magnetization M.


2π 2 ρn 0
M x + i Mz
My

∓ μN σ
.
(22)
V =
M
−
i
M
−M y
0
ρ
m
n
x
z
The magnetic scattering length ρm can be written as
m
ρm = −
μN σ M.
2π 2
Substituting eq. (23), into eq. (22) we have,

2π 2 ρn + ρmy ρmx − iρmz
V =
ρmx + iρmz ρn − ρmy
m

2π 2 ρ++ ρ+−
.
=
ρ−+ ρ−−
m

(23)

(24)

Here ρ++ and ρ−− can be identified as NSF components whereas ρ+− and ρ−+ can be
identified as SF components. Now one can solve the spin-dependent Schrödinger equation. One may note that the direction of magnetic induction is assumed to be parallel to
the applied field, and the direction is uniform throughout the film, thus the off-diagonal
elements in the matrix of eq. (24) are zero. Additionally, Maxwell’s equations (∇· B = 0)
requires the out-of-plane component across the interface to be continuous, and so the component parallel to Q⊥ = Qz will not yield a change in contrast across the interface:
ρ+− = ρ−+ = ρmx = SF.
One can have angular rotation of the sample magnetization about the surface normal in
the film-plane away from the applied field along the y-axis. Thus ρm = ρm [cos(φA ) ŷ +
sin(φA )x̂] or M = ρm cos φA and M⊥ = ρm sin φA . Neutron scattering is a statistical
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probe of potentially non-uniform distribution of sample magnetization, and not a probe of
the magnetization on an atomic scale. Thus, depending upon whether this non-uniformity
varies on a length scale smaller or larger than the lateral projection of the neutron coherency,
different approaches may be considered. If the variance of magnetization are small (large)
as compared to coherent region, then the reflection amplitude is from an ensemble of
domains (then the reflectivity is the sum of the reflectivity of each component). In cases
where domains are large, NSF components are proportional to M  ∝ cos φA  and SF
components are proportional to M⊥2  ∝ sin2 φA  respectively. As the sign of magnetization is encoded in the phase of the SF components, we can only measure the modulus of
M⊥ . SF is rather a measure of the mean square deviation of the magnetization away from
the applied field (i.e. a SF signal can be expected even when the net magnetization is zero).
1.4.3 Off-specular scattering. As long as the condition of translational invariance holds
(within a certain coherent volume), it will not lead to any off-specular scattering. Thus the
scattered intensity that one measures, in specular scattering, is the depth variation of laterally average interaction potential from different coherent volumes (defined by Q = 0).
However, when the invariance is broken (but on a length scale smaller than l ), off-specular
scattering may be seen, which measures the fluctuations around the mean value of the laterally averaged interaction potential. The fluctuations are given by the dispersion along the
longitudinal (L) and transverse (T) directions
φA (L)2 = cos2 φA coh − cos φA 2coh

(25)

or
φA (T ) = sin2 φA coh − sin φA 2coh .
Due to the influence of dynamical effects (multiple scattering due to refraction and total
external reflection) close to the critical angle of total reflection, DWBA is used instead of
Born approximation [65–67]. In this approach, the potential operator in each layer can be
decomposed into a sum of the reference potential and perturbation contribution in the form
V (x, y, z) = V (z) + Vperturbed (x, y),

(26)

where V (z) denotes the reference potential averaged over all lateral coordinates (x, y),
which is responsible for specular scattering, while Vperturbed (x, y) causes the off-specular
scattering signatures. The z-axis dependence is taken care of by the propagation operator
Ŝ(z) inside each layer n. The perturbed potential includes the nuclear and magnetic scattering length density fluctuations. Off-specular scattering affected by dynamical effects (close
to the critical angle of the total reflection), can be taken into account within the reflection
and transmission coefficients involved.
We may restrict the fluctuations (which may have their origins in the magnetic fields at
the interface and/or within the layers) as only from bulk density fluctuations separated by
smooth interfaces (as in magnetic domains) [67]. This eventually simplifies the equations
involved without affecting the physics in general. Now, Vperturbed (x, y) can be written as
Vperturbed (x, y) =

16

2π 2 
(ρn ± ρm ),
m
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where ρn and ρm denote the respective lateral scattering length density fluctuations. Thus
the scattering amplitude (kf , ki ) takes the form
−

m
n’
2π 2

ψfn  (kf , r ) | Vperturbed | ψin  (ki , r )dr,

(28)

where ki and kf denote the incident and final wavevectors and the integration is over the
coherence volume intersection which are summed over the volume n  . Note that the perturbed potential is taken between the bra and the ket instead of the reference potential as in
Born approximation.
Further, decomposing into linear combinations of the Pauli-spin matrices and unit matrices (embedded within the reflection and transmission amplitude operators), the lateral
Fourier transform of the perturbed potential can be written as the Fourier transform of
the pair correlation functions involving nuclear and magnetic fluctuations.
In our model, the mean magnetization with respect to the applied field varies from region
to region around a mean angle φA with a Gaussian distribution of width φA . In this model,
both the components of magnetization parallel (along y-axis) and perpendicular (along xaxis) to Ha will contribute to the diffuse scattering signal. The Fourier transform of the
pair correlation functions for transverse as well as longitudinal fluctuations (averaging over
the surface of the coherence regime and integrating along the unresolved y-axis) within a
laterally homogeneous length scale of 2ξ(x, y), can be expressed as functions of Lorentzian
shapes
 x  ,y  )
 x,y ) · F ∗ ( Q
F( Q

ξ(x, y)
ξ(x  , y  )
,
+
≈ C(x x  , yy  ) ·
 · ξ(x, y))2
 · ξ(x  , y  ))2
1 + (Q
1 + (Q

(29)

where C(x x  , yy  ) are the respective amplitudes of fluctuations parallel and perpendicular
to the quantization axis. A typical sketch of the magnetic correlations for the laterally
correlated magnetic regions around the mean magnetization direction φA with Gaussian
distribution of root mean square width of φ and varying angular projection φA – varying
from region to region – is depicted in figure 3 for two consecutive layers.
The simulations of the intensity maps within the DWBA is essentially a sum of the
specular scattering as well as the off-specular scattering from structural correlations and
magnetic fluctuations along and perpendicular to the applied filed. The maps corresponding
to the SF channels are exclusively due to the magnetic scattering.
1.4.4 Reflectometer instrument. Reflectometers have been constructed at both steady
state and pulsed neutron sources. The reflectivity is solely a function of the momentum
transfer along the z direction, Qz : a range of Qz can be spanned either by changing the
wavelength, and fixed angle of incidence, or by changing the angle of incidence at fixed
wavelength. In the first mode the wavelength is selected by Bragg-reflecting the beam
from the moderator with a crystal monochromator. In the second mode the neutron beam
is chopped in short pulses: the neutron wavelength is sorted out by the time of flight (TOF)
from chopper to detector. Reflectometers built at steady-state sources are of two kinds,
while at pulsed sources only TOF reflectometers are feasible. Both types of instruments
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Figure 3. Sketch of the magnetic correlations for the laterally correlated magnetic
regions around the mean magnetization direction φA with a Gaussian distribution of
φ for a stack of magnetic layers. The illuminated area on the sample is usually larger
than the projection of the neutron coherence length (2D ellipsoid). It is much more
extended along the incoming beam (l ) compared to that across the beam (l⊥ ).

have distinct advantages. In a TOF instrument a substantial region of Qz is covered simultaneously, without changing the footprint on the sample, by the entire neutron spectrum.
On the other hand, with a monochromator instrument one can use all available neutrons to
measure the intensities at a selected value of Qz .
To spin-polarize the neutron beam, magnetic supermirrors are commonly used. They
can provide spatially narrow beams of limited divergence at short neutron wavelengths. A
supermirror (SM) is a stack of multilayers with gradually increasing value of the d (artificial
periodicity) spacing. Supermirror with large m is desirable to enlarge utilization efficiency
for neutron scattering experiments. The m defines the range of supermirror regime angle
relative to Qz c (critical angle of total reflection) for Ni. Polarization of a neutron beam is
defined in general as the ensemble average over all the neutron spin vectors (in other words,
it is the weighted vector sum of the representative members of the ensemble), normalized
to their modulus. The neutron polarization vector precesses around the flipping field in a
spin-flipper (that determines the quantization axis) according to Larmor precession: this
precession can be parallel or antiparallel to the field depending on the spin state of the
neutron. One can in principle utilize the difference in scattering potential within an SM for
the two different spin states to polarize a neutron beam. As one spin state is transmitted
through while the other is reflected over a wider range of momentum transfer, one can
selectively measure the respective scattering cross-sections.
18
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In a more simpler form the flipping ratio (f.r.) for the two-state neutron and the
polarization (P) are defined as
f.r. =

n↑
;
n↓

P=

n↑ − n↓
f.r. − 1
=
,
n↑ + n↓
f.r. + 1

(30)

