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Abstract
Synchrotron Mossbauer Reflectometry (SMR), the grazing-incidence nuclear resonant scattering
of synchrotron radiation, can be applied to perform depth-selective phase analysis and to deter-
mine the isotopic and magnetic structure of thin films and multilayers. Off-specular SMR, provides
information on the lateral structure of multilayers. A theoretical description of off-specular SMR
based on the Distorted-Wave Born Approximation is presented. Off-specular SMR and polar-
ized neutron reflectivity curves of an antiferromagnetic [57Fe/ %Cr] multilayer are calculated and

compared. Experimental 20 — w’ SMR scans are compared with the theory.
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I. INTRODUCTION

12345 from flat surfaces (x-ray and

Grazing-incidence reflection of x-rays'? and neutrons
neutron reflectometry, as well as grazing-incidence soft x-ray resonant magnetic scattering®?)
have been widely used to investigate the chemical, isotopic and magnetic structure of thin
films and multilayers (ML).%8%1% The sensitivity of nuclear resonant scattering (NRS) of
synchrotron radiation to hyperfine interactions renders possible a special kind of x-ray re-
flectometry, a method that we shall call henceforth Synchrotron Mossbauer Reflectometry
(SMR).11:14 SMR combines the sensitivity of Mossbauer spectroscopy to hyperfine interac-
tions with the depth information yielded by reflectometry. Like other NRS experiments,
SMR contains the hyperfine interaction information in the quantum beats of the time re-
sponse that follows the excitation of the system by the synchrotron radiation pulse. Time-
differential (TD) SMR is a grazing-incidence time-domain NRS experiment performed at
one or at a series of different grazing angles. In a time-integral (TT) SMR experiment all
delayed (i.e., nuclear resonantly scattered) photons are counted as a function of the grazing
angle. This method is very similar to polarized neutron reflectometry (PNR) and yields
integral hyperfine depth profile and superstructure information. Specular SMR has by now
become an established technique.!?13:14:15

The specularly reflected radiation from a stratified system is insensitive to the lateral
structure; it depends solely on the lateral averages of the material parameters! for the co-
herence volume. In particular, using monochromatic radiation of infinite coherence length,
the magnetic contrast (AF Bragg peak) of an antiferromagnetic (AF) multilayer with com-
pensated domains would be missing from the specular reflectivity. However, this is not the
case, since the coherent averaging has to be performed for the finite coherence volume of
the radiation determined by the experimental setup and such contributions are to be added
incoherently.!® For studying lateral inhomogeneities, such as structural roughness, mag-
netic domains, etc., diffuse scattering, i.e. off-specular reflectometry is used. Off-specular
non-polarized!® and polarized neutron reflectometry,®® soft-x-ray resonant magnetic diffuse
scattering® and, recently, off-specular SMR have been used to estimate the domain-size
distribution and to follow domain transformations in AF-coupled magnetic MLs.16

The theory of the off-specular neutron reflectometry based on the Distorted-Wave Born

Approximation!” (DWBA) has been published earlier 18192021 DWBA perturbatively de-



termines the diffuse (off-specular) field?? around the specular field, the latter being easily

calculated, even for general stratified media, by suitable matrix methods.!8:19:23:24:25.26 T} ¢

optical solution of the specular SMR problem is also well-known.15:26:27:28,29,30,31,32.:33.34 T
idea to apply the DWBA technique to describe off-specular SMR experiments is therefore
plausible. However, as we shall see, due to strong energy dependence of the coherent field
and the susceptibilities and the consequent temporal character of SMR, this approach is
not a trivial application of the existing theory. In the present paper, based on perturbation
theory, we work out a theory description for off-specular SMR.

Starting from Lax’ general theory! and from the common optical formalism of polarized
neutron and Mossbauer reflectometry,?® an expression for diffuse scattering of electromag-
netic and/or quantum mechanical particle waves on laterally inhomogeneous stratified media
is obtained. From the point of view of specular reflection, the set of discrete atomic scatter-
ing centers can be described/replaced by a homogeneous index of refraction n and solving
the scattering problem is equivalent to solving the wave equation.! This approach is valid
only if the direction of the scattered wave is far from the direction of low-index atomic Bragg
reflections. In this paper we shall study the grazing-incidence limit, for which the index of
refraction approximation is valid.1%29:32:33.34

