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Abstract

The magnetocrystalline anisotropy in antiferromagnetically (AF) couged metallic multilayers may lead to
spectacular effects, which can be most efficiently studied by two closely related nuclear scattering techniques,
namely synchrotron Moéssauer reflectometry (SMR) and polarised neutron reflectometry (PNR). A spin-flop
transition takes place in a strongly AF-coupled epitaxial Fe/Cr multilayer of fourfold in-plane anisotropy when
a moderate magnetic field is applied along the easy axis in which the layer magnetisations actualy lay. The
electronically forbidden AF reflections in a specular SMR experiment fully appear or completely disappear dur-
ing the spin-flop transition. In case of specular PNR, the AF reflection moves from the spin-flip to the nonspin-
flip chamel on spin-flop transition or vice vesa. The off-specular SVIR and PNR techniques are sensitiveto the
in-plane corr elation length & of the layer magnetisation direction and are, thereby, able to map the size distribu-
tion o 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 pro-
vided that the edternal magnetic field was previoudy decreased from magretic saturation to zero. This sows
the key role of the in-plane magnetocrystalline anisotropy in the domain-coarsening process Finally we demon-
strate how the formation of sub-micrometer domains can be foll owed by SMR and PNR.

Key Words: Multil ayers, antiferromagretic couding, domains, nuclear resonart scattering
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1 Introduction

Total externa refledion (TER) of x-rays[1] and neutrons[2] from flat surfaces are phenomena dating
back to the first half of the twentieth century. The real part of the index of refraction n of most materials for
thermal neutrons and o all materials for non-resonant x-rays is by about 10° lessthan unity. At low enough
angles of grazing incidence ® <@, =,/2(1-n) the waves are totaly refleded. The intensity of the refleded

speallar beam for © > O, rapidly deaeases with increasing wave vedor transfer (scattering vedor) q=2ksin ©
where k is the length of the wave vector of the incident radiation. In a stratified medium, refleded and refracted
beams appea at each interface The interference of the refleded beams leads to patterns of the refledivity vs.
scattering vedor spedrum R(q) that bea information on the depth profile of the index of refraction n(z), the
argument z being the co-ordinate perpendicular to the sample surface R(q) can be @lculated from n(2), eg.,
using the method of characteristic matrices [3]. Therefore, in frames of a given model for the stratified system,
n(2) can be recnstructed (the parameters of the model can be fitted) from R(g) = Or(g)CF where r(q) is the
refledivity amplitude. This latter approach is the basic idea of speaular x-ray and neutron reflectometry, two
methods that can be used for mapping the eledron density and the isotopic/magnetic structure of thin films,
respedively.



In fact, the wherent forward scattering of a scalar wave of momentum much higher than that of the scatter-
ing centres can be described [4] by theindex of refraction closeto unity
21N
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where N is the density of the scattering centres and f is the scattering amplitude. The dedron density for non-
resonant x-rays or nuclea and magnetic scattering length density for neutronsisincluded 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 refledcometry performed at
absorption edges. At suitable absorption edges, due to the circular dichroic d€fed, RXS becomes ensitive to the
magnetisation, areason 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
effed can only be observed at the L absorption edges, which have an energy < 1 keV. Since the penetration
depth of soft x-rays at grazing incidence hardly exceeds a few nanometers, the posshle application of grazing-
incidence RX S for studying the magnetic structure in thin films of 3d transition metalsremains quite limited.

The other approach isto use nuclea resonant photons, i.e., photons capable of exciting a Mdsshauer transi-
tion. We shall call this technique, henceforth, Mdssauer reflectometry (MR). MR benefits from the fact that,
close to the nuclea resonance the photon scattering amplitude f is grongly energy-dependent and contains the
matrix eements of the hyperfine interactions. MR is, therefore, suitable to sudy the magnetic structure of thin
films. Since the typical Mésdauer transition energies lye in or even above the hard x-ray region, due to their
higher penetration depth, MR iswell suited to study the magnetic structure of deeper-lying layersin thin films.

