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Employing soft x-ray resonant magnetic scattering to study domain sizes and anisotropy
in Co/Pd multilayers
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Itis demonstrated that the magnetic diffraction pattern of the isotropic disordered maze pattern is well described
utilizing a gamma distribution of domain sizes in a one-dimensional model. From the analysis, the mean domain
size and the shape parameter of the distribution are obtained. The model reveals an average domain size that is
significantly different from the value that is determined from the peak position of the structure factor in reciprocal
space. As a proof of principle, a wedge-shaped (Co,; /Pd, 4 )s multilayer film, that covers the thickness range of
the spin-reorientation transition, has been used. By means of soft x-ray resonant magnetic scattering (XRMS)
and imaging techniques the thickness-driven evolution of the magnetic properties of the cobalt layers is explored.
It is shown that minute changes of the domain pattern concerning domain size and geometry can be investigated
and analyzed due to the high sensitivity and lateral resolution of the XRMS technique. The latter allows for the
determination of the magnetic anisotropies of the cobalt layers within a thickness range of a few angstroms.
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I. INTRODUCTION

Challenges in modern research on magnetism are directly
related to the realization of ever smaller and faster magnetic
storage devices. Magnetization reversal processes at ultrafast
time and nanometer length scales pave the way to higher
storage densities and higher read/write speeds. Experimental
tools for investigating the magnetization with high spatial
resolution and element specificity are required to develop such
devices and their complex chemical composition. X-ray-based
techniques allow for studying magnetic domain structure by
employing the circular dichroism at the absorption edge of a se-
lected magnetic element. Real-space x-ray techniques are full-
field (MTXM) and scanning x-ray microscopy (STXM) [1-3],
while Fourier-space techniques are Fourier transform holog-
raphy (FTH) [4-6], x-ray holographic microscopy (XHM)
[7], x-ray ptychography [8,9] and x-ray resonant magnetic
scattering (XRMS) [10-15]. XRMS is commonly used to
obtain ensemble-averaged information from the multidomain
state that naturally occurs in systems with out-of-plane easy
axis of magnetization. Characteristic average properties, such
as average domain size and lateral correlation length, can be
extracted. Ultrafast dynamic processes in magnetic materials
are often studied utilizing XRMS in pump-probe experiments
because of the high photon efficiency combined with the
high photon flux available at free-electron laser sources
allowing for single-shot measurements [16,17]. However, the
interpretation of the magnetic diffraction patterns and their
correlation to the real-space domain structure is a big issue
[18]. Magnetic models are required for the meaningful analysis
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of diffraction patterns from diverse domain structures. Models
exist describing the diffraction pattern of well-aligned stripe
domain patterns based on a one-dimensional periodic lattice
[19]. Hellwig et al. [20] have presented an extended ansatz
to analyze scattering patterns of moderately disordered stripe
domain structures by implementing Gaussian fluctuations in
the domain size. The interpretation of diffraction patterns from
highly disordered two-dimensional maze domain patterns,
where the domain walls are mostly curved and almost no
straight sections occur, is still under debate. The scattering
pattern of such a two-dimensional simulated domain structure
has been analyzed in [18], where a peak shift towards smaller
momentum transfer Q has been found upon domain-wall
broadening.

In this paper, we report on XRMS experiments to investigate
highly disordered magnetic maze patterns utilizing a wedge-
shaped multilayer sample. As a model system a wedge-grown
Co/Pd multilayer film is used that shows a thickness-driven
spin-reorientation transition (SRT) from out-of-plane to in-
plane orientation of magnetization. In the thickness range
where the effective first-order anisotropy constant becomes
small the domain size decreases upon thickness increase and
eventually the magnetization starts canting into the film plane.
The investigation of the domain pattern in the latter thickness
range is a formidable task as the orientation of magnetization
is highly susceptible to magnetic fields [21,22]. Due to the
latter film property, techniques that come along with local
magnetic fields, such as scanning probe techniques [23,24],
cannot be used to study the magnetic domain size in the range
of zero crossing of the effective first-order anisotropy constant.
For the investigation of the latter magnetic system all optical
methods, e.g., small-angle scattering, are most advantageous
as magnetic fields are circumvented.