The model systems of the present paper are multilayers and thin films, i.e., stratified
media, having lateral inhomogeneities on the mesoscopic scale, i.e., unlike in case of surface
roughness, at distances much larger then the atomic distances. In each homogeneous part
around position r an index of refraction n (r) is defined. Since n for both slow neutrons and

X-rays differs only slightly from the 2 x 2 unit matrix I, the susceptibility x (r) = 2 [n (r) — ]

can be conveniently used.26

II. OFF-SPECULAR SCATTERING

Using the index-of-refraction approximation in each homogeneous part of the system the

solution of the inhomogeneous wave equation
[A+ K1) W (r) = —k*x (r) ¥ (1) (2.1)

yields W (r), representing the two components of the photon field or the neutron quantum

mechanical spinor state at position r, with k£ being the wave number in vacuum. In a



stratified medium we compose the susceptibility function

S
X (r) = ZXZ (r)), (2.2)
=1

as the sum of the susceptibility functions of the individual layers [..I = 1..5, the last layer
S is the substrate) depending solely on th in-plane coordinate, r.

If the homogeneous parts of the system are large compared to the wavelength, we may
assume that the exact solution W (r) is close to the solution W, (r) of the coherent (specular)

field equation!
[A+ B I) Wen () = =k Y~ X Tean (1) | (2.3)

which is obtained from Eq.(2.1) by replacing the susceptibilities y; (I'H) by the average
susceptibility %, of each layer [. In order to arrive at a perturbative equation, the sum

—k2>"x,¥ (r) is added and subtracted on the right-hand side of Eq.(2.1)

A+ R W () ==k x¥ (@) -k () —x] ¥ ). (2.4)

For homogeneous layers x; (I‘H) = X; the second sum vanishes on the right, so that
Eq.(2.4) reduces is to Eq.(2.3), the basic equation of specular reflectometry.?1:26:3235 The
general solutions of Eq.(2.4) are looked for in a form

U (r) = Ueon (r) + Yo (1), (2.5)

where W, (r) is the coherent field, which vanishes in any non-specular direction, and
U (r) is the off-specular field. Substituting Eq.(2.5) into Eq.(2.4) and taking Eq.(2.3) into

account

[A+ BT o (v) = =k > [xi (v)) = X0] Peon (r) = B2 D xi (r)) Yoz (1) . (2.6)

The coherent field W,y (1), the solution of Eq.(2.3), is obtained by the optical method?®
as

Ueon (k1) =T (ky,r)) U exp (ik) - 1)) (2.7)

(see Appendix [A]), where I and || denote the out-of-plane and in-plane components of
the respective vectors and U™ is the amplitude of the incident plane wave of wave number
vector k = (k 1, k||). Now we introduce the ”cumulative transmittance” of the upper layer

of the reflecting film of thickness r, by:



T(ky,ry)=LP(k, r))[I - Ry (ki) + L% (ko ,r)) [T+ Ry, (ky)]. (2.8)

Ry, (k1) is the 2 x 2 specular reflectivity matrix of the system2, LPY(k, r,) and
L2 (k,,r)) are the respective 2 x 2 submatrices of the 4 x 4 characteristic matrix26:32
L at depth r; for an incoming plain wave defined by k| .

The physical interpretation of Eq.(2.6) is seen from its right-hand side, where the first
term gives the source of the off-specular radiation, and the second term shows that the
off-specular field is scattered by the whole multilayer. The off-specular field arises from the
coherent field at the lateral inhomogeneities, namely from the regions, where the suscepti-
bility x differs from its average value Y. Eq.(2.6) can be solved up to arbitrary accuracy
applying higher-order Born approximations.

As a first approximation the second term of the right-hand side of Eq.(2.6) is neglected,

so the solution can be obtained by using the Green-function technique,
k? exp (ikR) .
W (k1) = 1 ; / @t LU [ (2]) X Wean (k1) (2.9)

where R = |r — 1’| . The approximation requires ||Weop (r)|| > ||Wog (r)]|, which condition

is feasible in the vicinity of the specular direction for magnetic multilayers of large enough

16,20

homogeneous domain size so that the exact solution W (r) is close to the coherent field

q]coh (I‘) .