where n is the number of neutrons polarized parallel (n↑) or antiparallel (n↓) to the guide
field (applied field) Ha .
The next important component is spin-flipper. Mezei-flippers (non-adiabatic, i.e. effectively flipped without changing its direction) are constructed of two coils with perpendicular winding that can sharply change from one transverse direction of the neutron axis to
another with respect to the guide field. The neutron polarization vector precesses around the
flipping field according to Larmor precession. RF-flipper on the other hand, uses the adiabatic mechanism for flipping. A spatially gradient field provides Zeeman splitting for the
two spin states, while a constant transverse resonance field (at Larmor frequency) matches
the resonance frequency of transition.
Flipping ratio and polarization measurements. One must also note that in order to saturate the SM, to avoid any off-specular scattering within the SM itself, one has to put them
into a magnetic field, HS , of around 300 Oe. Now, such a field is strong enough to change
the quantization axis of the neutron from horizontal (in the plane of the sample) to vertical.
Ideally, if the direction of the field changes (from Ha to HS ) sufficiently slowly (in the rest
frame of the neutrons), then the polarization component parallel to Ha is conserved as the
process is via adiabatic (or reversible) rotation of the polarization (unlike that in Mezei
flippers where the rotation of polarization includes a non-adiabatic process). However, in
practice, we find a decrease in the flipping ratio due to the 90◦ turn of the SM stack.
A parallel installation showed that the neutron optical properties along the channels were
as good as the properties of the single SM. The average polarization and flipping ratio were
97.5% and 78 respectively. When the guide field was perpendicular to that of the polarizer,
the average polarization efficiency and flipping ratio were 92% and 24.5 respectively. The
rotation of polarized neutrons about 90◦ leads to a lowering of the flipping ratio.
Data presentation. We present the specular data (or reflectivities) as along Qz for a constant Qx but prefer to present our off-specular data as intensity maps (αi , αf ) instead
of Qx scans at an almost constant Qz value (rocking scans) because the amplitudes of
reflection and transmission coefficients (which determines the intensity) are themselves
angle-dependent. Conventional perpendicular cuts through Bragg sheets (at constant Qz )
may not include intensities towards higher Q values. Situation is more complicated in
vertically uncorrelated structures where an enhancement of the off-specular scattering is
seen only near the critical angle and suffers significant losses away from the critical angle.
Thus we follow the more general approach in presenting the data and their simulations.
The resolution of the wavelength, the divergence of the beam and the illumination effects
on the size of the sample were all convoluted with the simulation. Typically (in such instruments), l exceeds 20 μm, but the resolution of the 2D position-sensitive (PS) detector
defines an upper limit of about 5–20 μm for the resolvable lateral structure size, whereas
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sizes which are even <1 μm can be estimated as long as the scattered intensity is sufficient
enough.
Illumination effects onto the sample depend on the opening of the two slits in front of
the sample, the size of the sample and the sample inclination. The simulations are convo ⊥ . The width of this function takes
luted by a Gaussian-like resolution function along Q
into account the spread in wavelength, the angular spread and the divergence of the beam.
A recalibration factor was multiplied with the simulated reflectivity patterns matching the
plateau of total reflection. The instrumental background (which is extensively low) was also
added in the routine. Additionally, empirical recalibrations were adjusted to the reflectivity
and to the off-specular scattering (one from structural roughness and that from magnetic
roughness). It follows from DWBA that the roughness and magnetic lateral correlations
cannot be extracted as exactly as the reflectivity can be. However, same recalibration factor
was used for the two magnetic cross-sections in eq. (29). This helps in determining the
parameters φA and φA precisely. Moreover, with an increase in the amplitude of fluctuations, the perpendicular components increase faster than their parallel counterparts (more
intensity in the SF channels) which enable the unique determination of φA .
2. Interlayer coupling and neutron scattering
2.1 Interlayer coupling
Interlayer exchange coupling [68] between two FM layers across a non-magnetic spacer
is considered as one of the remarkable discoveries in thin film magnetism, which together
with the GMR [2,69] laid the foundation for the field of magnetoelectronics, at the same
time boosting technological applications in mass storage, non-volatile memory and sensors.
Magnetic superlattices have been widely studied after the discovery of antiferromagnetic
and oscillatory interlayer exchange coupling (IEC) in Fe/Cr superlattices [1] and the concomitant GMR effect [69,70]. Antiferromagnetic exchange coupling plays a major role in
hard disk technology to reduce the lateral bit size while overcoming the superparamagnetic
limit.
Phenomenologically, the interlayer exchange coupling energy per unit area (E) between
two FM layers FM1 and FM2 (magnetization MFM1 and MFM2 , respectively), separated by
a spacer of thickness tNM , can be written in the following form:
E = −J1 cos(θ ) − J2 cos2 (θ),

(31)

where J1 and J2 are the bilinear and biquadratic coupling constants, respectively; and θ is
the angle between the two-layer magnetizations on both sides of the spacer. Two general
approaches have been employed to explain the bilinear interlayer exchange coupling effect.
The first one is an extension from the phenomenological theory (the Ruderman–Kittel–
Kasuya–Yoshida, or RKKY theory) originally developed to explain the oscillatory spin
polarization behaviour of dilute magnetic clusters in a non-magnetic (NM) host, which has
a striking resemblance with the oscillatory behaviour of J1 in the [FM/NM] multilayer
heterostructures. The second approach is based on the quantum confinement effect arising
from the periodic modulations of the superlattice structures.
The RKKY model shows that the conduction electrons of the host help to mediate the
coupling between the two embedded localized moments, which are not necessarily next
20
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neighbours. The coupling strength, according to the RKKY theory and in the limit of free
electron host, is oscillatory with decaying amplitude, the strength of which is inversely
proportional to the cube of the distance between the moments. Extension of the RKKY
model from localized point moments to continuous FM layers gives the form
J1 ∝

sin(2kF tNM )
,
2
tNM

(32)

where kF is the Fermi wave vector. Since the sampling of the coupling strength through the
spacer can only take place at integral values of atomic planes in the growth direction, the
period of oscillation is given by
=

kF
n
,
−
π
d

(33)

where d is the lattice parameter along the growth direction and n is an integer (aliasing
effect.
Microscopically, it is the spin-dependent reflectivity of the conduction electrons at
the interfaces, which gives rise to the formation of spin-dependent quantum well states.
Edwards et al [71] attributed the coupling effect as a consequence of spin-dependent confinement of electrons in the quantum well provided by the spacer layers. Depending on
the degree of matching of electron bands at the Fermi level, electron wave functions can
be transmitted or reflected at FM/NM interfaces (interlayer exchange coupling depends
strongly on the electronic configuration of the interlayer and the interfaces). We may consider the simplest case of one-dimensional wave propagation, with perfect matching of the
majority spin band of the FM and the NM layers and a large exchange splitting of the
FM. Consequently, this will lead to confinement of the minority spin band within the NM
spacer, leading to the oscillatory coupling strength due to the interference of the electron
wave functions (spin-dependent interference effect in the interlayer). J1 (tNM ) was then
computed by comparing the energy difference between the parallel and antiparallel alignment of the FM layers. Computed results of the quantum well model indicated some similar
features compared with the RKKY model, most notably the periodicity of oscillations and
the rate of decay of J1 . In fact, the RKKY model is related to the quantum well model,
as described by Bruno [72]. He provided a unified picture of the two approaches, treating
the interlayer exchange coupling as the interference of wave functions travelling in different directions, by considering the possible reflections and transmissions at the boundaries
(interfaces). He showed that while the RKKY model was the extreme case of weak reflection at the boundaries, the full-confinement quantum well model was actually the strong
reflection limit of such a model.
The quantum interference model predicts an exponential decay of this coupling for
insulating spacers, whereas metallic spacers are well known by now to reveal a damped
oscillatory coupling. Even though the ‘metallic’ spacer case was extensively studied, there
has been no work on the details of the domain distribution along the stack of the multilayers. Such a domain distribution can alter the magnetic properties of the system and can
therefore severely affect the realization of an ideal device structure.
Moreover, even though the cases for metallic as well as insulating spacers have been
extensively explored, for the ‘intermediate’ case, i.e. coupling across a semiconducting
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layer has been only marginally explored. Yet, the implementation of ferromagnets and
semiconductors in devices, in an attempt to achieve efficient spin injection, makes a combination of these two material classes very interesting. Therefore, the physical mechanisms
underlying the interlayer coupling through a metallic or a semiconductor layer are topics
of current scientific relevance.

2.2 Polarized neutron scattering in coupled multilayers: Metallic spacer
Coupling strengths in antiferromagnetically-coupled systems are determined from magnetic hysteresis measurements by means of macroscopic techniques such as magneto-optic
Kerr effect (MOKE) or superconducting quantum interference device (SQUID) measurements. It is well known that apart from collinear coupling in typical magnetic–nonmagnetic superlattices, a non-collinear coupling also exists in interlayer-exchange-coupled
superlattices. Such non-collinearities are often ignored in conventional magnetic hysteresis
measurements as they predominantly measure the longitudinal component of magnetization. In transverse mode of measurements, the relatively weak residual AF coupling
cannot often be distinguished from soft FM behaviour. Moreover, coupling correlation
in the plane of the specimen or perpendicular to it is not revealed. More interestingly, these sheets of ferromagnetic layers are often seen to break of into patchwork of
domains, each one of them being antiferromagnetically stacked in the perpendicular direction, which is certainly beyond the measuring capabilities of magnetization techniques.
PNR, being depth-sensitive and possessing vector magnetometric capabilities, can determine the in-plane and out-of-plane correlation lengths, coupling angles between alternate
ferromagnetic layers and their individual domain size distributions.

2.2.1 Oscillatory nature and non-collinear coupling. The most extensively studied
antiferromagnetically-coupled metallic multilayered systems are Fe/Cr and Co/Cu due to
band matching. Using the neutron scattering technique, coherent antiferromagnetic spin
structure (along the 1 1 1 growth direction in Co/Cu), Schreyer et al confirmed the oscillatory nature of the coupling behaviour (for 1 nm and 2 nm of Cu thickness) [18]. This can
be observed in figure 4. However, Cu spacer layer being electronically simpler than Cr,
Co/Cu superlattices lack the complexity of the Fe/Cr superlattice. A competition between
exchange coupling, anisotropy and proximity effects with the antiferromagnetic Cr spacer
layer do exist in Fe/Cr. Schreyer et al [19] revealed that instead of a bilinear or biquadratictype coupling, the coupling angle can take up any intermediate angle. Later it was shown
by Lauter-Pasyuk et al [73], that the magnetization of the alternating Fe layers is indeed
twisted through the multilayer stack forming a stable and non-collinear configuration. This
can be observed in figure 5.

