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ABSTRACT

The magnetocrystalline anisotropy in antiferromagnetically (AF) coupled metallic multi-
layers may lead to spedacular effects, which can be most efficiently studied by two closdy
related nuclea scattering techniques, namely synchrotron Mdssbauer refledcometry (SMR)
and polarised neutron refledometry (PNR). A spin-flop transition takes placein a strongly
AF-coupled epitaxial Fe/Cr multilayer of fourfold in-plane anisotropy when a moderate
magnetic field is applied along the easy axisin which the layer magnetisations actually lay.
The dedronically forbidden AF refledions in a speallar SVIR experiment fully appear or
completdy disappea during the spin-flop transition. In case of specular PNR, the AF re-
fledion moves from the spin-fli p to the non-spin-flip channd on spin-flop transition or vice
versa. The off-speallar SMR and PNR tedhniques are sensitive to the in-plane crrelation
length & of the layer magnetisation direction and are, thereby, able to map the size distribu-
tion of the AF domains in multilayers. A dramatic increase of & from about 1 um to at least
10 um, i.e., a coarsening of the AF domains was observed in the same multilayer when it
passed the spin-flop transition provided that the external magnetic field was previously de-
creased from magnetic saturation to zero. This shows the key role of the in-plane magneto-
crystalline anisotropy in the domain-coarsening process. Finally we demonstrate how the
formation of sub-micrometer domains can be followed by SMR and PNR.

Keywords: Multilayers, antiferr omagnetic coupling, domains, synchrotron M ésshauer
reflectometry, polarised neutron reflectometry

1. Introduction

Total external reflection (TER) of x-rays[1] and neutrons [2] from flat surfaces are phenomena dating
back to thefirst half of the twentieth century. Thereal part of theindex of refraction n of most materi-
als for thermal neutrons and of all materials for non-resonant x-rays is by about 10 less than unity. At
low enough angles of grazing incidence @ <o, =,/2(1-n) the waves are totally reflected. The intensity
of the reflected specular beam for © > ©, rapidly decreases with increasing wave vector transfer
(scattering vector) g = 2k sin © where k is the length of the wave vector of the incident radiation. Ina
stratified medium, reflected and refracted beams appear at each interface. The interference of the re-
flected beams leads to patterns of the reflectivity vs. scattering vector spectrum R(q) that bear infor-
mation on the depth profile of the index of refraction n(z), the argument z being the co-ordinate per-
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pendicular to the sample surface. R(q) can be calculated from n(z), e.g., using the method o charac-
teristic matrices [3]. Therefore, in frames of a given mode for the stratified system, n(z) can be recon
structed (the parameters of the model can be fitted) from R(q) = Or () wherer(q) is the refledivity
amplitude. This latter approach is the basic idea of specular x-ray and neutron refledometry, two
methods that can be used for mapping the eledron density and the isotopic/magnetic structure of thin
films, respectively.

In fact, the coherent forward scattering o a scalar wave of momentum much higher than that of the
scattering centres can be described [4] by theindex of refraction close to unity

21N
k2

n=1+ f (1)

where N is the density of the scattering centres and f is the scattering amplitude. The electron density
for non-resonant x-rays or nuclear and magnetic scattering length density for neutrons is included in
the latter quantity.

X-ray refledometry may optionally be performed with resonant photons. One approach, which we will
not discuss here, is the grazing-incidence resonant x-ray scattering (RXS), i.e,, x-ray reflectometry
performed at absorption edges. At suitable absorption edges, due to the circular dichroic dfect, RXS
becomes sensitive to the magnetisation, a reason for alternatively referring to this technique [5] as ‘x-
ray magnetic resonant scattering’. A drawback of grazing-incidence RXS is the fact that, in case of 3d
transition metals, a considerable magnetic fed can orly be observed at the L absorption edges,
which have an energy < 1 keV. Since the penetration depth o soft x-rays at grazing incidence hardly
excedls a few nanometers, the possble application of grazing-incidence RXS for studying the mag-
netic structurein thin films of 3d transition metals remains quite limited.

