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(Girazing incidence nuclear resonant scattering of synchrotron radiation
. {synchrotron Mdssbauer reflectometry) has recently been efficiently applied
to study the magnetic structure of multilayers. Principles and recent ex-
periments of synchrotron Mossbauner reflectometry are briefly reviewed. The
orienfation of the layer magnetization in an antiferromagnetically coupled
multilayer is determined both from time-integral and time-differential spec-
ular synchrotron Mossbauer reflectometry experiments. Spin-flop phénom-
ena are studied. Off-specular (diffuse) scattering gives information on the
in-plane antiferromagnetic domain structure.

PACS numbers: 75.70.-, 75.25.4z, 75.30.Gw, 76.80.+y

1. Introduction

Total external reflection (TER) of X-rays [1] and neutrons [2] from flat sux-
faces 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 of all
materials for non-resonant X-rays is by about 1075 less than unity. At low eﬁough
angles of grazing incidence & < @, = 1/2(1 — n) the waves are totally reflected.
The intensity of ihe reflected specular beam for @ < @, rapidly decreases with
increasing wave vector transfer ) = 2ksin@, where k is the length of the wave
vector of the incident radiation. In a stratified medium, reflected and refracted
beams appear at each interface. The interference of the reflected beams leads to
patterns of the reflectivity vs. wave vector transfer spectrum R(€)) that bear infor-
mation on the depth profile of the index of refraction n(z), the argument z being
the co-ordinate perpendicular to the sample surface. R((}) can be calculated from
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n{z), e.g. using the method of characieristic matrices [3]. Therefore, in frames of a
given model for the stratified system, n{z) can be reconstructed (the parameters
of the model can be fitted) from R(Q) = |r(Q)|?, where »(Q) is the reflectivity
amplitude. This latter approach is the basic idea of specular X-ray and neutron
reflectemetry, two methods that can be used for mapping the electron density and
the isotopic/magnetic structure of thin films, respectively. In fact, the coherent
forward scattering of a scalar wave of momentum much higher than that of the
scatterers can be described {4] by the index of refraction close to unity

n=1+ Z;CT_:BNf ) (1)
where N is the density of scatterers and f is the scattering amplitude. The electron
density for non-resonant X-rays or nuclear and magnetic scattering length density
for neutrons is implied in the latter quantity.

X-ray reflectometry may optionally be performed with nuclear resonant pho-

tons. We shall call this technique, henceforth, Méssbauer reflectometry (MR). MR
benefits from the fact that, close to the nuclear resonance, the photon scattering
amplitude f is strongly energy-dependent and contains the matrix elements of the
hyperfine interactions. MR is therefore suitable to study the magnetic structure of
thin films.
_ A serious limitation of MR with conventional sources [5]is the small {~ 10~%)
solid angle involved. Due to its high collimation, synchrotron radiation (SR) is
much better suited for reflectometric experiments than radioactive sources. Syn-
chrotron Mossbauer reflectomeiry (SMR) is the application of graﬁing incidence
nuclear resonant scattering of SR {6] to thin film and multilayer structure analy-
sis. SMR has recently been reviewed. in various papers [7-10]. SMR and polarised
neutron reflectometry can be mapped onto each other and a common optical for-
malisin exists [11]. )

An important step towards the realization of SMR was the observation [12]
of the iotal reflection peak [12, 13], i.e. the high number of delayed photons ap-
pearing close to the critical angle of the electronic TER. This peak is formally
identified with the zeroth-order Bragg peak in nuclear resonant specular reflec-
tion. The last half decade saw an increasing number of SMR experiments since
the pioneering work by Toellner et al. [14], including a recent extension of the
technique to off-specular (diffuse) scattering [15]. In this paper, as an update of
a previous article [10] we shall briefly review the principles and some method-
ological aspects of the application of SMR to magnetic structure analysis of thin
films and multilayers. It will be shown that it is possible to study the orientation
of the layer magnetization, spin-flop phenomena and magnetic domain structure.
Since the general aspects of the application of nuclear resonant scattering of SR
are described by a paper of Leupold in the present volume [16], we will refer to
it whenever possible. Throughout the present paper the 14.413 keV transition of
57Fe is used.
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2. Specular and off-specular SMR

A sketch of the experimental 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 adjustable height at an angle of grazing
incidence w. Further slits and optional focusing elements (not shown in the figure)
are installed both upstream and downstream the monochromator (cf. Fig. 4 of
Ref. [16]). The reflected (scattered) photons are detected by an avalanche photo
diode (APD), the aperture of which may be limited by a slit in front of the detector.
The adjustable detector height defines the scatiering angle 20.