2.2.2 Magnetic domain structure. For Co/Cu multilayers, the aspect of magnetic roughness and domain structures was dealt with by Borchers et al [26] and Langridge et al
[29]. This can be observed in figure 6. Two types of magnetic diffuse scattering were
recognized: one is due to vertically correlated domains observed as Bragg sheets and the other
22
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Figure 4. Oscillatory behaviour of interlayer coupling by PNR (from Schereyer et al
[18]).

Figure 5. Non-uniform canted state at Fe/Cr interface (from Lauter-Pasyuk et al [73]).
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Figure 6. In-plane correlation lengths and angular dispersion of magnetic domains
from a Co/Cu multilayer (from Langridge et al [29]).

originating from vertically uncorrelated spins at the interfaces extending over the reciprocal space map. The antiferromagnetically-coupled half-order peak was found to respond
to the application of an external magnetic field indicating the disappearance of AF coupling. However, as one grows a multilayered sample, there is structural evolution which can
change the magnetic configuration or a domain structure can evolve along the stack. Such
a correlated study between structure and domains is crucial but till now is not available.

2.2.3 Fermi surface topography. The detailed topography of the Fermi surface was
expected to play a vital role in the exchange coupling. PNR studies in Fe/V superlattices
have also drawn some attention in this regard. Interlayer coupling was shown to be tuned by
hydrogen in the V spacer layer mediating the exchange coupling [23]. Using PNR and magnetometry, the magnetic phase diagram was mapped out which is in excellent agreement
with theoretical predictions of Hjörvarsson et al [74] and Leiner et al [75]. Figure 7 shows
such a phase diagram in Fe/VHx superlattice. Thus, magnetic order and dimensionality
were demonstrated as tunable parameters.

2.2.4 Spin-flop phase. Significantly, Velthuis et al [35] studied the magnetic structure at
the surface spin-flop transition and its evolution with field. It was revealed that a domain
wall created near the surface penetrates the superlattice with increasing field, splitting it
into two antiphase AF domains. Figure 8 shows the evolution of the Bragg peak with h
(h is scaled with respect to bulk spin-flop field). The splitting of the Bragg peak observed
for R++ and R−− above h = 0.69 is due to the formation of two domains where the components of magnetization collinear to field are in antiphase. After reaching the centre the
spin-flopped phase spreads throughout the superlattice. This work shows that the surface
transition follows a general trend.
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Figure 7. Magnetic phase diagram for Fe2 /VHx superlattice with different concentrations of H from PNR and SQUID (from Leiner et al [75]).

2.2.5 Coupling of Heusler alloys. Because of a half metallic splitting of the d-band at the
Fermi level, Heusler compounds have attracted some interest as electrodes in spintronic
devices. Antiferromagnetic interlayer order was shown by Bergmann et al between adjacent Co2 MnGe layers separated by V layers (3 nm) which can be attributed to magnetic
stray fields arising from the granular Heusler layers [44]. An unpolarized intensity map
is shown in figure 9 showing the antiferromagnetic order. Interlayer coupling of magnetic
semiconductors between magnetic semiconductor layers is another interesting aspect and
will be discussed in the section of dilute magnetic semiconductors.

Figure 8. Evolution of the NSF Bragg peak with increasing scaled bulk spin-flop field
(from Velthuis et al [35]).
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Figure 9. Unpolarized intensity map of Co2 MnGe/V multilayer (from Bergmann
et al [44]).

2.2.6 Domain structure evolution with number of bilayers. Physical properties of magnetic multilayers (MLs) [68] such as interlayer coupling [2,70] and GMR [1,45,69] are
not only closely related to the structure of the MLs, i.e. interface roughness and/or the
evolution of the roughness along the ML stack [70], but also depend on the details of the
magnetic domain structure [29,76]. AF-coupled Co/Cu ML stacks have been shown to
posses a high degree of morphological vertical correlation and small lateral correlation of
the interface roughness [77]. Subsequently, Paul et al [46] observed that the domain structure of the Co layers evolve from large to small vertically correlated domains along the
stack. The larger ones remain AF aligned beyond the apparent saturation field, while the
antiparallel alignment for the smaller ones breaks up at lower external fields.
The SF intensities near 46 mrad for Ha = 500 Oe are larger than the NSF intensities
due to diffuse scattering and indicates the presence of lateral inhomogeneities caused by
the domains. This is best seen in the SF intensity maps shown in figure 10 for different Ha .
The 12 -order Bragg peak at ∼46.5 mrad is broad along Q as well as along Q⊥ . Its intensity
rapidly shrinks with distance from the specular line and also decreases with increasing Ha .
Paul et al estimated the lateral size ξ of the vertically correlated domains by simulations
of the intensity maps under the DWBA as has been described in refs [78,79]. The important
aspects that emerged out of the above study are:
(a) AF coupling beyond apparent saturation
(b) Depth-dependent domain sizes
(c) Coexistence of small and large domains.

2.2.7 Twisted state of interface magnetization. Contrary to the conventional uniform inplane magnetization often encountered in metallic systems, it was shown by analysing
the frequencies of Brillouin light scattering (BLS) technique, that the magnetization is
26
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Figure 10. Measured (upper panels) and simulated (lower panels) SF intensity maps
(I−+ ) of a [Co/Cu]N=40 ML at different applied fields Ha as indicated. Schematic
drawing of the scattering geometry is also included (from Paul et al [46]).

susceptible to assume a twisted state, thereby forming a partial domain wall parallel to
the Fe/Si interfaces [80]. Such a state is realized when there is a competition between the
torques exerted in the bulk by the external applied field favouring parallel alignment and at
the interfaces by the strong AF coupling. The total energy in the twisted state configuration
is lower than that for a uniform magnetization state because the gain in interlayer exchange
energy prevails the increase of the intralayer exchange energy. It is only recently that Paul
et al demonstrated the existence of such a twisted state by polarized neutron scattering and
micromagnetic simulations in Fe/Si [54].
The spin configuration within the FM layers in the system extracted from the fits to
the SQUID curve are shown in figure 11. The deviation from the applied field direction
gradually increases from the middle of the layer towards the interfaces, where the AF
coupling acts strongest. The magnetic configuration thus deduced was then used to analyse
the neutron reflectivity data within the dynamical format.
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Si

Figure 11. Angular deviation of the magnetization from the applied field direction (δθ )
derived by fitting the twisted state model to the SQUID data at Ha = 0.25 T. The
x-axis spans the total FM thickness of all 7 Fe layers, but neglects the thickness of the
Si interlayers. Schematic representation of the magnetization profile of two adjacent Fe
layers corresponding to the experimental data obtained at Ha = 0.25 T is shown along
side (from Paul et al [54]).

Following Paul et al, one can clearly see that the quality of the fit is improved, if one
considers the twisted state model. Thus, following an energy minimization, micromagnetic
simulations can provide a physically realistic magnetic configuration of the Fe moments
that can – in turn – lead to a better agreement of the simulated patterns with the observed
neutron reflectivity patterns.

3. Exchange bias and neutron scattering
3.1 Exchange bias
Exchange-biased spin valves have been established as an integral part of magnetic recording devices, in particular, in read heads. When an FM layer is brought into direct contact
with an AF layer and is cooled below the Néel temperature, then a shift in the hysteresis
loop of this bilayer structure is observed. This shift on the magnetic field axis, which is
referred to as exchange bias field, is crucial for designing thin-film magnetic sensors in
recording devices. However, understanding the basic mechanism of the exchange bias phenomena itself remained elusive for over half a century after its discovery in 1956 and only
recently, with the advancement of X-ray techniques at the synchrotron facilities together
with neutrons at high flux sources, many of its aspects are now believed to be understood.
Looking back into its history, Meiklejohn and Bean [81] discovered some fascinating
behaviour in oxide-coated Co particles. When these particles, with sizes ranging from 10
to 100 nm in diameter, were field cooled in a 1 kOe external field from room temperature
to 77 K, they observed two distinct features: (a) a clear shifting of the hysteresis loop
(≈490 Oe) from the zero field axis, in a direction opposite to that of the cooling field and
(b) an increase in the coercivity of the hysteresis loop from 850 Oe to 1200 Oe. This
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effect was called as the exchange anisotropy or the exchange bias (EB) effect, as it was
postulated to arise from the interaction between the spins of Co atoms in the metallic Co
cores and that of the Co ions in the AF oxide coatings. This anisotropy, which is different
from magnetocystalline anisotropy, is due to the interaction between the AF and the FM
materials. Since then, the EB has become an integral part of modern magnetism with
implications for basic research and for numerous device applications.
The loop shift can be explained by considering a unidirectional anisotropy energy term
in the expression for the free energy at T = 0 K of a single-domain spherical particle. In
this assumption the single-domain spherical particle was considered to possess a uniaxial
anisotropy with the easy axis oriented in the direction of the applied field Ha which was
considered antiparallel to the particle’s magnetization, MFM . Hence, the free energy of the
single-domain spherical particle was written as
E = Ha MFM cos δ + K ud cos δ + K FM sin2 δ,