©2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.94.134413

KAI BAGSCHIK et al. PHYSICAL REVIEW B 94, 134413 (2016)
(a) (b)
Sample
Pd(35A)
\ / Pd (10 A)
"""""""""""""""""""""""""" Co(0-104) I 8fold
Pd (35 A)
Pt (40 A)
Si;N, (200 nm)
1% Pinhole (40 pm) 0
2" Pinhole I CCD Camera
(2 pm) Photodiode
- 55 cm T 19 cm g

FIG. 1. (a) Layout of the XRMS experiment at the PO4 beamline of Petra III. The beam coming from the left passes through a pinhole with
a diameter of 40 pm, and is scattered at the sample. The scattering pattern is recorded by a CCD camera. The direct beam is blocked by a beam
stop. Optionally a second pinhole and a photodiode can be placed before and behind the sample to record absorption. (b) Sketch of the Co/Pd

sample system.

Static structure factors are extracted as a function of cobalt
thickness. For the interpretation of the changing structure
factors we present a model describing the highly disordered
maze domain structure. The model is based on a one-
dimensional pattern with gamma-distributed domain sizes to
imply the significant domain size variations. It is described by
the mean domain size, the domain-wall width, and the shape
parameter of the distribution that is characteristic for a certain
pattern. A very good agreement of simulations and experiment
is obtained.

In the last chapter, a cross-check is performed to test the
model by means of extracting the magnetic properties from the
domain size. In a first step, the effective first-order magnetic
anisotropy constant is determined from the domain sizes,
which yields the thickness dependence of the anisotropy. The
result is an inverse-thickness dependence of the anisotropy
which is expected for a thickness-driven spin reorientation.
The results fit very well with data of previous investigations
[25-28]. It has to be emphasized that the resolution of
the small-angle scattering allows for the determination of
anisotropies within a thickness range of only a few angstroms
in the immediate vicinity of the SRT.

II. EXPERIMENT

The wedge-shaped multilayer film consists of an eightfold
Co/Pd bilayer (Co,z /Pd,3)s where the thickness of each Co

single layer is varied from fco single = 0 to 10 A, and the Pd
layer thickness is kept constant. The multilayer is fabricated
using dc magnetron sputtering at room temperature utilizing
the penumbra of a shadow mask. The film system is fabricated
on a 200-nm-thick SizN4 membrane of 1500 x 1500 pm?
size. First, seed layers of 4-nm Pt (plasma-based ion-beam
sputtering) and 3.5-nm Pd (dc magnetron sputtered) are grown.
On the seed layer, the Co/Pd multilayer stack is deposited
(dc magnetron sputtered) and capped by a 3.5-nm Pd layer
[29-31] [Fig. 1(b)]. In the following fco tota1 is the total Co
multilayer thickness, which is the sum of thicknesses of all

layers of the multilayer, and fco single is the Co single-layer
thickness.

Figure 1(a) displays a sketch of the XRMS setup. The beam
coming from the left first passes through a pinhole with a
diameter of 40 um which selects the coherent part of the
beam and defines the illuminated area on the sample. The
sample can be positioned in the plane perpendicular to the
beam with nanometer resolution utilizing a piezoelectrically
driven stage. The scattered x rays are detected by a Peltier-
cooled 16 Mpx charge-coupled device (CCD) camera with a
pixel size of 15 x 15 um?. The camera is protected from the
high-intensity zero-order beam by a central beam stop of 1 mm
diameter.

The measurements were performed at the PO4 beamline
of the storage ring PETRA III which is equipped with an
APPLE II undulator delivering circularly polarized x rays with
energies ranging from 250 to 3000 eV [32]. Focusing mirrors
provide 10 wm beam size in vertical and 100 um beam size
in horizontal directions at focal lengths of 2.5 and 16.9 m
(the latter well behind our setup), respectively. At the first
pinhole the beam is convergent in the vertical direction and
collimated in the horizontal direction. The sample is placed 18
cm behind the vertical focus. At the sample position, the beam
size is &~ 30 um x 45 um FWHM utilizing a 40-pum pinhole.
To measure the coherence of the beam we performed a Young's
double-pinhole experiment. Using the 40-um illumination
pinhole and a monochromator exit slit of 200 m, a transverse
coherence length of more than 15 pum in both horizontal and
vertical directions was obtained [33].