Fig. 1. Experimental setup of an SMR experiment.

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 2; to {5 as a function of w and/or © (for details see below). Here ¢; is a few
nanoseconds determined by the bunch quality of the radiation source and by the
dead time of the detector and the electronics, while ¢ is set to a value somewhat
below the bunch repetition time of the storage ring. Time differential (TD) SMR
is a time response measurernent performed at various fixed values of w and . Like
in the forward scattering case, hyperfine interaction results in quantum beats of
the time response [16]. ' :

Position-sensitive detectors have recently been increasingly applied in X-ray
and neutron reflectometry in order to map the scattered intensity in a single exper-
iment on the whole (w, @) plane. Although APD arrays are being tested at various
synchrotron facilities, ag yet, TISMR, experiments have only been performed in two
different single-parameter geomeiries, viz., @ — 2@ scan and w scan. In a © — 20
scan the sample orientation and the detector height are simultaneously changed
fulfilling the constraint of specular reflection, w = @. In an w-scan experiment
2@ is fixed and w is varied. As a rule, a scan of the prompt photons (ie., X-ray
reflectometry) is recorded along with a delayed TISMR scan.

In a ©® — 20 experiment the wave vector transfer 2 is perpendicular to
the sample surface. For a periodic multilayer, in the first Born approximation
(kinematic theory), Bragg maxima appear at @ = +/(27/d)? + @2, where d is the
structural or hyperfine (magnetic) period length perpendicular to the film plane
and Q)¢ is the critical wave vector transfer of the TER (typically about 0.5 nm~1).
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Thus a @ — 26 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., however,
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 @ in this experiment,
the perpendicular-to-plane component of the wave vector transfer is constant
(Qz = 2kO) while varying w, the in-plane parallel-to-beam (longitudinal) com-
ponent of the wave vector transfer is scanned: ¢, = 2k6(w — 0). In order to have
significant intensity, the detector height is set to meet the €, value of a Bragg
peak. In the first Born approximation the width of the w scan (i.e., (J; scan) is
inversely proportional to the longitudinal correlation length £

27 1r :

‘= A0, ~ t0Aw’ 2)
whére AQ, and Aw are the peak widths of the Q. and w scans, respectively. £ is
the correlation length of the quantity of the perpendicular-to-plane periodicity of
which the Bragg peak is due to. Therefore, setting 26 in an w-scan experiment
to an electronically forbidden pure nuclear reflection [16] the lateral correlation
length of inhomogeneities of the hyperfine interaction (magnetic roughness, mag-
netic domains) can be determined.

In contrast to TISMR, TDSMR experiments have only been performed in
specular reflection so far. -

3. Layer magnetization direction in coupled multilayers

The direction of the layer magnetization 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. Both TISMR and
TDSMR can be used to determine the layer magnetization direction in thin filins
and multilayers.

The origin of pure nuclear superstructure reflections of AF origin in TISMR
has been explained in Ref. [16} (Sec. 4 and Figs. 5 and 6). For directions of the
layer magnetization 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 process in Zerodur/[°"Fe (2.55 nm}/
"2t FeSi(1.5 nm)] 10 multilayer [17] and in MgO(001)/[*7Fe(1.43 nm)/Cr(3.06 nm)}1s
supetlattice [10]. However, since the AF peak is suppressed for any beam-perpen-
dicular direction of the layer magnetization, a TISMR experiment cannot distin-
guish between out-of-plane and in-plane beam-perpendicular components of the
layer magnetization. ' :
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Due to the linear polarization of SR, the quantum-beat patterns measured
in a time-differential nuclear resonant experiment contain more detailed {but not
full, see below) 3D information on the direction of the hyperfine magnetic field
(i.e., of the magnetization). This has been explained in Ref. [16] (Sec. 2 and Fig. 1).
Out-of-plane magnetization was found by TDSMR in Fe/Ag superlattices [18] and
in the inner region of 7 monolayers fcc Fe sandwiched between ferromagnetic fec
Co layers stabilised by Cu [19].