Far from the scatterer the Fraunhofer approximation

exp (tkR)  exp (ikr) s
R = XD (—ik' - r') (2.10)

is applied (k’ being the wave number vector of the outgoing plane wave). The final result

reads
o (kr= ) = TR (ikr) Y Sy (K)) T (ko K, ) 0 (2.11)
off7—kr—2rpoTll||lLaJ_a .
where
1 .
T, (k. k) = Ez/er exp (—ik r )T (k.,r)) (2.12)
l

is the Fourier integral over the one dimensional interval Z; of layer [;

S (Ky) = %/d%n exp (=K r)) [y (v)) — X1 (2.13)



is the two dimensional Fourier transform of y; (rH) — X where K is the in-plain component
of the momentum transfer vector K = k' — k. We note that 7} (k,,k’,) can be analytically
calculated (See Appendix B))

The off-specularly scattered intensity log = (Von, Yorr) is then

B wk*
o2

Lo > (‘IjinyTzT (koK) 8] (K)) Sy (Ky) T (ke K ) - Wi“) . (214)

iw

which is written as
Tor = 25 T [T (ki KL ST () S (K)) To (ki KL ) (2.15)

for arbitrary incident polarization, where p is the polarization density matrix of the incident

radiation.*® From the convolution theorem, it follows that the Fourier transform €, (Ry) of
Cur (K)) = -1 () 5 (K)) (216)
is the cross-correlation function of the susceptibilities between layers [ and [’
e (Ry) =5 [ 1 D (Ry 1) =] [ (1) -~ ] (217)
A being the area of the surface (A — o0). The final result then becomes

k’4
I = =5 S Te 1) (k1. X)) G (Ky) Ty (k1K) p] (2.18)

a very convenient expression for randomly distributed lateral inhomogeneities. We note that
the off-specular intensity I, = Iog (K”, ki, kl) is a function of K, k; and k|, a notation
dropped in the calculations. The corresponding values of K|, k; and k| can be given for
the chosen experimental geometry.

A possible experimental realization of the off-specular reflectometry is the so-called ’w-
scan’ geometry, where the detector position is set to 20 and the sample orientation w on
the goniometer is varied. In the special case of w- scan the in-plain components of the
momentum transfer vector K and the out-of-plain component of the wave vector of the

outgoing wave k', can be expressed by the grazing angle 6 and by w
K = 2ksinfsin (w —0) , (2.19)
ki, =ksinw, (2.20)
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K|, = —ksin (20 —w), (2.21)

noting that K vanish at the specular condition w = 6. The full two-dimensional scan in
angles w and 26 is also used and called '20 — w’ -scan. Another widely used arrangement is
the so-called ’detector scan’ geometry, in which the angle of incidence 6;, is fixed, and the

scattered intensity is recorded as a function of the outgoing angle, 6,,. In case of a detector

scan Eqs.(2.19) and (2.24) read

K =k (cos bouy — cos biy), (2.22)
]{:J_ = ksin (gin, (223)
K| = —ksin Oy, (2.24)

with the specular condition being 0,y = 6iy.

ITII. OFF-SPECULAR SMR

A. Time-differential off-specular SMR

The off-specular intensity in Eq. is valid for neutron and x-ray reflectometry, where
the time of the scattering process is negligible. However, in case of SMR we detect the time

response

Uog (r,t) = / dE Vg (r,E) exp (—iEt/h), (3.1)

1
h/2m
after the synchrotron pulse,>” which is the Fourier transform of the energy-dependent off-
specular field. Close to the Mossbauer resonance, both the susceptibilities y; (rh, E) X1 (E)
and the coherent field W, (r', E) are strongly energy-dependent®” and, through Egs.(2.8),
(2.12) and (2.13), carry an energy dependence, too, S; (K”, E) and 7; (ko , k', E), so that
Eq.(2.18) can no longer be applied to calculate the off-specular intensity.

A possible workaround of this problem is to define a distribution function €' (r”) of
each homogeneous region u = 1,.., M of layer [. This function ' (rH) characterizes the
homogeneous regions of layer [ of an energy dependent susceptibility x/ (E) . Over the

region of x|' (E) the distribution function Qf' (rj) = 1 otherwise Q) (r)) = 0, so that the



total inhomogeneous susceptibility is the sum

M S
:ZZQ I'|| Xl ) (32)

p=1 I=1

where the space- and energy-dependent parts of x (r,F) have been separated. The average

susceptibility inside layer [ reads

Xi ( A ZAZ X (E), (3.3)

where A} = [d?r) €' (r)) is the total area of the homogeneous part y inside layer I. Using

(3.2) and (3.3) Eq.(2.13) becomes

M
S (K, B) =Y G (K)) x' (B), (3.4)
pn=1
with
1 1
Gl (Ky) = —/d2r| exp (—iKyry) | (r)) — A}, (3.5)
27 A
and finally, the energy-dependent off-specular field in Fraunhofer approximation reads
7 k? . in
o 1.) =[5 oxp 6hr) 3 0 (1) ()7 () 0, (36)
Ly
while the off-specular intensity is
k! W w T
Lo (B) = 15 >, Cli" (K)) Tr [P,, (B)' T (B) - p]. (3.7)
Wpp!