III. SAMPLE CHARACTERIZATION

The calibration of the total Co thickness is performed in
situ. The sample is scanned across the beam and the transmitted
intensities are measured using the photodiode. An additional
pinhole of 2 um diameter, placed directly in front of the
sample, defines the spatial resolution of this measurement.
Absorption profiles along and perpendicular to the wedge are
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FIG. 2. (a) The XMCD asymmetry along the wedge at the Co L3 edge (778 eV) calculated from the transmitted intensities with left- and
right- circular polarization. (b) Co thickness calculated from absorption profiles with opposite helicities at 778 eV (black lines) and calibrated

with an EDAX profile along the wedge (red line).

taken at hv = 778 eV (Co L3 edge) with left- and right-circular
polarization. Absorption profiles taken perpendicularly to the
wedge show constant intensity which means that the Co
thickness is constant. The Co thickness profile along the wedge
is determined from the average of the transmitted intensities
at hv =778eV for both helicities 1.y = (1" +177%)/2.
For comparison and calibration purposes, line profiles were
taken utilizing energy-dispersive x-ray spectroscopy (EDX) in
a scanning electron microscope [Fig. 2(b), red solid line]. The
EDX signal of Co depends linearly on Co thickness within the
studied thickness range, which was checked by Monte Carlo
simulations. Scaling with respect to the known thickness of
80 A at the top of the wedge, the EDX profile can be used to
calibrate the transmitted intensities. We obtain a penetration
length of 41 nm describing the transmitted intensity via the
Beer-Lambert law [Fig. 2(b), black solid line]. Due to the
limited size of the SizN4 membrane a total Co thickness from
ICo.total = 1 t0 76 A is accessible in the X-ray investigation.
Figure 2(a) shows the magnetic asymmetry
(/LZZS — /ﬂjg)/(,ufs + 1% (blue line), with 78

/‘L+/_ =
—1n(117/§

/10)(1/co.10ta1), caused by the different orientations
of magnetization. The asymmetry reveals changes in the
magnetization profile with a spatial resolution of about 1 um
(resulting from the convolution of a 2-pum circular aperture
with a step function). The maximum of the asymmetry is
0.62 at the onset of ferromagnetism and it decreases gradually
towards 0.50. The dichroic contrast vanishes above 51 A
total Co thickness, where the domains become too small to
be laterally resolved with the 2-um pinhole. The change of
the magnetic circular dichroism (XMCD) asymmetry with
decreasing Co thickness is presumably originating from an
enhanced orbital angular momentum mqy, which has been
found in Co/Pt multilayers below fcq single ~ 8 A [34].

IV. SOFT X-RAY RESONANT MAGNETIC SCATTERING

An overview of the magnetic domain pattern is obtained
by locally measuring the absorption at hv = 778 eV utilizing

the same experimental setup as above. The sample is scanned
across the fixed pinhole in two directions perpendicular to
the beam. The latter procedure is analogous to scanning
transmission x-ray microscopy (STXM). Figure 3(a) displays
the domain pattern as a function of the Co thickness. The
STXM image can be used to determine the average domain
sizes along the wedge. Using stereological methods [35,36],
domain sizes from ~4 um down to ~2.4 um are found in a
total Co thickness range of ¢ ora1 = 46 £ 0.4 At49+0.4A.
Smaller domains cannot be resolved due to the limited spatial
resolution (~1 wm). In the range of the smallest domain sizes,
aloss of contrast both in the STXM image [Fig. 3(a)] and in the
line scan of the magnetic asymmetry [Fig. 2(a)] can be seen.
In order to investigate domains with sizes in the nanometer
range, we performed XRMS at hv = 778eV. The spatial
resolution of XRMS is limited by the wavelength (1773 =
1.59 nm) and the detectable maximum momentum transfer Q.
In general, however, signal-to-noise limitations are relevant
due to the dynamic range of the detector and the photon
statistics as the intensity drops strongly towards higher Q. As
the perpendicularly magnetized multilayer displays a mazelike
domain configuration, the scattered x rays are expected to
show an isotropic donutlike diffraction pattern [Fig. 3(b)]
with a characteristic radius of maximum intensity Qmax
correlated to the domain size. The static structure factor
S(Q) x 1(Q) o | [, fue'2F|* as a function of momentum
transfer Q is extracted from the CCD images by radially
averaging the measured photon intensity along circles around
the center of the diffraction pattern [Fig. 3(c)]. The reso-