(34)

where δ is the angle between the easy axis direction and the direction of magnetization, and
K ud and K FM are the unidirectional and uniaxial anisotropy energy constants, respectively.
The solutions of this equation are readily expressed in terms of the two coercive fields
Hc1 and Hc2 corresponding to δ = 0 and π . Thus, the coercive field of the loop can
be expressed as Hc = (Hc2 − Hc1 )/2 and the shift in hysteresis loop HEB = (Hc2 +
Hc1 )/2 = −K u /MFM , on the Ha -axis. Thus, an explanation of the loop shift is equivalent
to explanation of the unidirectional anisotropy. In addition to the shift of the magnetization
curve and the unidirectional anisotropy, an appreciable hysteresis of the torque curve was
revealed, indicating that some irreversible changes of the magnetic state of the sample
take place when rotating the sample in an external magnetic field. As the system did not
display any rotational anisotropy when the AF was in the paramagnetic state, this provided
evidence for the coupling between the AF CoO (irreversible changes in AF) shell and the
FM Co core.
In the development of spintronics, the EB effect is used for pinning the magnetization
of a ferromagnetic layer by coupling it to an AF layer. Extensive theoretical and experimental research is being carried out to reveal the details of this effect. Many of the most
relevant theoretical and experimental results concerning EB are summarized in the reviews
by Nogues and Schuller [5], Berkowitz and Takano [82], Stamps [83] and Kiwi [84].
One of the key issues that has emerged in the discussion of exchange biasing is
the role of disorder and frustration in FM/AF combinations. Several models have been
considered (starting from the unsatisfactory macroscopic models proposed by Meiklejohn–
Bean [81] and Mauri [85]) to account for the shift and the magnitude of the exchange
bias.
(a) In the approach of Malozemoff [86], within a mesoscopic model (nm scale: compositional correlation length is smaller than the exchange length), exchange bias is
attributed to the formation of domain walls in the AF perpendicular to the FM/AF
interface due to interface roughness. However, the formation of domains in the AF
only due to interface roughness is unlikely to occur, because the creation of the
domain walls is energetically unfavourable.
(b) By calculating the AF–FM spin structure near the interface, within the microscopic
model (atomic scale), Koon [87] considered a spin-flop coupling between a FM and
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the compensated AF (perpendicular orientation) as responsible for exchange bias.
However, Schulthess and Butler [88] showed that spin-flop coupling alone cannot
account for this effect as exchange bias is only obtained if uncompensated AF spins
are assumed at the interface.
(c) In another approach, the AF layer is assumed to be composed of magnetically uncoupled crystallites (Takano et al [89]). A refinement of this model has been proposed
by Stiles and McMichael [90] by considering rotatable (responsible for coercivity
increase) and non-rotatable grains (responsible for unidirectional anisotropy).
(d) Recently it has been shown (on the basis of a classical Heisenberg or rigid Ising
model) that the observed exchange bias is primarily not due to disorder or defects
at the interface. Instead, the full antiferromagnetic layer must be involved as the
domain state develops due to the dilution of the AF [91]. The domains are pinned
at the impurity sites thereby considerably reducing the energy necessary to create a
wall.
(e) The model of Lee and Okabe [92] combined the granular model of Stiles and
McMichael with the domain-state model. They treated the case of explicit domains
in the AF by considering a free boundary on the surface of each grain and an effective
interaction field thereby computing the mean-field magnetization. In their calculation the hysteresis loop remains unshifted for zero-field cooling when cooled from a
demagnetized state.
There are a number of aspects in exchange bias that has been a subject of intense research
over the years:
(a) Correlation of bias field with the number of uncompensated spins in the AF and
increase in coercivity: Meiklejohn and Bean model predicted a loop shift which is
often several orders of magnitude larger than the experimentally observed loop shift
in most thin film systems. The phenomenological model [93,94] also fails to explain
the increase in coercivity that is commonly observed. Fulcomer and Charap model
[95], on the other hand, considered thermal fluctuation of AF particles, with a probability of switching depending on their sizes and temperature and hence contribute
to the hysteretic losses of the systems leading to a Hc enhancement. Experimentally,
the interfacial AF spins are discussed by Ohldag et al [96] in terms of the uncompensated spins at AF/FM interfaces – responsible for coercivity increases and exchange
bias. Using X-ray spectroscopic measurements they could find a direct correlation
between their number and the size of the coercivity. They also showed that the bias
cannot be due to all the interfacial spins, but rather due to a small fraction of these
spins, probably located at defect sites or domain boundaries close to the interface.
(b) Asymmetric magnetization reversal: As the exchange-biasing mechanism introduces
a unidirectional magnetic anisotropy in the FM layer, the magnetization reversal
process of such systems is quite unusual, when compared to that of any single
uncoupled FM layer, which can at best exhibit a uniaxial anisotropy. From the very
first observation of exchange bias in ref. [81], asymmetric hysteresis loops due to
asymmetric magnetization reversal processes are being observed in many experiments [30,34,37,62,97]. The asymmetry is considered for increasing/decreasing
applied field Ha for the hysteresis loop with respect to the field-cooling direction
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HFC . The underlying mechanism is expected to have crucial importance to elucidate the exchange bias effect. In response to an applied external field sweeping, the
 · Ha = 0 is satisnet magnetization M undergoes a reversal as the condition M
fied. This can be realized in two ways: either when the net magnetization is zero or
alternatively, when the net magnetization (without any change in magnitude) rotates,
yielding a maximum for the component M⊥ .
Theoretically the interpretation of the magnetization reversal was discussed in
ref. [98]. This is governed by an effective field Heff arising from the anisotropy of
the FM, the exchange bias field of the AF, and the applied field Ha . Heff and the
torque it exerts on the FM magnetization depend on the angle θ between Ha and
the AF anisotropy axis or the field-cooling axis HFC . Beckmann et al showed that
depending on θ the reversal mode is either by coherent rotation (uniform reversal
mode) for both loop branches or asymmetric with a non-uniform reversal for the
increasing branch. Here non-uniform refers to the reversal of magnetization with no
component perpendicular to the Ha direction which is essentially reversal by domain
wall motion. However, a systematic study of the reversal process by varying the
relative strengths of the anisotropy energies which would unravel every observed
aspects by various groups on various systems [30,34,37,62,97,99] was lacking until
it was undertaken by Paul et al [47].
(c) Training effect: The existence of the so-called training effect is another important
aspect of exchange bias systems. This effect is manifested in the reduction of bias
field and coercive field with consecutive hysteresis loops at a fixed temperature. It
can be classified into two types [94]: one between the first and second loops and
the other one involving subsequent higher number of loops. The first type has been
proposed to arise from the AF magnetic symmetry [100], whereas the second type
has been demonstrated experimentally as HEB ∼ (n)−1/2 (for n > 2), where n is the
number of loops. This has been suggested to arise from the reconfiguration of the
AF moments or domains during the field cycling [101].

3.2 Polarized neutron scattering in exchange bias with angular variation
Depth-dependent vector magnetometry of exchange bias systems can be obtained by PNR
measurements with polarization analysis. When the component of the in-plane magnetic
induction is parallel to the neutron spin (or the polarization, i.e. the applied field direction) it do not change its spin eigenstate and are thus observed as NSF scattering, whereas
the components of the magnetization orthogonal to the neutron spin results in a change
in potential which is purely magnetic and can flip the eigenstate of the incident neutron.
This is referred to as the SF scattering. In all the PNR experimental reports, reversal by
magnetization rotation is identified by a significant increase of the specular reflectivities in
the SF channels (R+− and R−+ ) which are exclusively of magnetic origin and correspond
to magnetization components perpendicular to Ha which is also a guiding field provided
for neutron polarization applied collinear to HFC . Reversal by domain nucleation and propagation does not provide enhanced SF intensities, because the magnetization is always
collinear to Ha and solely shows up in the specular NSF reflectivities (R++ and R−− ) as an
additional contribution to the non-magnetic reflectivity.
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Figure 12. Asymmetry in magnetization reversal in Fe-MnF2 at (A1 ) saturation, (B1 )
along the decreasing branch and (D1 ) along the increasing branch (from Fitzsimmons
et al [30]).

3.2.1 Asymmetric magnetization reversal. The very first report of using neutrons on
exchange bias was reported way back in 2000 [30] where they demonstrated the asymmetric reversal. It can be observed in figure 12. It was argued by Fitzsimmons et al that the
unidirectional anisotropy hinders the formation of domains with magnetization antiparallel to the cooling field direction and favours magnetization rotation for the increasing field
branch (applied field parallel to the cooling field direction). However, when the field is
increased, domains with the magnetization parallel to HFC are energetically favorable, and
the remagnetization proceeds via domain nucleation and propagation. The asymmetry is
easily understood on consideration of the twinned nature of the AF (MnF2 or FeF2 ) films
showing multiple easy axis. Just the opposite reversal mechanisms are reported for the
Co/CoO system [34,37] (single anisotropy axis), where domain wall motion occurs for the
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Figure 13. Asymmetry in magnetization reversal in CoO/Co can be seen in the
(a) MOKE magnetization loop and the PNR signal along (b) the decreasing branch
and (c) the increasing branch (from Radu et al [37]).

decreasing field branch and magnetization rotation for increasing fields. It can be observed
in figure 13. Both systems are epitaxially grown, but the dependence on the direction of
HFC with respect to the twinning axes in ref. [30] and training effects in ref. [37] hamper a
direct comparison.
The temperature dependencies of the fraction of magnetization perpendicular to the
applied field (i.e. SF) at coercivity and exchange bias are found to be well correlated in
Fe films exchange coupled to an AF(MnF2 ) [102]. Later it was shown that the AF develops
a net moment close to the interface (Co/LaFeO3 ), which is antiferromagnetically coupled
to the FM and largely unchanged during the magnetization reversal [103]. An interesting
demonstration of the influence of in-plane crystalline quality of the AF, e.g., untwinned single crystal, twinned single crystal and textured polycrystal on exchange coupling between
an Fe/FeF2 has been shown by Fitzsimmons et al [104]. Coercivity increase was studied
by the same group to reveal that there are two thickness regimes: one corresponds to situations where the FM layer reverses almost independently of the AF layer near TN (low Fe
thickness and monotonic HC variation with temperature) and the other where the FM layer
reversal induces significant loss in the AF layer (high Fe thickness and broad maximum in
the HC near TN ) [105].
3.2.2 Exchange-coupled double-superlattice. ‘Double-superlattice’ exchange-bias junction was determined by PNR in 1999 using an n-layered Fe/Cr AF superlattice coupled
with an m-layered Fe/Cr FM superlattice, providing controlled exchange bias. At low
magnetic fields, the magnetizations of the two superlattices are found collinear. At higher
fields, the AF moments flop to the direction perpendicular to the applied field. Later
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Figure 14. Reciprocal space map from FeMn/Co multilayer at (a) saturation and (b)
at coercive field (from Ali et al [106]).

on exchange bias has been observed in magnetic double superlattices which consist of a
FM-coupled superlattice grown on an AF-coupled superlattice [28]. It was shown that
it is necessary to introduce an anisotropy into the AF-coupled superlattice to induce an
exchange bias in the structure. They also performed off-specular neutron reflectometry
in order to characterize the domain structure in Co layers that are exchange biased by
FeMn. This allows to determine the domain direction distributions and lateral magnetic
correlation lengths for the Co layers as a function of field with the exchange bias [106]. It
can be observed in figure 14. In 2004 the effects of interdiffusion at the AF/FM interface
of epitaxial exchange-biased bilayers was studied by PNR. It indicated that the interdiffused interfacial layer becomes non-ferromagnetic with decreasing temperature, leading to
a reduced ferromagnetic layer thickness and a temperature-dependent magnetic interface
location [41].