The matrices for the homogeneous region u, [
I (E) =X (E) T (E), (3.8)

are the products of the homogeneous solution 7} (E) and the susceptibility x}' (E) of that
region. For the sake of brevity we have dropped the notation of dependence of T and I'} on
both, k; and k.

Ol (K)) = 5-GF (K))" 61 (K) (39)

is the geometrical correlation function between layers [ and I’ , homogeneous parts p and
1. In Eq.(3.7) the geometrical correlation function is separated from the energy dependent

functions, and can therefore be applied for both time- and energy-domain measurements.
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The Fourier transformation can be performed so that with Eq.(3.1) the time dependent

intensity becomes

k4 / /
Lot (1) = 15 D Ch¥ (K) T [T () 1Y () o] (3.10)
Wy
where .
1 .
I (t) = P> / dETY (E)exp (—iEt/h). (3.11)

B. Time-integral off-specular SMR

. t2
The time-integrated intensity is I = f dt I (t) , where ¢; and ¢, define the time window
to

of the measurement after the synchrotron bunch. Applying Eqs.(3.10) and (3.11)

& r , ,
It =55 D sm / dE Y O (Ky) Tr [Fﬁ (E+me)' T (B)p|, (3.12)
m=—00 N W pp!
where ¢ = —"— with tpuen being the time interval between the synchrotron bunches, h

tbunch

is the Planck constant, s,, is the m*" discrete Fourier component of the periodical time

window function S (t) = > spexp <z 2mm > of the experiment defined by S (t) = 1 for

tbunch

m=—00

ty <t < ty, otherwise S (t) = 0 after each synchrotron bunch.

IV. APPLICATIONS AND COMPARISON WITH EXPERIMENT

Applying the above theory, off-specular SMR and PNR curves were calculated and com-
pared with the experiment for an MgO/ [*"Fe (2.6 nm) /Cr (1.3 nm)],, antiferromagnetic (AF)
multilayer. Due to the strong AF coupling between the iron layers at this spacer thickness
one may assume that the domain walls are perpendicular to the surface and run through
the multilayer stack from surface to substrate. Model calculation were performed with the
following assumptions and parameters. The SMR curves were calculated for the 14.4-keV
Méssbauer resonance of >"Fe (A = 0.086 nm). The scattering geometry was selected so that
the layer magnetizations were parallel /antiparallel to k'H, the condition for the appearance of
the SMR specular AF reflection.!? In case of PNR, a neutron wavelength of A = 0.1 nm was
assumed. The layer magnetizations were assumed parallel /antiparallel to the neutron spin
and perpendicular to k’H. For both, SMR and PNR, the specular intensities were calculated

by the free data evaluation computer program EFFI (Environment For Fltting).3%42

9



A. Model calculations

The studied MgO/ [*"Fe (2.6 nm) /Cr (1.3nm)],, ML is a layer antiferromagnet. Conse-
quently, in remanence, the net magnetization of the Fe layers is zero. Moreover, (except for
a trivial case of full in-plane saturation) the in-layer magnetization is broken into domains of
different orientations resulting in fact in zero layer magnetizations. In the simplest case the
situation can be demonstrated by two types of domains, (say type '+’ and type '—’ domains)
separated by 180° domain walls, a situation which can indeed be realized experimentally by
an easy axis magnetization of the ML followed by relaxing the field to remanence.!® In
the case of a 1 to 1 surface coverage ratio of the '+’ and '— ’ type domains averaging the
magnetizations within a layer - as mentioned in the introduction - the magnetic contrast
is missing, i.e. no AF Bragg peak in the specular reflectometry curves appears. However,
when the domain size is comparable to the coherence length (a few times ten to a few thou-
sand nanometers®®) a net layer magnetization is sampled within the coherence length and a

consequent magnetic contrast is seen in the specular reflectometric experiment. Therefore

a specific magnetic bias parameter 7 is introduced by the definition n = A, /(A + A_),

where A, and A_ are the surface areas of the '+’ and '—’ type domains inside the coherence
area within the upper layer. This coherence is smaller then the illuminated area and may
have arbitrary position which can be identified by 7, therefore we have to average to 7.
Indeed, the integration in Eq.(2.17) is then performed as a function of 7 and the off-specular

intensity in (2.18) is calculated as
1

e = [ () L () (11)
0
where p () is the normalized probability density of having the magnetic bias parameter 7.