nant scattering amplitude f, ,fharge + £, contains
a charge contribution and a magnetic scattering contribution,
where the charge contribution corresponds to a nonresonant
(classical Thomson scattering) as well as a resonant charge

term. The charge contribution ff™® can be assumed to be
constant and can be neglected for the multilayer, as correlations
of charge inhomogeneities on the length scale of 100 nm do
not exist in the sample under investigation (grain sizes <10 nm

[37,38]). The magnetic term f,"**™" comprises the magnetic
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FIG. 3. (a) Scanning transmission x-ray microscopy (STXM) image at hv = 778 eV showing the domain size evolution with increasing
Co thickness. (b) X-ray scattering patterns of magnetic domains. The rectangular structure in the center is used to mask out the superimposed
projection image of the membrane window. Yellow dashed-line circles indicate the maximum of the structure factor for each Co thickness.
(c) Intensity profiles extracted from the diffraction pattern via radial integration (colored symbols). We observe a shift of the peak position
Qmax (black horizontal arrow), as well as a decrease of the scattering intensity and an increase of peak width. Above a total Co thickness of
teritical = 58.5 & 0.4 A the peak positions stay constant in Q while the intensity continues to drop (black vertical arrow). The solid lines are
simulated intensity profiles resulting from a FFT of a one-dimensional domain pattern with gamma-distributed domain sizes.

circular dichroism (XMCD) [13,39-41], which exhibits a
linear dependency on the normal component of the magnetic
moment m;.

A series of magnetic diffraction patterns were recorded at
different Co thicknesses [Fig. 3(b)] and used to extract the
corresponding structure factors S(Q) [Fig. 3(c)]. The intensity
profiles reveal a shift of the peak positions Qp.x towards
larger Q values for increasing Co thickness within a total
Co thickness range of fco o = 50.3 & 0.4 A t0 58.5 £ 0.4 A
[Fig. 3(c)]. Additionally, a variation of the intensity profiles in
width and amplitude with increasing Qnax can be recognized.
Above a total thickness of fcyiticar = 58.5 £ 0.4 A the peak
positions remain at the same @, while the intensity continues
to drop.

To understand the evolution of the intensity profiles on
Omax> a model is required that comprises the spatially
disordered mazelike domain pattern. For a well-aligned stripe
pattern a model has already been published [20] in which
spatial disorder is included by implementing additional cumu-
lative Gaussian fluctuations of the domain size to explain the
finite peak width of the structure factor. The maze pattern
exhibits only a short-range correlation which is a striking
difference to the long-range correlations of stripe domains
[19,20]. Here, large variations of domain sizes have to be
considered as indicated by a broad peak of the structure factor.

V. SCATTERING MODEL FOR THE MAZE PATTERN

The model describing the magnetic domains in maze
patterns can be realized by micromagnetic simulation of a
sufficiently large area which is needed to attain reasonable
statistics after the Fourier transform. The simulation of large
samples with high spatial resolution is not practical, due to
limits of computing time. A second problem of the micromag-
netic simulation is that special procedures are needed to extract
the geometric parameters from the simulated two-dimensional
domain pattern.