3.2.3 Depth dependence of magnetization. Roy et al [107] measured the depth dependence of magnetization across the AF–FM interface. They showed that the net uncompensated magnetization near the interface (3.5 nm) responded to applied field, while
uncompensated spins in the AF-bulk were pinned, thus providing a means to establish
exchange bias.
Using PNR measurements, Hauet et al have determined directly the magnetic depth
profile of an AF-coupled GdFe/TbFe bilayer, and correlated it with the observed exchange
biasing. They observed the frozen spin configuration in the pinning layer and changes in
the magnetic structure as it undergoes training [108]. TbFe/GdFd bilayer that mimics AFcoupled AF/FM systems was studied over a large range of cooling fields. Exchange-bias
field was found to vary continuously from negative to positive as the temperature increases.
PNR, combined with magnetization measurements, proved that this feature is due to a
temperature-dependent training phenomenon. This effect originates from the relaxation,
i.e., progressive untwisting, of a frozen interfacial domain wall located in the TbFe layer
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[109]. Watson et al [110] have studied TbFeCo/[Co/Pd] bilayers with an AF interface
exchange coupling and uniaxial perpendicular anisotropy. Their PNR and magnetometry
measurements revealed that an interfacial domain wall forms at intermediate fields due to
competition between Zeeman and exchange coupling energies.
In a Fe/Mn system, Lee et al have determined the microscopic AF ordering at the interfaces using single-crystal neutron diffraction as the structure was supported by PNR: an
unexpected magnetic structure is obtained, with out-of-plane Mn moments perpendicular
to those of Fe [111]. Using PNR again, Fitzsimmons et al obtained separate depth profiles
for pinned and unpinned magnetization across the interface of a Co/FeF2 bilayer as a function of the sign of exchange bias. The pinned and unpinned magnetization depth profiles
are found non-uniform and extend well beyond the chemical interface [112]. Recently,
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Figure 15. Magnetization loop of [IrMn/CoFe] N . A sketch of the layer structure is
shown alongside. Open numbered circles and squares mark the locations of the PNR
measurement along the loops for N = 10 and 3, respectively. The dotted circle is the
reversal point of the increasing field branch of the N = 3 loop at about Ha = −10
Oe. A schematic sketch of the neutron scattering geometry showing the direction of the
applied field Ha for θ = 0◦ with respect to the HFC direction is shown in the bottom
panel (from Paul et al [40]).
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Figure 16. (a) SF reflectivity maps R+− of [IrMn/CoFe]10 ML at different positions along the magnetization loop (see figure 15). Off-specular intensity appears near
the switching for both decreasing (② to ④) and increasing (⑦ to ⑩) loop branches
but is absent in the saturated state ⑤. Simulation for SF reflectivity maps R+− of a
[IrMn/CoFe]10 ML at Ha = −50 Oe on the increasing branch showing the scattering
from magnetic structures (b) without and (c) with vertical correlation. (d) Switching
sequence along the ML from the bottom to top and back as obtained from the fits. For
some field values, each CoFe layer in the ML is represented by a box and the arrows
indicate a layer magnetization parallel (red) or antiparallel (green) to HFC (from Paul
et al [40]).
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Figure 16. Continued.

in Ni81 Fe19 /CoO exchange-biased bilayer, uncompensated frozen-in spins are found to
be remarkably well-correlated with the antiferromagnetic domains and the exchange bias
field [113].

3.2.4 Grainsize-induced exchange bias. Paul et al [40] found that HEB is dependent
upon the number of bilayers N . The enhancement of the exchange bias effect is presumably related to the shrinking of the related domain size in the antiferromagnet due to the
structural evolution in the multilayers. They observed a sequential and symmetric magnetization reversal in exchange-biased multilayers.
(a) Magnetization fluctuations linked to magnetization reversal: Figure 15 shows the
representative fields in circled numbers for neutron measurements. Figure 16 shows
the SF intensity (R+− ) maps as a function of αi and αf for N = 10 at different
representative fields Ha .
Off-specular intensity in the SF channel appears near the critical angle αc ≈
4 mrad in panels ③, ④, and ⑦, ⑧, ⑨, ⑩, i.e. in both loop branches near the reversal,
but not in the saturated state at Ha = −2.8 kOe in panel ⑤. This is a clear difference to the data in ref. [37] and indicates that the off-specular intensity is related to
the reversal process rather than to magnetic disorder due to, for instance, interface
roughness.
The length scale of these fluctuations (below 1 μm) and the grain sizes support
the idea that domain walls at the grain boundaries give rise to excess magnetization
in the AF. This is the first ever observation of such magnetization fluctuations which
are directly linked to the magnetization reversal of exchange-biased systems from
vertically uncorrelated magnetic domains. Earlier, Marrows et al [114] reported
on multilayered structures with vertically correlated domains. Paul et al showed
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a qualitative simulation for the SF specular and off-specular intensity in figure 16
for N = 10 corresponding to Ha = −50 Oe on the decreasing branch considering
(a) without and (b) with vertical correlation [115].
(b) Sequential switching of layers and symmetric magnetization reversal: The fitted
results are shown in figure 16: For decreasing Ha the CoFe layers switch sequentially from the bottom to the top, and for increasing Ha the reversal proceeds in the
opposite direction. This sequential switching of the layers is due to the structural
evolution along the ML. The layers at the top consist of smaller grains that yield a
stronger exchange bias in agreement with the SQUID data. Therefore, they align last
with a field applied antiparallel to HFC , but first when Ha is again increased.
How do these results contribute in developing the current understanding of
exchange bias? Firstly, in their system, Paul et al show the reversal mode predicted
by Beckmann et al for the case without misalignment between the field-cooling axis
and the applied field axis. This reversal mode – symmetric, but non-uniform – corresponds to the situation for θ = 0 for polycrystalline specimens. This was considered
unlikely to occur in experiments by Beckmann et al [98]. Secondly, they observe
and simulate fluctuations of M ⊥ at the reversal points in agreement with their
experimental data for the first time which are a reflection of the state of instability
occurring for the situation when the effective field acting on the FM is aligned with
the applied field [98]. These fluctuations indicate a more complex reversal mechanism than hitherto considered. Thirdly, they show that the domain state model can be
applied to much wider class of systems, which can as well be polycrystalline, than
realized today other than single-crystalline diluted specimens. The grain boundaries
play the role of non-magnetic defects of the so-called domain state model [101] and
pin domain walls in the AF.
3.2.5 Mystery of symmetry and asymmetry in reversal. Paul et al [46] systematically varied the ratio of the exchange and ferromagnetic anisotropies in a single multilayered system
to finally unravel the mysteries of magnetization reversal of exchange-coupled systems.
Here, by introducing different θ , they have varied two different energy parameters:
(i) the exchange anisotropy for each layer and (ii) the ferromagnetic anisotropy. Thus
the multidimensional aspect of the anisotropy energy ratio has been used to explain all the
facets of magnetization reversal within a single system which obviously do not involve
variation of any other unwanted parameters such as thickness, preparation conditions etc.
They varied the anisotropy ratio for each layer as they kept the applied field and angle
constant while measuring each spectrum of specular and off-specular polarized neutron
scattering from the specimen. They continued this along each full magnetization loop:
increasing (negative to positive) and decreasing (positive to negative) field and also varying
the sweeping directions to 15◦ . For θ = 15◦ , one could observe a cross-over from sudden flipping of each layer magnetization to coherently rotating layers along the stack for
both loop branches. However, the reversal is accompanied by fluctuations of the in-plane
magnetization component perpendicular to Ha as observed earlier [40,47] irrespective of θ .
Figure 17 shows the variation of the angle of magnetization φA extracted from the fits
to the specular data. When the magnetization is parallel to the applied field φA = 0,
thus an increase in φA is visible by an increase in the SF signal. For θ = 15◦ , each
layer rotates or flips independently and sequentially with field strength, fanning around in
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Figure 17. Variation of the angle of magnetization φA for [IrMn/CoFe]10 ML with
θ = 15◦ for increasing and decreasing fields as obtained from the fits of the specular
reflectivity patterns. The lines are guide to the eye and the size of the symbols are
the error bars. A schematic of the reversal for each layer is also shown where we find
separately rotating (yellow/light gray) and flipping (shaded gray) layers compared to
that of collective rotation of all layers when θ = 45◦ /90◦ [117] (from Paul et al [48]).
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different directions (see layer schematic) in a certain field which shows the layer-resolved
magnetization direction.
Here, HX = J MAF and K is the uniaxial anisotropy of the FM. For a finite θ , the strength
of the anisotropy field HA (depends on the projection of the FM magnetization onto the
easy axis) and that of the exchange field of the AF decide on the angle taken between the
effective field Heff (Heff = Ha + HA + HX ) and the MFM direction (φ1 ) at equilibrium for
the increasing branch of the hysteresis loop. As the sign of FM magnetization (decreasing
branch of the hysteresis loop) reverses, so does the anisotropy field and the corresponding
angle φ2 can be very close to 180◦ [47,98,116].
Larger angle means larger torque which favours rotation of the magnetization: this is the
case for the system when θ = 90◦ and 45◦ , where one could see symmetric and simultaneous rotation of all the layers for increasing and decreasing branch which are otherwise
de-coupled [117]. But a small angle favours flipping by domain wall motion [40,47,115].
By comparing the MOKE data of samples with increasing N one could extract the
variation of the magnetic parameters with N [119].