The other approach is to use nuclear resonant photons, i.e., phatons capable of exciting a M ésdauer
transition. We shall call this technique, henceforth, Mosdauer refledometry (MR). MR benefits from
the fact that, close to the nuclear resonance, the phaton scattering amplitude f is grongly energy-de-
pendent and contains the matrix elements of the hyperfine interactions. MR is, therefore, suitable to
study the magnetic structure of thin films. Since the typical Mdsdauer transition energies lye in o
even above the hard x-ray region, due to their higher penetration depth, MR is well suited to study the
magnetic structure of deeper-lying layersin thin films.

A serious limitation d MR with conventional sources [6] is the small ((110°°) solid angle invaved. Due
to its high colli mation, synchrotron radiation (SR) is much better suited for refledometric experiments
than radioadive sources. Synchrotron Mossauer refledometry (SMR) is the application o grazing-
incidence nuclear resonant scattering of SR [7] to thin film and multilayer structure analysis. An
important step towards the realisation o SMR was the observation [8] of the total refledion
peak [8,9], i.e., the high number of delayed photons appearing close to the aitical angle of the elec-
tronic TER. This peak is formally identified with the zeroth-order Bragg peak in ruclear resonant
specular refledion. Since the pioneering work by Toellner et al. [10], the last half decade saw an
increasing number of SMR experiments including a recent extension of the technique to off-speaular
(diffuse) scattering [11]. SMR and its application to thin film magnetism have recently been reviewed
in various papers [12-18]. The present paper is a modified and partly extended version d Refs. 15 and
16. We will show that, using SMR, it is possble to study the orientation of the layer magnetisation,
spin-flop phenomena and magnetic domain structure.

SMR shows many similarities to a well-established method, namely polarised neutron refledometry
(PNR). SMR and PNR can be mapped onto each ather and a ammon agptical formalism of both tech-
niques exists [19]. In view of excellent reviews on PNR [20,21], we wil | not describe this method here.
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Akin to SMR, PNR is also sensitive to the direction of the layer magnetisation. This sensitivity is
achieved by analysing the spin o the refleded neutrons. In case of a paralld orientation of the layer
magnetisation and the neutron spin, the spin d the reflected neutrons is retained by magnetic scatter-
ing (‘non-spin-flip scattering’). The perpendicular orientation of the layer magnetisation and the neu-
tron spin contributes to events of spin-reversal (‘ spin-flip scattering’).

2. Specular and off-specular SMR

A sketch o the eperimental arrangement of an SMR experiment is shown in Fig. 1. The photons
from the high-resolution monochromator hit the sample mounted on a two-circle goniometer of ad-
justable height at an angle of grazing incidence w. Further dlits and gptional focusing elements (not
shown in the figure) are installed both upstream and downstream the monochromator. The refleded
(scattered) photons are deteded by an avalanche phaoto diode (APD) the aperture of which may be
limited by a dlit in front of the detector. The adjustable detedor height defines the scattering angle 2 0.
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Fig. 1. Experimental setup of an SVIR experiment. The inset shows a © —2 © scan measured at room
temperature on a MgO(001)/[>'Fe(26A)/Cr(134)] 20 multil ayer with layer magretisation paralle to
the phaon beam. The order of reflections is indicated, the half-order refledions being the artiferro-
magretic peaks of pure nuclear origin.

An SMR measurement is performed in either time-integral or time-differential regime. Time-integral
SMR (TISMR) records the total number of delayed photons from t; to t, as a function o w and/or ©.
Heret; is afew nanoseconds determined by the bunch quality of the radiation source and by the dead
time of the detedor and the eledronics, whilet, is st to a value somewhat below the bunch repetition
time of the storage ring. Time-differential (TD) SMR is a time-response measurement performed at
various fixed values of wand ©. In this paper we will restrict oursevesto TISMR.

163



Position-sensitive detedors have recently been increasingly applied in x-ray and neutron refledometry
in arder to map the scattered intensity in a single experiment on the whole (w,©) plane. Although APD
arrays are being tested at various g/nchrotron facilities, as yet, TISMR experiments have only been
performed in two diff erent single-parameter geometries, namely @ -2 © scan and wscan. Ina©-20
scan the sample orientation and the detedor height are simultaneously changed meeing the condtion
of specular refledion, w= ©. In an w-scan experiment, 20 is fixed and wis varied. As arule, a scan
of the prompt photons (i.e, non-resonant x-ray refledometry) is recorded along with a delayed
TISMR scan.