However, the donutlike diffraction pattern implies that on
the average, the domain size and the width distribution are
isotropic. The isotropy allows a one-dimensional description
as it keeps all information contained in the scattering profile.
From the mathematical point of view a two-dimensional
domain pattern can be decomposed into a sum of stripe
patterns with varying domain width and orientation [42].
Each stripe pattern corresponds in Fourier space to a fixed
spatial frequency and its complex conjugate partner. Radial
averaging in Fourier space projects all orientations onto one
direction which leads to an averaged one-dimensional pattern
representing all information of the domain widths of the two-
dimensional domain pattern. Thus, to a good approximation
a one-dimensional domain pattern can be used to describe
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FIG. 4. Comparison of the domain size distribution of a maze
pattern from a Nd-Fe-B sample extracted from line profiles (black
circles) with the probability density function of a gamma distribution
(blue circles) fitted to the data. The inset shows a part of a Kerr
image from this sample. The domain size distribution and the Kerr
image have been taken from Fig. 2 in Ref. [43] (Courtesy of Dr.
Juliane Thielsch and Dr. Thomas G. Woodcock). A good agreement
of both curves is apparent. The increasing frequencies at very small
domain sizes occur from wavy domain walls specific to the system
(see Ref. [43]). Only in the range between 2 and 3 times the mean
domain size deviations are present.

a two-dimensional domain system when an isotropic two-
dimensional diffraction pattern is obtained in the experiment.

Here, we propose as a refined model a one-dimensional
domain pattern with gamma-distributed domain sizes to fit the
experimentally observed structure factors. To justify such a
model, we have compared a published domain size distribution
of a maze pattern with a gamma distribution. Thielsch et al.
[43] have analyzed a Kerr microscopy image of a Nd-Fe-B
sample by taking line profiles along different directions and
measuring the distances between domain walls. This analysis
(reproduced in Fig. 4 from Fig. 2(b) in Ref. [43]) yields
a strongly asymmetric distribution of domain sizes which
is at variance with a symmetric Gaussian peak shape. The
distribution falls off faster towards small domain sizes and
extends wider towards large domains. Using the extracted
domain size distribution and fitting with the probability density
function of the gamma distribution, a good agreement of both
curves is obtained. A mean domain size of 1.25 um and a shape
parameter of k = 3.8 result from the fit. One systematic devi-
ation of the model is a small underestimation of the frequency
for domain sizes in the range of 2 to 3 times the mean value. The
total weight of this deviation is about 7%. A second difference
is the increase of frequency at very small domain sizes. This
is discussed in [43] as a consequence of wavy domain walls
specific to this system, a feature we do not observe in our
Co/Pd films. For this example it is clear that the domain size
distribution of the two-dimensional maze pattern is fairly well
described by a one-dimensional gamma distribution. A more
complicated empirical distribution function might give a more
exact agreement, but this requires an increased number of fit
parameters and might thus be less meaningful.

PHYSICAL REVIEW B 94, 134413 (2016)

The number of parameters to describe this distribution is
two, just as for the case of a Gaussian description, so the
complexity of the model is not increased. Hence a gamma-
distributed domain size appears to be reasonable for modeling
a more realistic domain pattern in the range of the spin
reorientation.

A one-dimensional array of domains is created, with values
+1 (-1), for up (down) magnetized domains. The size of
the domains is generated numerically by gamma-distributed
random numbers. The total length of the array is several
millimeters with an element size of 0.1 nm. A subsequent
fast Fourier transform (FFT) gives the structure factor S(Q)
as a function of momentum transfer Q for the given magnetic
domain pattern. The probability density function of the gamma
distribution is parametrized with a scale parameter ¢ > 0 and
a shape parameter k > 0 and is given by [44]

x*lexp (— %)

glx) = ST

, x > 0, (1)

where I'(k) is the gamma function. The parameter k influences
the shape of the distribution function and thus affects its
symmetry and width. For a large shape parameter (k > 12) the
gamma distribution resembles a Gaussian with narrow peak
width. With decreasing k, the peak shape becomes increas-
ingly asymmetric and broad. 3 determines the dispersion of
the distribution function, while the mean value is u = k1.
The latter corresponds to the average domain size of our
one-dimensional maze pattern. As a further refinement, we
implement a hyperbolic-tangent domain-wall profile with a
Bloch wall width according to the definition of Lilley [45,46]
by convolving the +1 (1) stepwise transitions with the
corresponding kernel prior to performing the FFT [18]. We
assume a domain-wall width of 40 nm, which is the average
value calculated from the span of K; and K, determined
from the structure factors (see below). The domain-wall width
changes only slightly within the studied thickness range. The
influence on the average domain sizes and the intensity profiles
is in first approximation negligible. We took the average value
of the domain-wall width for the sake of simplicity.