intensity (log arb. units)

0 100 0 100 100 0 100 200

0
time [ns]
Fig. 2. Calculated time response curves of an AF-coupled [57Fé(2.00 " nm)/
Cr(2.62 nm)}zo multilayer for three different directions of the hyperfine field B (the hy-
perfine field of one of the two sublattices is not shown). The scattering plane is perpen-
dicular to the electric field vector F of the SR. Integer and half-integer numbers indicate
the order of the stractural and hyperfine (magnetic) Bragg reflections, respectively.

Figure 2 shows calculated TDSMR spectra of an AF-coupled [*"Fe(2.00 nm)/
Cr(2.62 nm )}z multilayer for three different directions of the hyperfine field B and
at four different values of @ corresponding to the 0-, 1/2-, 1- and 3/2-order Bragg
reflections. The 0-order reflection is the total reflection peak, the 1-order reflec-
tion is the structural Bragg peak, while the half-order reflections are pure nuclear
superstructure peaks of AF origin. The quantum-beat patferns at the structural
Bragg peak belonging to magnetization directions parallel to the beam or parallel
to the polarization of SR are identical. This feature has been mentioned in Ref. [16]
(Sec. 2 and Fig. 2) for the forward scattering case and can be easily understood by
observing the stick diagrams in Fig. 1 of Ref. [16]. Indeed, for a uniaxial antiferro-
magnet, if the hyperfine magnetic field is parallel to the beam for one sublattice, it
is antiparallel for the other. Therefore, left and right circular polarised transitions
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appear at the same energy for the one and the other sublattice, respectively. Con-
- sequently, all transitions can interfere with each other, which results in the same
quantum-beat pattern as if the hyperfine field is parallel to the polarization of
the SR. In this latter case all transition remain o-polarised for a uniaxial antifer-
romagnet so that no change is expected as compared to the case of a ferromagnet
shown in the left-hand side of Fig. 2 of Ref. [16]. For a uniaxial antiferromagnet
not only the quantum-beat patterns for in-plane magnetization parallel and per-
pendicular to the beam but for any in-plane direction of the magnetization are
identical.

In view of this, it is surprising that, as seen in Fig. 2, the same quantum-beat
patterns are markedly different, for the 0-order (total reflection) peak. The reason
for this fact is the limited penctration depth of SR in the total reflection re-
gion. Accordingly, the uppermost Fe layer contributes much more to the TDSMR,
quantum-beat pattern than the second, etc. Therefore, the argument of the pre-
vious paragraph is no longer valid and the time response curves resemble more to
the left column of Fig. 2 of Ref. [16]. In contrast to forward scattering, TDSMR
spectra contain information on the orientation of layer magnetization of a uniaxial
antiferromagnet. '

TDSMR spectra of Zerodur/[>"Fe(2.55 nm)/***FeSi(1.5 nm)]; o measured in
magnetic field much below saturation were indicative of a 62° misalignment of
the sublattice magnetizations with respect to the perpendicular-to-the-field align-
ment. This phenomenon was attributed to a depth-dependent bilinear coupling
{17, 20]. Having revisited the problem it was shown that finiteness of the mul-
tilayer stacking [21] alone leads to a global twist of the sublattice magnetizations
in small external fields so that an upper uncompensated finite AF-coupled block
and a single uncoupled FM layer on the substrate can even better describe the
measured time response curves [22].