A serious limitation of MR with conventional sources [6] is the small ((1L0®) solid angle involved. Due to
its high collimation, synchrotron radiation (SR) is much better suited for refledometric experiments than
radioactive sources. Synchrotron Mdssauer reflectometry (SMR) is the application of grazing-incidence nu-
clear resonant scattering of SR [7] to thin film and multilayer structure analysis. An important step towards the
redisation of SMR was the observation [8] of the total reflection peak [8,9], i.e., the high number of delayed
photons appeaing close to the criticd angle of the electronic TER. This peak is formally identified with the
zeroth-order Bragg peak in nuwclea resonant speaular refledion. Since the pioneaing work by Todlner et
al. [10], the last half-decade saw an increasing number of SMR experiments including a recent extension of the
technique to off-specular (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 of Refs.
15and 16. We will show that, using SMR, it is posshle 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 anto each other and a common optical formalism of both techniques ex-
ists [19]. In view of excdlent reviews on PNR [20,21], we will not describe this method here. Akin to SMR,
PNR is also sensitive to the diredion of the layer magnetisation. This senstivity is achieved by analysing the
spin of the refleded neutrons. In case of a parald orientation of the layer magnetisation and the neutron spin,
the spin of the refleced neutronsis retained by magnetic scatering (‘non-spin-fli p scatering’) . The perpendicu-
lar orientation of the layer magnetisation and the neutron spin contributes to events of spin-reversal (‘spin-flip
scattering’).

2 Specular and off-specular SMR

A sketch of the experimental arrangement of an SMR experiment is iown in Fig. 1. The photons from the
high-resolution monochromator hit the sample mounted on a two-circle goniometer of adjustable height at an
angle of grazing incidence w. Further dlits and gptional focusing elements (not shown in the figure) are ingtall ed
both upstrean and downstream the monochromator. The refleded (scattered) photons are deteded by an ava-
lanche photo diode (APD) the aoerture of which may be limited by a dit in front of the detedor. The adjustable
detedor height definesthe scattering angle 2 ©.

An SMR measurement is performed in either time-integral or time-differentia regime. Time-integral SMR
(TISMR) records the total number of delayed photons from t; to t, asa function of w and/or ©. Heret; isafew
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-
differentia (TD) SMR is a time-response measurement performed at various fixed values of w and ©. In this
paper we will restrict ourselvesto TISMR.

Positi on-sensitive detedors have recantly been increasingly applied in x-ray and neutron refledometry in
order to map the scattered intensity in a single experiment on the whole (w,®) plane. Although APD arrays are
being tested a various g/nchrotron facilities, as yet, TISMR experiments have only been performed in two
different single-parameter geometries, namely © —2 © scan and w scan. In a ® —2 © scan the sample orientation
and the detedor height are simultaneously changed meding the wndition of specular refledion, w= 0. In an w-
scan experiment, 2@ isfixed and wis varied. As arule, a scan of the prompt photons (i.e., non-resonant x-ray
refledometry) is recrded along with a delayed TISMR scan.
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Figure 1. Experimental setup of an SMR experiment. The inset shows a ® — 2 ® scan measured at room temperature on
a MgO(001)/[*"Fe(26A)/Cr(13A)],0 multilayer with layer magnetisation parallel to the photon beam. The order of reflec-
tions is indicated, the half-order reflections being the antiferromagnetic peaks of pure nuclear origin.

In a®@ -2 O experiment the scattering vedor g is perpendicular to the sample surface For a periodic multi-
layer, in the first Born approximation (kinematical theory), Bragg maxima gppea a - Cm/dyY +q? » whered is

the structural or hyperfine (magnetic) period length perpendicular to the film plane and q. isthe caitical scater-
ing vedor of the TER (typically about 0.5 nm™®). Thus a ©®—2 © scan reveals the plane-perpendicular structure
with the provision that the film is homogeneous in its plane. Should this not be the @ase, the intensity of the
speallar refledion is reduced. Lateral dimensions of inhomogeneities such as gructura and magnetic rough-
ness waviness magnetic domains, etc., however, cannot be further studied in a © —2 © experiment.

In an w-scan experiment, the cndition of speallar refledion is not fulfill ed for w# ©. Off-specular sca-
tered intensity is only significant in case of lateral inhomogeneities. In fact, for the small values of w and © in
this experiment, the perpendicular-to-plane cmponent of the scattering vedor is constant (g, = 2k ®) while
varying w, the in-plane paralld-to-beam (longitudinal) component of the scattering vedor is <awned: g, =
2kO (w-0). In order to have significant intendty, the detedor height is st to med the g, value of a Bragg
peak. The width of the w scan (i.e, g, scan) is, in first Born approximation, inversely proportional to the lateral,
longitudina correlation length & of the quantity the perpendicular-to-plane periodicity of which the Bragg peak
isrelated to:
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where Aqg, and Aw are the peak widths of the g, and w scans, respectively. Therefore, setting 2@ in an w-scan
experiment to an eectronically forbidden pure nuclear reflection, the latera correlation length of inhomogenei-
ties of the hyperfineinteraction (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 multilayers.