3.3 Polarized neutron scattering in exchange bias: With cooling field variation
3.3.1 Magnetization reversal in bilayer and multilayer. Paul et al [47] have studied the
magnetization reversal process in continuous: [Co/CoO]20 and separated: [Co/CoO/Au]20
exchange-biased polycrystalline multilayers (MLs).
(a) Coherent rotation versus sequential switching: The results are shown in figure 18
for ML-C: decreasing Ha switches the Co layers sequentially from the top to the
bottom, and in increasing Ha the reversal proceeds in the opposite direction. This

Figure 18. Layer switching sequence for the first cycle and second cycles of field
sweeping along increasing/decreasing branches of the hysteresis loops of ML-C (from
Paul et al [47,116])
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sequential switching of the layers is similar but opposite to that reported in ref. [40].
One could explain this by a different structural evolution from bottom to top within
the ML.
For the ML-S, the fits to the reflectivity curves show a reduced Co magnetization
in the decreasing branch and the SF signal is significant only for the increasing field
branch. This observation can be ascribed to asymmetric reversal by simultaneous
coherent rotation [34] for the increasing branch only.
(b) Training in continuous multilayer: Figure 18 shows the layer switching sequence
for the first and second field cycles [117]. This symmetric magnetization reversal
process – without coherent rotation, which remains similar and stable for the second
field cycle, i.e. in the trained state, is an exciting observation and is different from
any earlier observations [62,120].

3.3.2 Field cooling and training in bilayer. The phenomenon of exchange bias depends
predominantly on the state of the interface, at which the AF–FM spins are frozen-in, as
they are field-cooled, provided that the AF domain size remains unchanged with respect to
its initial state [121]. The magnetization state of the FM can be modified by an external
magnetic field HFC applied during the cooling/growth of the interface. Thus, the strength
of HFC determines the bias field (HEB ) values and can also influence the magnetization
reversal process. Co(FM/CoO(AF) bilayers are among the most widely studied systems
[34,37,47,122], and exhibit the typically observed ‘negative exchange bias’ (a shift of the
hysteresis loop in the direction opposite to HFC ).
(a) Cooling field dependence: Paul et al [53] showed for the first time in 2007 that the
training effect can be strongly influenced by the field-cooling procedure. When the
system is cooled in the ±m R state of the FM magnetization, one does not observe
any net training. The observation of a macroscopic training from a comparison of
the hysteresis loops is a usual feature in exchange bias system [123]. For HFC ∼ HC
the coercive field of the ferromagnet, one may achieve a special situation with a
coexistence of two FM states: the first one is similar to the (multidomain) state
determined by the FM magnetization at TB when the system is cooled without any
field (D0 ), whereas the second state is determined by the presence of a cooling field,
i.e. a single domain state (DFC ). PNR has been used to probe the magnetization
reversal of buried moments at the interfaces in this particular situation, revealing
different reversal mechanisms for the two different states of the FM.
(b) Magnetization reversal and training with cooling field: A schematic picture of
the AF–FM layer magnetizations for (a) zero-field cooling and (b) field cooling
situations is shown in figure 19.
I also show the variation Hc (half-width of the hysteresis loop) with Ha following
Paul et al. Hc is seen to be increasing with Ha below 1 kOe and saturates above.
This increase indicates a rotation of the grains (excess magnetization within the
grains) [90]. There is no significant difference in Hc for the first and second cycles
below Ha = 20 Oe indicating similar population of rotating grains. This obviously
indicates a plausible suppression of training.
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Figure 19. Schematic of the AF–FM layer magnetizations for (a) field cooling and (b)
zero-field cooling situations. The arrows indicate the magnetization directions of the
FM and AF layers. Also shown is the HFC variation with Ha during the first and second
field cycles. The lines are guides to the eye (from Paul et al [53]).

Later it was also shown that the suppression of training is due to poorly defined
uniaxial anisotropy (remanent field cooling) and the introduction of training is due to
well-defined uniaxial anisotropy (coercive field cooling) [124]. This clearly shows
that training in exchange bias systems can originate exclusively out of uniaxial
anisotropy within the AF layer. Monitoring training at its onset, has been particularly possible due to the unusual coexistence of two different FM configurations,
realized within the same polycrystalline system by coercive field cooling.
3.3.3 Suppression of training in bilayer. It has been a challenge to understand the origin
and how to overcome the training response. Thus macroscopic suppression of the training
effect [53] was surprising as well as interesting. Paul et al [60] revealed the microscopic
origin of training from microscopic suppression of training.
The off-specular and specular SF scattering signals shown in figure 20 can be attributed
to the presence of associated buried magnetic domains on a length scale smaller than l . It
is interesting to note that the intensity maps are very similar irrespective of the two field
 ⊥ and q . It may also
cycles – indicating the untrained state of magnetization along Q
be noted that similar simulation of the SF maps at RT gives a domain size of ≈ 5 μm
at remanence and ≈ 25 μm at saturation. Locked-in AF state splinters into a collage of
domains [125] from that at RT and when cooled to 10 K.
Generally, the training effect is caused by the rotatable grains because their uncompensated magnetization does not rotate back to the initial position after a complete field cycle
when the system is field-cooled. In the absence of a cooling field, one could obviously, have
random orientation of AF grains. This randomness, within the random anisotropy model,
renders uniaxial anisotropy poorly defined and can act in reducing the level (lower than the
critical energy barrier E AF ). Saha et al [126] have shown that spontaneous exchange bias
can be made plausible by involving similar anisotropy axis ambiguity. Here, a fraction of
42

Pramana – J. Phys., Vol. 78, No. 1, January 2012

Grazing incidence polarized neutron scattering
the AF grains (non-rotatable/pinned) can contribute to an effective field acting on the FM
layer as they are thermally stable and these grains do not readily reverse with the exchange
field, leading to spontaneous exchange bias [53].
The direction of the unidirectional anisotropy in the AF and the anisotropy direction
of the AF hold the key to the training effect. If the FM–AF coupling is not sufficiently
strong, a local unidirectional anisotropy may form in the AF close to the interface that is
along the anisotropy direction of the AF, but not necessarily along the FM magnetization
direction and this can suppress the training. It has been conjectured that exchange bias can
involve aspects of glassy behaviour (number of nearly equivalent magnetic ground states),
when cooled down below its transition temperature [127]. These moments, depending
on the uniaxial anisotropy of the diluted system, can therefore behave either as uniaxial
Ising spin (for well-defined uniaxial anisotropic layer) or as isotropic Heisenberg spins (for
poorly-defined uniaxial anisotropic layer). It is well known that magnetic hysteresis can
be absent in isotropic Heisenberg system whereas Dzyaloshinsky–Moriya interaction and
uniaxial anisotropy effects lead to irreversibility [128]. This irreversibility, for uniaxially
anisotropic layer (causing an increase in HC ), therefore can be identified as the basic origin
of the training effect. Thus for relatively isotropic AF, the training can be suppressed.

1st field cycle

2nd field cycle

Ha=-5 Oe

Ha=-5 Oe

Ha=-1000 Oe

Ha=-1000 Oe

(a)

(b)
Figure 20. SF intensity maps [R−+ ] from Co/CoO/Au ML measured at different Ha
((a)–(c)) after positive saturation. The colour bar encodes the scattered intensity on a
logarithmic scale. The simulated SF intensity maps within DWBA (d) are also shown
(from Paul et al [60]).
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Figure 20. Continued.

3.3.4 Induction of magnetic moment on perpendicular field cycling. Brems et al [129],
in their attempt, apparently linked training effect to asymmetry in reversal. A moderate
magnetic field, applied perpendicular (⊥r ) to the cooling field, can affect the interfacial
magnetization of the AF grains and thereby can regain the asymmetry. They claimed that
they could restore the untrained state that was lost after the initial field cycle.
After the neutron measurements for two consecutive field cycles, Paul et al applied a
field cycle in the plane of the sample but ⊥r to the cooling field [130]. The maximum value
of the field was kept at Hperp = 1.75 kOe to restrain the magnetization vector of the AF as
was initialized with HFC [129].
I show the interfacial state of the trained specimen before any field cycling in figure 21a
and after the ⊥r field cycling (during the third field cycle) in figures 21b–c. Surprisingly, a significant difference in the profile is seen around the third-order multilayer peak
 ≤ 0.058) where its intensity is drastically reduced in comparison to that in
(0.048 ≤ Q
figure 21a at RT (indicating changes in the (periodic) magnetic configuration through the
ML stack).
Model fit to the data reveals that an increase in magnetism (comparable to ρm−Co = 3.88
10−6 Å−2 ) at the CoO–Co interface, within the CoO layer, has taken place spanning a
length scale of ≈0.7 nm (∼2–3 monolayers). This induced magnetism into the AF layer is
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(a) RT at remanence
before perp. field cycling

after perp. field cycling
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(b) 10K at Ha=1000 Oe
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Figure 21. Specular reflectivity patterns (solid symbols) along with their fits (open
symbols) for the NSF [R++ (red) and R−− (black)] and SF [R−+ (green) and R+−
(blue)] channels measured from Co/CoO/Au ML at different conditions as indicated
(a) after negative saturation and at remanence (RT). This is followed by measuring
after negative saturation and during the third field cycle (after 90◦ field cycling) at
(b) 1000 Oe and (c) 1750 Oe. Solid symbols are data and open circles are fits to a
model. Sketch shows the block-like magnetic potentials in red (proportional to the FM
magnetization) that are used in the fitting routine (from Paul et al [130]).
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distinct and persists over the entire field range. This results from a direct manipulation of
the uncompensated moments at the AF–FM interface. Such manipulation obviously fails
to restore the untrained state (manifested in the decrease of the coercive field as well), as
envisaged earlier [129].
These results can be looked upon as an initiative towards achieving a user-defined
exchange-coupled interface.