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
magnetizations, the anisotropy-stabilised configuration becomes energetically un-
favourable at a certain critical in-plane field strength and a sudden magnetization
reorientation is expected in a finite multilayer stack [21-23] with surface spin-flop
[24, 25] or bulk spin-flop (BSF) [26] scenarios, in cases of uniaxial and fourfold
in-plane anisotropy, respectively. These processes are associated with major jumps
of the direction of one or more layer magnetization, but, as a rule, only with minute
changes of the net magnetization. It is, therefore, not easy to identify a spin-flop
transition with methods of classical magnetism. :

As shown in the previous section, SMR is a sensitive tool to determine the
layer magnetization directions in thin films and multilayers. Therefore, SMR is
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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 experiment at the nuclear resonance beamline ID18 of the European
Synchrotron Radiation Facility was performed on a MgO(001)/[*"Fe(26 A)/
Cr(13 A))zo multilayer [28]. The epitaxial relationship on MgO(001) substrate
is MgO(001)[110]/Fe(001)[100], therefore the magnetization of the individual Fe
layers points parallel or anti-parallel to either of the Fe[010] or Fe[100] axes in
the filmn 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 vector k of the incoming resonant beam was perpendicular
to the in-plane magnetic field, as shown in Fig. 1. First the sample was saturated
in-plane in one of the easy directions then the external field was decreased to zero.
At this stage the sample was turned in-plane by 90 deg and TISMR scans were
recorded as a function of increasing external magnetic fields. Figure 3 shows the
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Fig. 3. Normalised intensity of the AF peak of a MgO(001)/*" Fe(26 A}/Cr(13 A}z
multilayer during bulk spin fiop. The continuous line is to guide the eyes.

normalised intensity of the AF peak as a function of the increasing magnetic field.
The appearance of the 1/2- and 3/2-order AF reflections around 13.2 mT is a
direct evidence of the 90-deg rotation of the Fe layer magnetizations, i.c. of the
bulk-spin-flop process. Due to the fourfold symmetry of the anisotropy, this state
is preserved after the magnetic field is removed. A detailed analysis of the TISMR
scans and the corresponding TDSMR spectra will be published elsewhere.

5. Antiferromagnetic domains in multilayers

Domain structure of AF-coupled multilayers is an issue of both theoretical
and technological importance. Domain-size-dependent resistance noise, for exam-
ple, 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 a few nm thickness. In
fact, Kerr-microscopy has been performed so far only on thick trilayers [30, 31].
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Therefore indirect methods like resistance noise [29} and magnetoresistance
[32] measurements, off-specular non-polarised [33] and polarised neutron reflectom-
etry [34, 35] and, recently, soft-X-ray resonant magnetic diffuse scattering [36] have
been used to estimate the AF-domain-size distribution in magnetic multtlayers.

Off-specular SMR 1is, as shown in Sec. 2, also suitable to investigate the
in-plane correlation length of AF domains in coupled multilayers. Figure 4 shows
off-specular SMR scans of a MgO(001)/[5"Fe(26 A)/Cr(13 A)]30 multilayer at the
AF reflection of ©® = 0.4 deg in two different states, depending on the magnetic
prehistory [15]. The domain size or, more precisely, the correlation length can be
evaluated from the width of the off-specular w-scan using Eq. (2). The broad line
In scan (a) corresponds to AF microdomains of correlation fength £ =~ 2.6 pm. In
contrast to this, scan (b) is the sum of a broad diffuse shoulder (22% of the total
area) and a narrow specular line (78%). In this state 22% of the multilayer consists
of microdomains (¢ ~ 2.6 pm) while the majority of the multilayer contains large
domains. Due to the finite aperture of the detector, only a lower limit of the
correlation length (¢ > 16.5 pm) can be deduced from the width of the specular
peak.
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Fig. 4. Off-specular SMR. scans of a MgO(001)/[>" Fe(26 A)/Cr(13 A)l20 multilayer at
the AF reflection: (a) small domain state, (b} large domain state.

The typical data collection time of an off-specular SMR scan is about 30 min,
Le., by one order of magnitude shorter than the typical time necessary for an
off-specular polarised neutron reflectometry or off-specular soft-X-ray resonant
magnetic diffuse scattering experiment. This holds true, however, only for
$7Fe-containing AF-coupled multilayers. '

6. Sumnmary

SMR has become an efficient tool in studying magnetic structure of mul-
tilayers. 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 magnetization. Time-differential specular SMR
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experiments can be used to determine both in-plane and out-of-plane layer mag-
netization 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 (a few tens of um or

more).
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