The upper layer unambiguously identifies the domain structure in the lower layers, since a
strict antiferromagnetic out-of-plane correlation is assumed throughout the multilayer stack.
For the numerical simulations we assume equal probability of the different configurations

and the (4.1) integral is replaced by a discrete sum

1 M
I = M ; Tog (771) ) (4-2)

withn, = (i —1) /(M —1),i=1..M and M being the number of configurations considered

in the calculation.
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For simplicity, we use an exponential function to describe the correlation of the magne-
tization directions and interpret the average domain size as the correlation length of this

exponential correlation function

€ (r)) ~ exp (—%) , (4.3)

with ¢ being the correlation length.1” Moreover, the layer and domain type indexes, [ and ,
were dropped since the same correlation functions were assumed for each indices, taking into
account the alternating sign corresponding to both the strict out-of-plane AF correlation

and an in-plane '+’/’—’ domain model with 180° domain walls. The Fourier transform of

Eq.(4.3) reads
2mE?

2

1+ (K9]

which is then substituted into Eqgs.(2.18) and (3.10) for calculating the off-specular PNR
and SMR intensities, respectively. Figs. 1 and 2 show the SMR and PNR simulations of the

C(Ky) ~ 7 (4.4)

above multilayer, with curves ’a’ and 'b’ being the specular and off-specular calculations,
respectively. The specular curves are typical for AF multilayers, the structural Bragg peaks
showing up at 6;, = 11.3mrad and 6;, = 13 mrad for SMR and PNR, respectively). The AF
Bragg peaks appear at 6;, = 6.7 mrad and 6;, = 6.5 mrad for SMR and PNR, respectively).
The AF Bragg peaks are small on both specular curves, since the presence of domains
decreases the AF contrast between the layers. The Kiessig-type oscillations®® characteristic
of the total thickness of the multilayer are also present on both specular curves, however,
due to the strong nuclear resonant absorption, their amplitude is much smaller in case
of SMR. Conversely, the absorption of neutrons is negligible, therefore the Kiessig fringes
are strong. The simulation in Figl2| were performed for two different polarizations of the
incident neutrons with spin parallel and antiparallel with the direction of magnetization of
the majority domains of the top layer. The largest contrast between the curves in Figl2la
is around the AF Bragg angle, 6, = 6.5 mrad. Below the critical angle, the SMR intensity

4041 whereas the PNR curve behaves normally and tends to 1. The off-specular

decreases,
SMR and PNR curves are shown in Figs. [1.b and 2\b, respectively. As seen in Fig2lb, the
off-specular SMR curves are sensitive to the correlation length £&. Due to geometrical reasons,
the frequency of the oscillations on the specular curve in Fig!2.a is twice the frequency of the

off-specular case in Fig/l2lb. Indeed, following from Egs.(2.22) and (2.24), any change in 6;,

11



obeying the specular condition 6, = 6;, causes a change in the perpendicular momentum
transfer component that is the double of the change in 6., with fixed 6;, in the 'detector

scan’ geometry.

B. Experimental results and discussion

In order to compare Eq.(3.12) with experiments, the two-dimensional 20 — w’ SMR
scan of a 5"Fe/Cr antiferromagnetic multilayer was measured for the first time. Using the
14.4 keV Mossbauer transition of 5" Fe nuclei the experiments were performed at the BLO9XU
nuclear resonance beam line*3 of SPring-8, Japan. The synchrotron was operated in the 203-
bunch mode, corresponding to a bunch separation time of ¢, = 23.6 ns. The SR was
monochromated by a Si(422)/Si(1222) double channel-cut high resolution monochromator
with 6 meV resolution. It was incident on the multilayer specimen downstream mounted in
grazing incidence geometry. The delayed radiation was detected using three 2 ns dead time
Hamamatsu avalanche photo diodes (APD) in series. These SMR data were time integrated
using the time windows given by ¢; = 1.97 ns and ¢, = 21.63 ns.