4. Dilute magnetic semiconductors and neutron scattering
4.1 Dilute magnetic semiconductor
One can classify semiconductors into three types: (a) a magnetic semiconductor: a periodic
array of a magnetic element, (b) a DMS: an alloy between a non-magnetic semiconductor
and a magnetic element and (c) a non-magnetic semiconductor: contains no magnetic ions.
Alloys between a non-magnetic semiconductor (e.g. GaAs) and a magnetic element, usually manganese (Mn) are termed as DMSs [131]. An interesting property of these materials
is that semiconducting and ferromagnetic properties coexist within the same solid-state
system. This let us realize important devices in technological applications as we can use
the charge and the spin of the electron. These systems also find tremendous interest in
fundamental science due to the possibility of controlling both the charge and the spin of the
electron.
Europium chalcogenides and semiconducting spinels are the typical magnetic semiconductors that were extensively studied in the late 1960s. They have a periodic array of
magnetic atoms. However, they are not the same as the most commonly used magnetic
semiconductors (e.g. Si and GaAs). The crystal growth of these materials is notoriously
difficult. Moreover, the crystal structure of such magnetic semiconductors is completely
different. The outstanding problem with all these are that the Curie temperatures of all
these ferromagnetic semiconductors are far below room temperature.
On the other hand, DMSs are based on widely known semiconductors like GaAs that can
be doped with impurities to change their properties, usually to p- or n-type. Mn acts as an
acceptor when it substitutes for a cation in a III–V semiconductor lattice, leaving a Mn2+
ion which has a half-filled d shell. It is also generally accepted that ferromagnetism occurs
in these materials because of interactions between Mn local moments that are mediated
by holes. II–VI DMSs have a host semiconductor made up of a group II and a group VI
element of the periodic table, for example CdTe and ZnS. III–V DMSs are defined in an
analogous way and are the most important DMSs studied mainly due to their high Curie
temperature (TC ), the highest of all DMSs. In fact interest in this field was boosted by the
demonstration in 1996 [132] that ferromagnetic transition temperatures in excess of 100 K
can be achieved in manganese-doped gallium arsenide, (Ga,Mn)As, which is much higher
than the previous record of only 7.5 K for (In,Mn)As [133].
The low solubility of magnetic elements in III–V semiconductors are among the few
problems that one faces in the production of DMS samples. Since the magnetic effects are
often proportional to the concentration of magnetic ions, x, it is necessary to introduce a
sizable amount of magnetic moments (a few percent or more) for the material to develop
46

Pramana – J. Phys., Vol. 78, No. 1, January 2012

Grazing incidence polarized neutron scattering
cooperative effects. This requires doping that exceeds the solubility limit of III–V semiconductors. This problem was overcome by low-temperature non-equilibrium MBE growth.
Due to the unobstructed molecular flow of the species to be deposited and the chemical
cleanliness of the substrate surface, highly controlled growth of very thin epitaxial layers
is possible.
However, segregation of impurities during MBE growth is an obstacle in obtaining high
concentration of magnetic ions. In addition, after the sample is prepared and found to
be ferromagnetic below TC , it is usually necessary to show that ferromagnetism is not
caused by the segregation of purely magnetic components. For e.g. MnAs during the
fabrication of (Ga,Mn)As has shown a tendency to form clusters, thus it is necessary
to confirm that Mn has been randomly substituted in the host semiconductor. Usually,
the quality of the samples is examined by observing the reflection high energy electron
diffraction (RHEED) patterns which help us to determine if there is any phase segregation [134]. Despite all these difficulties, various DMSs have been fabricated. Higher
TC s have been achieved by annealing. Optimally annealed samples of (Ga,Mn)As with
x > 0.08 have been found to be ferromagnetic below TC = 127 K [135]. Another DMS
that can find important applications is gallium nitride, (Ga,Mn)N, with a reported TC of
500 K [136].
Group-IV Mnx Ge1−x DMSs have also received some attention both in experiment and
theory in recent years due to its full compatibility with the main-stream silicon technology.
Surprisingly, compared with the large amount of papers dealing with III–V and II–VI DMS,
very few works have been published on ferromagnetism in group-IV semiconductors (Si,
Ge, SiGe). Ge is of particular interest because it is closely lattice matched to the technologically important AlGaAs family and has higher intrinsic hole mobilities than either GaAs
or Si. The evidence of FM order in an epitaxial layer of Mn-doped Ge was first reported by
Park et al [137]. They reported on the epitaxial growth of Mnx Ge1−x by molecular beam
epitaxy (MBE), and found that the Curie temperature of Mnx Ge1−x increased linearly from
25 to 116 K with the increment of the Mn concentration. Following this initial report, some
groups observed quite high FM ordering temperatures in (Ge,Mn) films [138–142]. However, the origin of magnetism of Mnx Ge1−x is still on debate. For example, the magnetic
response of most of the Mnx Ge1−x alloys realized so far is due to Mn-rich separated phases
[138,143] and only few are indicative of an efficient dilution [137,139].
For spintronic devices [8] to work, polarized carriers have to be introduced into a semiconductor, for example using ferromagnetic contacts. However, these devices have not
been fabricated yet because it is very difficult to inject net spin polarization directly from a
metal into a semiconductor [144], due to the conductance mismatch between the two materials that will cause big suppression of spintronic effects. It is at this point where DMSs
would become extremely useful because they would substitute the metallic contact and provide a FM contact that has a conductance similar to that of the semiconductor. Therefore,
DMSs have many potential advantages over metals for the fabrication of spintronic devices.
However, these proposed applications for DMS will be realized only if ferromagnetism at
room temperature can be achieved. It is particularly important to understand the interplay
between disorder physics (intrinsic part of DMS) and strong correlations (correlated electrons) and the role that disorder plays in transport and magnetism. This would obviously
require a vivid knowledge of the distribution of magnetic species within the semiconductor
matrix.
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4.2 Polarized neutron scattering in DMS
4.2.1 Coupling of superlattices. The very first report of using polarized neutrons in magnetic semiconductors are the PNR studies of EuS/PbS, EuS/YbSe and GaMnAs/GaAs
superlattices performed by Kepa et al [145]. Pronounced AF interlayer coupling has been
found in EuS/PbS superlattices for a very broad range of PbS spacer thicknesses. Similar, but weaker, AF coupling is also present in EuS/YbSe, although only for relatively
thin YbSe layers. For GaMnAs/GaAs superlattices, FM interlayer correlations have been
observed. It was revealed that the Mn magnetic moments in individual GaMnAs layers,
in spite of low Mn concentration, form a truly long range, that is in certain cases a single
domain, FM state.
4.2.2 Magnetic ion distribution. Kirby et al [39] have demonstrated that PNR can provide detailed information about the spatial distribution of magnetic ions in DMS, such as
Ga1−x Mnx As with x as low as 0.07. Low-temperature post-growth annealing, in addition to increasing TC , also increases the total magnetization in Ga1−x Mnx As. Furthermore,
annealing produces a more homogeneous distribution of the magnetization as a function
of depth. They showed further that annealing can increase the Curie temperature and net
magnetization in uncapped Ga1−x Mnx As films, effects that are suppressed when the films
are capped with GaAs [146]. This was followed by examination of the depth profiles of a
series of as-grown and annealed Ga1−x Mnx As thin films using complementary neutron and
X-ray reflectivity techniques. A magnetization gradient is observed to originate from the
non-uniformity of Mn at interstitial sites, and not from local variations in Mn at Ga sites.
Furthermore, the results implied that the depth profile of interstitial Mn is dependent not
only on annealing, but also on initial growth conditions [147]. Kirby et al have further confirmed that Ga1−x Mnx As layers can strongly couple across a non-magnetic spacer layer.
Their results show the robustness of the carrier-mediated interaction between separated
Ga1−x Mnx As layers [51].
4.2.3 Coupling of DMS via doped spacer. Chung et al [55] reported AF interlayer
exchange coupling between Ga0.97 Mn0.03 As layers separated by Be-doped GaAs spacers.
PNR revealed a characteristic splitting at the wave vector corresponding to twice the multilayer period, indicating that the coupling between the FM layers is antiferromagnetic.
When the applied field is above the saturation field, this AF coupling is suppressed. This
behaviour is not observed when the spacers are undoped, suggesting that the observed AF
coupling is mediated by doped charge carriers.
All the works on DMS were based on GaAs semiconductors. Therefore, the case of
Ge-based DMS, which is similarly interesting, remained unexplored.
4.2.4 Ge-based DMS: Homogeneity and inhomogeneity. In recent years one of the most
remarkable achievements in spintronics was the observation of hole-mediated ferromagnetism in III–V DMSs [9]. However, the growth of group-IV FM semiconductors such as
Mnx Ge1−x has also triggered strong interest in searching for higher ordering temperatures
TC in Ge-based compounds [137]. The FM behaviour is attributed to the 52 Mn2+ ions which
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are substituted for Ge. Trivalent state of the Mn ion, Mn3+ (d4, S = 2) is usually coexistent with divalent Mn2+ (d5, S = 5/2). However, Mn2+ is necessary for high-temperature
ferromagnetism and can be enhanced by appropriate co-doping which are substituted for
Ge. These ions, acting as acceptors, generate holes (p-type carriers) that mediate the ferromagnetic exchange interaction. Introducing additional electrons (n-type carriers), on the
other hand, can fill the empty Mn d states in the gap, destroying the ferromagnetism.
Due to the low solubility of transition metal species, there exists a strong tendency to
form heterogeneous regions within the Ge matrix. Generally, in pure transition metal-doped
semiconductors, a strong clustering tendency between the transition metals is observed
[148,149]. In Mn-based DMS, Mn atoms are often susceptible to surface segregation or
form segregated phases during annealing [150]. Such phases make the interpretation of
FM behaviour ambiguous as isolated domains may be formed [138]. To avoid this, one
may opt for multiple transition metal co-doping which can provide the necessary stability.
Recently, it was reported [151,152] on the synthesis of such a candidate DMS: an alloy of
Ge, Fe, and Mn. Addition of Fe to MnGe enables us to conserve the epitaxial growth for
higher total concentrations of magnetic species, which results in an increase of TC . Very
recently, co-doping with Co has also been shown to magnetically complement Mn [153].
However, an increase in TC with Fe co-doping may also be attributed to clustering or
inhomogeneous distribution of magnetic species in the Ge matrix. Therefore, in this section
we report on the investigation of two co-doped DMS specimens by Paul et al [154,155],
co-doped with alternating but unequal concentrations of Fe and Mn.