Ina ©®—-20 experiment the scattering vector g is perpendicular to the sample surface. For a periodic
multilayer, in the first Born approximation (kinematical theory), Bragg maxima appear at
a=y/Cr/df +q¢ - whered is the structural or hyperfine (magnetic) period length perpendicular to the film

plane and q. is the critical scattering vector of the TER (typically about 0.5 nm™). Thusa©—-20 scan
reveals the plane-perpendicular structure with the provision that the film is homogeneous in its plane.
Should this not be the case, the intensity of the specular reflection is reduced. Lateral dimensions of
inhomogeneities such as structural and magnetic roughness, waviness, magnetic domains, etc., how-
ever, cannot be further studied in a © —2 © experiment.

In an w-scan experiment, the condition of specular reflection is not fulfilled for w# ©. Off-specular
scattered intensity is only significant in case of lateral inhomogeneities. In fact, for the small values of
w and O in this experiment, the perpendicular-to-plane component of the scattering vector is constant
(0. = 2k©) while varying w, the in-plane parallel-to-beam (longitudinal) component of the scattering
vector is scanned: gx = 2k® (w- ©). In order to have significant intensity, the detector height is set to
meet the g, value of a Bragg peak. The width of the w scan (i.e,, g« scan) is, in first Born approxima-
tion, inversely proportional to the lateral, longitudinal correlation length & of the quantity the perpen-
dicular-to-plane periodicity of which the Bragg peak is rdated to:

21T T

$= g kenw

2

X

where Agy and Aw are the peak widths of the gx and w scans, respectively. Therefore, setting 20 inan
w-scan experiment to an ectronically forbidden pure nuclear reflection, the lateral corrdation length
of inhomogeneities of the hyperfine interaction (magnetic roughness, magnetic domains) can be
determined.

3. Layer magnetisation direction in coupled multilayers

The direction of the layer magnetisation is an important issue in thin-film magnetism. Its dependence
on the applied magnetic field and temperature yields information on interlayer coupling and magnetic
anisotropy. SMR can be used to determine the layer magnetisation direction in thin films and multi-
layers.

Pure nuclear superstructure reflections of antiferromagnetic (AF) origin appear in TISMR experiments
performed on AF-coupled multilayers provided that the layer magnetisations and, consequently, the
hyperfine magnetic fields are not perpendicular to the photon propagation direction. Indeed, under this
condition, the scattering amplitudes f for the two kinds of magnetic layers of mutually antiparallel
orientation of the magnetisation differ from each other by a phase factor, which is not the case for the
perpendicular orientation where the scattering amplitudes are equal. For directions of the layer mag-
netisation between beam-paralld and beam-perpendicular orientations in an AF-coupled multilayer,
the rdative intensity of the AF peak is reduced, giving, thereby, an excellent tool for studying the
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process of magnetic saturation. TISMR was applied to follow the saturation process in Zero-
dur/[>Fe&(2.55 nm)/"™FeSi(1.5 nm)] 1, multilayer [22] and in MgO(001)/[*"Fe(1.43 nm)/Cr(3.06 nm)] 16
superlattice [15]. However, since the AF peak is suppressed for any beam-perpendicular diredion of
the layer magnetisation, a TISMR experiment cannot distinguish between out-of-plane and in-plane
beam-perpendicular components of the layer magnetisation.

In contrast to specular SMR, where the AF refledion appears only in case of layer magnetisation par-
ale to the photon propagation drection, an AF refledion is always present in a specular PNR ex-
periment, provided that the multilayer is AF-ordered. However, a PNR AF refledion appears in the
non-spin-flip or in the spin-flip channel, according to whether the layer magnetisation is oriented par-
allel or perpendicular to the neutron spin, respedively.