The multilayers were prepared under ultra-high vacuum conditions by molecular beam
epitaxy at the IMBL facility in IKS Leuven. Preparation and characterization of the
MgO(001)/[?"Fe/Cr|y multilayer sample has been described earlier.1644:45 The layering was
verified as epitaxial and periodic, with thicknesses of 2.6 nm for the 5"Fe layer, and 1.3 nm
for the Cr layer. SQUID magnetometry showed dominantly antiferromagnetic coupling be-
tween neighboring Fe layers. According to previous studies on this multilayer,164445 the
magnetizations in Fe align to the (100) and (010) perpendicular easy directions in rema-
nence, respectively corresponding to the (110) and (110) directions of the MgO substrate.
The layer magnetizations were aligned antiparallel in the consecutive Fe layers by applying
a magnetic field (1.6 T) above the saturation value (0.96 T) in the Fe(010) easy direction
of magnetization, and then releasing the field to remanence. The alignment is global, the
antiferromagnetic domains are only different in the layer sequence of the parallel /antiparallel
orientations.t6

Figl3/show the two-dimensional '20—w’ SMR scan in the vicinity of the AF-Bragg position.
The corresponding simulation for the experimental interval is shown in Figl4] where the (4.4)

correlation function with the correlation length of £ = 4.6 pm was used. Near the specular

12



line (20 = 2w) the simulation is in good agreement with the experimental data. As stated
above, far from the specular direction the approximation fails, therefore the simulation

less fit to the experimental data.

V. CONCLUSION

Off-specular SMR is sensitive to the lateral structure of the hyperfine fields, therefore
it can be used for studying magnetic domains in multilayers. Due to the existing common
optical approach, the same theory can be applied for SMR, x-ray reflectometry and polarized
neutron reflectometry?® for both specular and off-specular reflection. Using the perturbative
DWBA theory, the off-specularly reflected intensity of SMR is expressed as a function of
the geometrical correlation functions of the lateral structure and the specular field profile
in the layers. Off-specular SMR and PNR ’detector scan’ spectra of an antiferromagnetic
[5"Fe (2.6 nm) /Cr (1.3 nm)],, /MgO multilayer were calculated and compared to each other.
The two-dimensional 20 —w’ SMR scan of the sample was reported and compared with the

simulation, the value of the correlation lenth was determined.

APPENDIX A: GENERAL SOLUTION OF THE COHERENT FIELD EQUA-
TION

The solution of Eq.(2.3) was given in Refs.263%35 where, using the derivative field
Deop (r1) = (iksing) ™"

Lon (r1), the second order differential equation regarding to W (r),

was replaced by a set of first order differential equations,?® providing the solution
P (kp,ry) ® (k1,0)
=L (k Al
<‘1’ (k, Il)) (Frors) (‘1’ (k1,0)) (A

26:32,35 I = ksin f is the out-of-plain

where L is the 4 x 4 characteristic matrix of the system,
component of the wave number vector of the incident plain wave, which latter dependence
we drop in this appendix. Here ¥ and & are coherent fields, but the ’coh’ notation is
dropped. The physical meaning of Eq. is that there is a linear connection expressed by
the characteristic matrix L between the fields at depth r; = 0 and at an arbitrary depth
r . Taking into account the boundary conditions, the field at the top surfaces of the system
(rp =0)is

U (0) = U™ + R, U™, (A2)

13



the sum of the incident ¥™ and the reflected Ry, U™ waves so Eq.(A1) reads
d(r)) pin - Ropin
=L . b A3
(i) =20 (g s m) 49
where the concept of impedance tensors was used,*® taking into account that the fields at

r; = 0 are in vacuum (see Eqgs.(21) and (22) of Ref.?%). Expressing the second component

from Eq.(A3), the field at an arbitrary depth r, we have
W (ry) = [LB (r0) (= Rap) + LP¥ (r0) (T + Ryp) | 9, (A4)

and using the notation T (v, ) = L% (v ) (I — Ryp) + L2 (r1) (I + Ry,) the solution of the

three dimensional homogeneous wave equation is

Weon (k,r) =T (ki i) U™ exp (k- 1) . (A5)

APPENDIX B: CALCULATION OF THE T; (k,,k’|) FOURIER INTEGRALS

In this appendix the analytical calculation of the integral (2.12) is given. The 4 x 4

characteristic matrix324¢ of an arbitrary homogeneous multilayered film with layers [ =
1,..., 8 reads