Pure nuclear superstructure reflections of antiferromagnetic (AF) origin appear in TISMR experiments per-
formed on AF-coupled multilayers provided that the layer magnetisations and, consequently, the hyperfine mag-
netic 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 antiparalel 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 magnetisation between beam-parallel and beam-perpendicular
orientations in an AF-coupled multilayer, the relative intensity of the AF peak is reduced, giving, thereby, an
excellent tool for studying the process of magnetic saturation. TISMR was applied to follow the saturation proc-
ess in Zerodur/[>"Fe(2.55 nm)/"™*FeSi(1.5 nm)] 1o multilayer [ 22 ] and in
MgO(001)/[>"Fe(1.43 nm)/Cr(3.06 nm)] s superlattice [15]. However, since the AF peak is suppressed for any
beam-perpendicular direction of the layer magnetisation, a TISMR experiment cannot distinguish between out-
of-plane and in-plane beam-perpendicular components of the layer magneti sation.

In contrast to specular SMR, where the AF reflection appears only in case of layer magnetisation paralléel
to the photon propagation direction, an AF reflection is aways present in a specular PNR experiment, provided
that the multilayer is AF-ordered. However, a PNR AF reflection appears in the non-spin-flip or in the spin-flip
channel, according to whether the layer magnetisation is oriented parallel or perpendicular to the neutron spin,
respectively.

4 Spin-flop phenomena

An interesting model system in multilayer
magnetism is a periodic AF-coupled Fe/Cr superlat- 10
tice with even number of Fe layers. When the exter-
nal magnetic field is aligned along the easy axis of
the Fe layers parald/antiparalled to the layer
magnetisations, the anisotropy-stabilised configura-
tion becomes energetically unfavourable at a certain
critical in-plane field drength and a sudden
magnetisation reorientation is expected in a finite
multilayer stack [23] with surface spin-flop [24,25]
or bulk spin-flop (BSF) [26] scenarios, in cases of
uniaxia and fourfold in-plane anisotropy, respec-
tively. These processes are associated with major
jumps of the direction of one or more layer Figure 2. Normalised intensity of the AF peak of a
magnetisation, but as a rule, only with minute MgO(001)/[*'Fe(26A)/Cr(13A)],0 multilayer during bulk spin
changes of the net magnetisation. It is, therefore, not flop. The continuous line is guiding the eyes.
easy to identify a spin-flop transition with methods
of classical magnetism.
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As shown in the previous section, SMR is a sensitive tool to determine the layer magnetisation directions
in thin films and multilayers. Therefore SMR is especially suitable for studying spin-flop phenomena. 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].



The eperiment at the nuclea resonance beamline ID18 of the European Synchrotron Radiation Facility
was performed on a MgO(001)/[*'Fe(26A)/Cr(13A)] 0 multilayer [28] using the 14.413 keV resonance of *'Fe.
The epitaxial relationship on MgO(001) substrate is MgO(001)[110//Fe(001)[100], therefore the magneti sation
of the individual Fe layers points parallel or antiparalé to either of the F01( or FE100 axes in the film
plane. Theinitial magnetic state of the multilayer was carefull y prepared by applying external magnetic field as
described below. The scattering dane was vertical and the wave vector k of the incoming resonant beam was
perpendicular to the in-plane magnetic field, as shown in Fig. 1. First the sample was sturated in planein one of
the easy diredionsthen the external field was deaeased to zero. At this stage the sample was turned in plane by
90° and TISMR scans were reaorded as a function of increasing externa magnetic fields. Fig. 2 shows the
normali sed intensity of the AF peak as a function of the increasing magnetic field. The appeaance of the 1/2
and 32 ader AFrefledions around 13.2 mT isa dired evidence of the 90° rotation of the Fe layer magnetisa-
tions, i.e., of the bulk-spin-flop process. Due to the fourfold symmetry of the anisotropy, this state is preserved
after the magnetic field isremoved.