4. Spin-flop phenomena

An interesting model system in multilayer magnetism is a periodic AF-coupled Fe/Cr superlattice with
even number of Fe layers. When the external magnetic field is aligned along the easy axis of the Fe
layers parallel/antiparallel to the layer magnetisations, the anisotropy-stabilised configuration becomes
energetically unfavourable at a certain critical in-plane field strength and a sudden magnetisation re-
orientation is expected in a finite multilayer stack [23] with surface spin-flop [24,25] or bulk spin-flop
(BSF) [26] scenarios, in cases of uniaxial and fourfold in-plane anisotropy, respectively. These proc-
esses are asciated with major jumps of the direction of one or more layer magnetisation, but as a
rule, only with minute changes of the net magnetisation. It is, therefore, not easy to identify a spin-flop
transition with methods of classcal magnetism.

As shown in the previous 10 _ . 1
sedion, SMR is a sensitive
tool to determine the layer
magnetisation drections in
thin films and multilayers.
Therefore SMR is espe-
cially suitable for studying
spin-flop prenomena. We
have recently reported on
TISMR of the (bulk) spin-
flop in an AF-coupled Fe/Cr
superlattice with a fourfold
in-plane anisotropy [27,28]. o 10 o % .
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was peformed on a

MgO(001)/[>"Fe(26A)/Cr(13R)],0 multilayer [28] using the 14.413keV resonance of >’Fe. The epi-
taxial relationship on MgO(001) substrate is MgO(001)[110//F&(001)[10Q, therefore the magnetisa-
tion o theindvidual Felayers points parallel or antiparallel to either of the Fe{010 or F100 axesin
the film plane. The initial magnetic state of the multilayer was carefully prepared by applying external
magnetic field as described below. The scattering plane was vertical and the wave vedor k of the in-
coming resonant beam was perpendicular to the in-plane magnetic field, as svown in Fig. 1.
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Fig. 3. Off-speaular prompt x-ray and SMR w-scans. Refleded intensity \s. scattering vedor compo-
nent g, =2ke(w-0) of a MgO(001)/[*'Fe(268)/Cr(138)]2 multilayer at the AF Braggrefledion

(©= 0.4°) measured in zero exernal magretic field: A) prompt refledivity, not being dependent on
magnetic field prehistory, B-D) delayed refledivity, B) following magretic saturation, C) following
exposure to 13mT paralle to the magnetizations (open circles: nonflipped damains, full circles:
flipped damains), D) following exposure to afield of 35 mT. Inset A is a schematic side view of the
chemical and magretic structure of the sample near to a domain wall (dotted line). Insets B-D are
schematic top views of the orientation d the aystallographic axes and d the top-layer magnetizations
(short andlong arrows represent small and large domains, respedivdy) reative to the photon wave
vedor k. [11]
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First the sample was saturated in plane in one of the easy directions then the external field was de-
creased to zero. At this dage the sample was turned in plane by 90° and TISMR scans were recorded
as a function o increasing external magnetic fields. Fig. 2 shows the normalised intensity of the AF
peak as a function o the increasing magnetic field. The appearance of the 1/2 and 3/2 order AF re-
fledions around 13.2 mT isadired evidence of the 90° rotation o the Fe layer magnetisatiors, i.e., of
the bulk-spin-flop process Dueto the fourfold symmetry of the anisotropy, this dateis preserved after
the magnetic field is removed.

5. Antiferromagnetic domainsin multilayers

Domain structure of AF-coupled multilayers is an issue of both theoretical and techndogical impor-
tance. Domain-size-dependent resistance noise, for example, may be as large as to limit GMR-sensor
applications [29]. It is extremely difficult to visualise in-plane AF domains in a multilayer of few nm
thickness In fact, Kerr-microscopy has been performed so far only on thick trilayers [30,31].

Therefore indirect methods like resistance noise [29] and magnetoresistance [32] measurements, off-
specular non-polarised [33] and polarised neutron reflectometry [20,34] and, recently, soft-x-ray reso-
nant magnetic diffuse scattering [5] have been used to estimate the AF-domain-size distribution in
metallic multilayers.