L=Ls-..-Ly-Li, (B1)
where

cosh (kd, F;) L Fysinh (kd )
L = v , (B2)
zF ' sinh (kd;F;)  cosh (kdFy)

lth

is the characteristic matrix of the I*" homogeneous layer?®:3? with d; being the thickness

of the I™™ layer, © = isinf and the 2 x 2 matrix F, = /—Isin®6 — y;. We note that L
depends on k; = ksinf, which dependence is not signed in this Appendix. At depth r;
measured from the top surface of the multilayer the position vector points into layer j < S.
The interval r; totally covers the first j — 1 layers, therefore the characteristic matrix at

depth r, can be written as

L(ry)=L;j(rL —Dj 1) L, (B3)

j—1

where D;_1 = ) d; is the total thickness of layers up to layer j—1 and Lij—yy=Lj_1-...-Ly
=1

is the characteristic matrix of layers 1, .., 7 — 1. We note that layer j is only partially covered

14



by the depth interval, which is indicated by the argument (r, — D;_) in Eq.(B3) instead
of the total thickness d;. It is also important to note that L (r;) depends on the thicknesses
and susceptibilities of all the covered layers and furthermore it also depends on the angle of
grazing incidence 6.

Using Eqgs.(2.8)), (B2) and (B3) the integral (2.12) can be analytically calculated. Indeed,

the two integrals

1
I = Nt /drl exp (—iK/ r )sinh [k (r, — D;_1) F}] (B4a)
Z;
1
Iy = Nt /drl exp (—ik/ v )cosh [k (r; — D;_y) F}] (B4b)
Zj
results
[j_ = Q5 + ﬁj (B5a)
]j_ = Oy —5]', (B5b)
with
a;j = exp(—ik|Dj_4) - (B6a)
{(ij — ik, ) exp % (kF; — z‘k'g)] sinh {% (kF; — z‘k'g)] }
ﬁj = exp (—Zle]_l) . _ (BGb)

. d; d;
{(kFJ +iK) 1) exp —Ej (kF; + ikl[)} sinh {Ej (kF; + ikl[)} } :

Finally the required expression reads

(4

_ 11 —rl21
TGy, Ky) = [oF L0, 4+ 1 02| (1 - Ry) + (B7)
el
[ij L 4T L(H)} (I+R.,).

Eq.(B8) is physically the Fourier transform of the depth profile function of the coherent field

and we note again the dependence on k| .
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FIG. 1: Specular (a) and off-specular Synchrotron Maéssbauer reflectometry curves of
[*"Fe (2.6 nm) /Cr (1.3nm)]20 /MgO antiferromagnetic multilayer(calculated for the 14.4-keV
Mossbauer resonance of 5"Fe, with wavelength A = 0.086 nm). The off-specular intensity is
calculated for three different correlation lengths £ with the incident angle 6, fixed at the anti-

ferromagnetic Bragg position. We have set a 33% majority of the '+’ type domains in the model.
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FIG. 2: Specular (a) and off-specular Polarized Neutron Reflectometry curves of
[*"Fe (2.6 nm) /Cr (1.3 nm)}20 /MgO antiferromagnetic multilayer (with neutron wavelength of
A = 0.1 nm). The off-specular intensity is calculated for the incident angle 6;, fixed to the AF
Bragg position. The solid and dashed lines show the calculations for two different incident polar-
izations of neutrons, where notations 'plus’ and 'minus’ indicate the neutron polarizations parallel
and antiparallel to the the magnetization of the '+’ type domains of the 1% layer, respectively. We
have set a 33% majority of the '+’ type domains and used £ = 10 um correlation length in the

model.
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FIG. 3: Two-dimensional off-specular Synchrotron Maossbauer reflectometry map of
[57Fe (2.6nm) /Cr (1.3 nm)]QO /MgO antiferromagnetic multilayer around the first AF-Bragg peak
measured in the ’ 260 — w scan’ geometry. The intensities are shown on the logarithmic color scale

and are normalized.
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FIG. 4 Symulated off-specular ~ Synchrotron  Mossbauer reflectometry map  of
[°"Fe (2.6 nm) /Cr (1.3nm)],, /MgO antiferromagnetic multilayer around the first AF-Bragg
peak using the 20 — w scan’ geometry. £ = 4.6 pm correlation length was used in the model. The

intensities are shown on the logarithmic color scale and are normalized.
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