5 Antiferromagnetic domains in multilayers

Domain gtructure of AF-coupled multilayers is an issue of both theoreticd and technological importance
Domain-size-dependent resistancenoise, for example, may be as large asto limit GMR-sensor applications [29].
It is extremely difficult to visuaise in-plane AF domains
in a multilayer of few nm thickness In fact, Kerr-

microscopy has been performed so far only on thick 100 E= =
trilayers [30,31]. - e
50 =
Therefore indired methods like resistance noise € — I A
[29] and magnetoresistance [32] measurements, off- g o P e
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shown in Fig. 3. The domain size or, more predsdly, the 507 =, —
magnetisation correlation length & can be evaluated from - Ve D
the width of the off-speaular w-scan using Equation (2). 0 6 -4 2 0 2 a4 &
The broad line in scan B corresponds to AF microdo- q. (10% A%

mains of correlation length £ =2.6 um. In contrast to
this, scan D isthe sum of abroad diffuse shoulder (22 %
of the total ared) and a narrow speaular line (78 %). In
this state 22 % of the multilayer consists of microdo-

mains (£ =2.6 um) while the majority of the multilayer
contains large domains. Due to the finite aperture of the
detedor, only a lower limit of the crrelaion length

Figure 3. Off-specular prompt x-ray and SMR (Jscans.
Reflected intensity vs. scattering vector component
q, = 2kO(w-0©) of a MgO(001)/[*Fe(26A)/Cr(13A)]

multilayer at the AF Bragg-reflection (@: 0.4°) meas-

(§>16.5um) can be deduced from the width of the
speallar peak. The explosion-like trandtion from the
primary small-domain gtate to the secondary state of
majority large domains is induced by a bulk-spin-flop
transition, which takes placein the sample when a mag-
netic field of 13mT is applied aong the esy axis in
which the layer magnetisations actudly lay [11].

The domain coarsening can be monitored by off-
speallar PNR, without rotating the sample. Prior to the
PNR experiment, the sample was magnetically saturated

ured in zero external magnetic field: A) prompt reflectiv-
ity, not being dependent on magnetic field prehistory,
B-D) delayed reflectivity, B) following magnetic satura-
tion, C) following exposure to 13 mT parallel to the mag-
netizations (open circles: non-flipped domains, full cir-
cles: flipped domains), D) following exposure to a field
of 35 mT. Inset A is a schematic side view of the chemi-
cal and magnetic structure of the sample near to a do-
main wall (dotted line). Insets B—D are schematic top
views of the orientation of the crystallographic axes and
of the top-layer magnetizations (short and long arrows
represent small and large domains, respectively) rela-
tive to the photon wave vector k. [11]



and mounted in remanence with magnetisation paralld/antiparallel to the incident neutron polarisation. PNR
maps taken in increasing external field are shown in Fig. 3. Left and right columnsin Fig. 3 represent non-spin-
flip and spin-flip reflectivities (here R~ and R™), corresponding to magnetization components paral-
|el/antiparallel and perpendicular to the neutron spin, respectively. In a field below the bulk-spin-flop transition
(Fig. 3A), the AF reflection appears only in the non-spin-flip channels and consists of a broad diffuse sheet. In
contrast, in Fig. 3C, in a field above the transition, the AF reflection is only observed in the spin-flip channels.
While the non-spin-flip channels consist only of off-specular diffuse sheets, the spin-flip channels show mainly
specular scattering. Midway the trandtion (Fig. 3B), the AF reflection shows up in both channels, in full accor-
dance with the SMR results.
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Figure 3. Normalised neutron reflectivity maps. Polarised neutron intensity scattered specularly and off-specularly by a
MgO(001)/[*'Fe(26A)/Cr(13A)],0 multilayer in a magnetic field of A) 7 mT, B) 14.2mT and C) 35 mT in R™ (left side) and in
R™ (right side) channels as a function of the scattering vector components g, and q,. [11]

The microdomains formed during decreasing the magnetic field from saturation to remanence. Leaving the
saturation region, two kinds of AF patch domains are formed differing in the sense of rotation of their odd and
even layers [35-37]. The domain correlation length & on formation is determined by the structural lateral
correlation length, i.e., by the terrace length of the multilayer. On 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 specular 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-specular (diffuse) SMR scans show broad shoulders for
AF microdomains and sharp specular lines for large domains (afew tens of um or more).
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