Off-specular SMR is, as ghown in Sedion 2, also suitable to investigate the in-plane correlation length
of AF domains in coupled multil ayers. Off-speaular SMR scans of a MgO(001)/[>"Fe(26A)/Cr(13A)]40
multilayer at the AF refledion o © = 0.4 deg in two different states, depending on the magnetic pre-
history [11] are shown in Fig. 3. The domain size or, more precisely, the magnetisation corrdation
length & can be evaluated from the width of the off-speaular w-scan using Equation (2). The broad line
in scan B corresponds to AF microdamains of correlation length & =2.6 um. In contrast to this, scan D
is the sum of a broad diffuse shoulder (22 % of the total area) and a narrow speaular line (78 %). In
this gate 22 % of the multilayer consists of microdamains (¢ =2.6 um) while the majority of the multi-
layer contains large domains. Due to the finite aperture of the detector, only a lower limit of the cor-
relation length (¢ > 16.5 pm) can be deduced from the width of the speaular peak. The explosion-like
transition from the primary small-domain state to the secondary state of majority large domains isin-
duced by a bulk-spin-flop transition, which takes place in the sample when a magnetic field & 13 mT
is applied along the easy axis in which the layer magnetisations actually lay [11].

The domain coarsening can be monitored by off-specular PNR, without rotating the sample. Prior to
the PNR experiment, the sample was magnetically saturated and mounted in remanence with magneti-
sation parallel/antiparallel to the incident neutron polarisation. PNR maps taken in increasing external
field are shown in Fig. 4. Left and right columns in Fig. 4 represent non-spin-flip and spin-flip reflec
tivities (here R™ and R™), correspondng to magnetization components parallel/antiparallel and perpen-
dicular to the neutron spin, respectively. In a field below the bulk-spin-flop transition (Fig. 4A), the
AF reflection appears only in the non-spin-flip channels and consists of a broad dffuse shed. In con-
trast, in Fig. 4C, in a field abowe the transition, the AF refledion is only observed in the spin-flip
channels. While the non-spin-flip channels consist only of off-speaular diffuse sheds, the spin-flip
channels show mainly speaular scattering. Midway the transition (Fig. 4B), the AF refledion shows up
in both channels, in full accordance with the SMR results.

The formation o the microdamains can be qualitatively understood by the foll owing consideration.
The coupling strength between the ferromagnetic layers is subjed to an unavoidable lateral distribu-
tion of correlation length &. Gradually deaeasing the external magnetic field from saturation, first the
strongest-coupled regions have the freedom to ‘ dedde’ whether their odd and even layers dart rotating
clockwise and anticlockwise, respectively, or vice versa. Upon further decreasing the field, the layer
magnetisation drection o the neighbouring regions becomes unstable. The minute AF domain-wall
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energy becomes decisive in this state and the neighbouring regions nucleate on the already rotated re-
gions, so that the sense of rotation of the individual layers is preserved. The nucleation goes on until
the whole multilayer becomes unsaturated and will consist of two kinds of AF patch-like domains [30]
differing in the sense of rotation of their odd and even layers [35-37].
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Fig. 4. Normalised neutron refledivity maps. Polarised neutron intensity scattered speaularly and off-
speaularly by a MgO(001)/[ *'Fe(26A)/Cr(134)] 2 multilayer in amagnetic field of A) 7 miT, B) 14.2 mT
and C) 35mT in R™ (left side) andin R™ (right side) chanrels as a function of the scattering vedor
comporents gy and ¢.. [ 11]

On further decreasing the field, the specific domain-wall energy increases with increasing domain-
wall angle. Therefore the domains are spontaneously increasing in order to decrease the domain-wall
energy. The spontaneous growth is limited by the coercivity (Barkhausen effect). We have recently
shown [38] how this ‘ripening’ process can be followed by off -specular SMR and PNR.

6. Summary and acknowledgements

SMR has become an efficient tool in studying magnetic structure of multilayers. AF coupling results
in pure nuclear superstructure reflections in time integral SMR experiments. The intensity of the AF
reflection is a measure of the in-plane orientation of the layer magnetisation. Time-differential specu-
lar SMR experiments can be used to determine both in-plane and out-of-plane layer magnetisation
components. Bulk-spin-flop transition results in a sudden change of the AF peak intensity. Off-specu-
lar (diffuse) SMR scans show broad shoulders for AF microdomains and sharp specular lines for large
domains (afew tens of pm or more).
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