Figure 22. Comparison of the data recast as SA for DMS4Fe2Mn and DMS2Fe4Mn
measured at TREFF at a saturation field and at 50 K. The fits within the M1 (black
lines) and M2 (gray lines) along with the respective SLD variation with depth, plotted
in black/red (M1 ) and gray/cyan (M2 ) lines are shown (from Paul et al [155]).
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(a) Segregation of magnetic species: Segregation, upon annealing of a DMS layer, can
be identified by a movement of magnetic species along the thickness of the sample. Such
segregated magnetic species are susceptible to form small clusters, usually at the top of
the layer surface often acting as isolated domains within the semiconductor matrix and
therefore it cannot be considered as a true DMS layer any more. Paul et al have shown that
a homogeneous layer is characterized by a single magnetic phase (DMS4Fe2Mn) while
clustered species can lead to a second phase (DMS2Fe4Mn) [155]. The numbers before
Fe and Mn indicate the thicknesses of the layers in a ML in units of angstrom on top of
40 Å of Ge. Now as their specimens were covered with a cap layer, it is likely that the
magnetic species may have even moved into the cap layer of ZnS (altering ρm and ρn for
both layers).
Figure 22 compares the spin-asymmetry (SA) (difference in R++ and R−− divided by
the sum of the two) at 50 K and at saturation measured at TREFF by Paul et al. From the
fits to various models M1 and M2 , it can be concluded that a sufficient level of segregation
of magnetic species into the cap layer has taken place in DMS2Fe4Mn (inhomogeneities
for higher Mn-doped specimens), while in DMS4Fe2Mn, no such segregation is indicated
by PNR.
(b) Theoretical calculations: In order to understand the effect of Fe doping on the
chemical and magnetic interactions in MnGe, they have also performed first principles
density functional calculations based on Korringa–Kohn–Rostoker–Coherent potentialapproximation (KKRCPA) [156].
Their calculated onsite exchange parameter J0 shows that Fe co-doping results in ferromagnetic interaction between Fe atoms. Also the AF interaction between Mn atoms in pure
Mn-doped Ge becomes weaker on Fe doping. This is in agreement with the experimental
observation of an increase in the ordering temperature upon Fe doping [151,152]. The
effective chemical pair interaction between Mn and Fe is found to be positive signifying a
segregating behaviour that counteracts the clustering tendency. So, one can expect that the
fraction of homogeneity in the co-doped system is increased. Also, a careful observation
reveals that the exchange interaction between Mn and Fe is less antiferromagnetic than that
between Mn atoms. So, an effective increase in the FM interaction is possible. All these
conclusions are favourable for making this co-doped magnetic semiconductor attractive for
applications [155].

5. Summary and outlook
5.1 Summary
The contributions of polarized neutron scattering is significant and extensive in spintronics
systems. Interfacial magnetism at depth can perhaps be best investigated using this vector
magnetometric technique on a microscopic scale. However, an intrinsic information on
a more fundamental level such as orbital or spin energy levels are beyond the scope of
neutrons. I summarize below some of the major findings using PNR in general.
Oscillatory coupling and evidences of biquadratic coupling in AF-coupled Co/Cu multilayers ushered the beginning of realizing the capabilities of this tool. Later, it was
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shown that the magnetization is distributed in regions with large and small vertically correlated domains. Moreover, conventional magnetometry (MOKE and SQUID) yields a
smaller value of the saturation field than the actual value as determined exclusively from
off-specular polarized neutron scattering.
Recently, micromagnetic simulations have been combined with neutron scattering data
to explore the magnetization depth profile across the ML stack of strongly AF-coupled
Fe/Si multilayers. It has been found to be significantly deviated (from the simplistic rigid
state model) to a twisted ground state of the magnetization. Estimation of the chirality
in the spin configuration is predicted to be difficult in the absence of M⊥ components
(in the SF channel) due to the formation of domains smaller than l or when these two
length scales are comparable to each other.
Asymmetry in magnetization reversal mechanism of exchange-coupled systems was
microscopically shown by PNR. The details in the remagnetization behaviour of an
exchange-biased ML, which was engineered to have an increasing exchange bias field
with each subsequent layer along the stack, was studied. To gain a deeper insight into
the microscopic reversal mechanism, systematic variation of the angle between the field
cooling and applied field direction was done. For θ = 0◦ , a sequential reversal of the FM
layers in a IrMn/CoFe ML was observed – which was directly related to the evolution of
the grain size along the stack. The non-uniform reversal of each CoFe layer was found to
proceed symmetrically via domain wall motion for both remagnetization directions. Subsequently, for θ = 15◦ , layer-resolved symmetric reversal via non-uniform/uniform mode
and asymmetric reversal via non-uniform and uniform modes were observed. These observations were understood in general terms of the relative strengths of different anisotropy
energies within the system with respect to the magnetization axis. These experimental
findings finally unravelled the mysteries of magnetization reversal of exchange-coupled
systems.
In §3.3.1 the remagnetization behaviour of AF–FM interface in CoO–Co exchangebiased MLs for a continuous ML (ML-C) was studied and was compared with that of a
separated ML (ML-S). For the ML-C, the reversal of each FM layer was found to proceed sequentially and symmetrically via a non-uniform mode for both remagnetization
directions, whereas for ML-S, usual asymmetric reversal was shown. Following this,
remagnetization behaviour of a trained state ML-C was found to proceed very similarly
to that of the untrained state.
In §3.3.2 I have discussed the case where the extent of training in exchange bias (in MLS type), can be strongly determined by a balance of different micromagnetic configurations.
These magnetic configurations may be realized by: (i) cooling in a remanent state of the
FM magnetization at TB resulting in a multidomain state, whereas (ii) cooling in a saturating field HFC resulting in a single domain state. For zero-field cooling, no macroscopic
evidence of training could be observed, whereas for a cooling field >HC , usual training was
observed. For a critical cooling field (HFC ∼HC ), a coexistence of the two magnetic configurations, resulting in a peculiar behaviour of the exchange bias was found. Eventually,
the microscopic suppression of training in exchange-coupled polycrystalline specimen for
remanent field-cooling situation with spontaneous exchange bias was demonstrated. The
confirmation of suppression of training within a microscopic scenario, has not only paved a
significant step in understanding the origin of training but also has opened up a new avenue
for technological exploitation of untrained remanent exchange bias.
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Last but not the least, magnetic moment distribution with dilute magnetic semiconductors was shown to be crucial using PNR. In a particular type of DMS specimen (Mn and
Fe co-doped Ge) PNR could not only indicate a difference in inhomogeneities for alternate concentration of Mn and Fe within the Ge matrix, but also a decrease in the overall
clustering tendency between the magnetic dopants – making this system important for
applications.
5.2 Outlook
The future of neutron scattering in thin film systems is increasingly turning towards the
study of magnetic transition-metal oxide, multiferroic oxides in the form of thin films and
multilayer heterostructures. X-ray scattering techniques would certainly be one of the most
significant complementary techniques to be utilized in the process. The aim is now to provide microscopic and local information on some of the mechanisms that rule the structural,
charge, spin and orbital correlations particularly with respect to their reduced dimensional
form (which is often quite different from the bulk and fascinating at their interfaces) in
such systems and in the process search for novel spintronics materials by understanding
their magnetic interactions.
Thin film form of such complex oxides [157] provides a representative account
of the fundamental structure–property relations (novel functionalities and effects of
nanostructures). Additionally, interfaces between two oxide materials, with different magnetization behaviour, provide a unique environment where the spin, charge and orbital
degrees of freedom of each of the material constituents may ‘reconstruct’ to give novel
physics and subsequent new quantum states. Although the scope is immense and fascinating, the scarcity of a suitable and developed technique (such as pulsed laser deposition)
to prepare such complex materials have restricted the research to a great extent. The
investigation of such combined classes of superlattice structures can be broadly classified into three groups: (a) superconductors and ferromagnet (SC–FM), (b) AF–FM and (c)
non-magnetic-FM/AF interfaces.
A plethora of fascinating intrinsic physical functionalities are part and parcel of complex oxides. Particularly interesting are the materials that combine coupled electric and
magnetic dipole order and are generally termed as multiferroics. They are proposed to be
the building blocks of new age spintronics devices: room temperature electrical control
of magnetization and vice-versa is deemed to be made possible with multiferroics [158].
Fundamentally, understanding the factors promoting the coupling between magnetic and
ferroelectric order parameters is crucial.
Even though the bulk multiferroics have been extensively studied, studies on such materials in thin film form have been relatively scarce. The properties of these materials can
change significantly from their bulk counterparts when they are in thin film form, the main
effect being the lattice mismatch between the substrate and the film thus introducing epitaxial strain, open up new opportunities for exploration. Such strain effects are commonly
known in purely ferroelectric materials. Heteroepitaxy may also lead to changes in crystal
symmetry. The practicality of heteroepitaxy is in the combination of AF multiferroic film
with that of an FM material. Such a combination would lead us to realize AF/FM interface
that can be used as a spin-valve system utilizing the exchange coupling between the two
materials.
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