As an example, Fig. 5(b) gives the comparison of the
intensity profile measured at fco tora = 54.6 0.4A (black
circles) and the simulated intensity profile (blue solid line)
using a scale parameter ¢ = 18.3 and a shape parameter k = 4.
The simulated profiles are scaled in intensity to match the
experimental profiles. The very same procedure brings the
simulated and experimental profiles to a very good agreement
up to fcyiical- From Fig. 5(b), an average one-dimensional
domain size of Dgymma = k¥ = 73 nm is obtained, whereas
the domain size taken from the peak maximum gives Dy, =
7/ Qmax = 83.5nm. The deviation of the two values amounts
to 12.6%. Assuming a Gaussian size distribution, the peak
position of the structure factor Q. is commonly used to
determine the average domain size Dy, = 7/ Qmax-

Hence our analysis points to a discrepancy between Dgamma
and Do . The generally used method apparently overes-
timates the average domain size of the real-space domain
pattern in the case of the labyrinthlike domain pattern. In
Fig. 5(a) Dy, is plotted versus Dgymma for the different Co
thicknesses along the wedge. The plot reveals a linear relation
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FIG. 5. (a) Relation between the domain size Dgymma = 'k versus Dy . = 7/QOmn.x. Values from the intensity profiles fitted to the
experimental data are given by blue circles. The orange and green dashed lines show the dependences for two different k& values and the
black solid line illustrates the Gaussian distribution. (b) Intensity profile extracted from the diffraction pattern at fco o = 54.6 £ 0.4 A (open
symbols) and the corresponding simulated intensity profile (blue solid line) obtained by a FFT of a one-dimensional domain pattern of
gamma-distributed domain sizes. A histogram of this distribution is shown in the inset. A shape parameter of k = 4 and an average domain

size of Dg;mma = 73 nm are used as input parameters.

between the two values. The black solid line corresponds to
Dgamma = Dg,,, taking a shape parameter k > 12. The blue
symbols and line represent the experimental findings and best
fit results for all structure factors below #crigica1- The orange and
green dashed lines show the relation for k = 3 and k = 5.

A similar observation, i.e., a shift of the first-order peak
position to lower Qp.x, has been found by Hellwig et al. [20]
in the transition from spatially aligned to slightly disordered
stripe domains. Miguel et al. [19] concluded that this implies
that Qnax tends to overestimate the real average domain size
in the disordered case. The authors suppose that the latter
overestimation is the reason for the deviations in average
domain size derived from magnetic force microscopy (MFM)
and XRMS measurements.

With the model presented here, a perfect match of the mea-
sured and simulated intensity profiles [Fig. 3(c)] is obtained.
Domain sizes of Dgymma ranging from 115 to 61 nm are found
in the total Co thickness range of fco tota = 50.3 + 0.4A to
58.5 4 0.4 A. Furthermore, the model demonstrates that the
variation of peak widths [Fig. 3(c)] results solely from the
change of ¥ at constant k and thus from a change in average
domain size Dgamma- This implies that the maze pattern is
scale invariant in the above-mentioned thickness range. The
latter is evident from the measurements when normalizing the
intensity profiles to the individual peak maxima and position
(Omax)- With the normalization all profiles fall on a universal
curve [Fig. 6, inset].

We note that one striking observation shown in Fig. 3(c)
has not been addressed so far. Beyond a total Co thickness
of tcritical = 58.5 £ 0.4 A the structure factor remains constant
in Q [Fig. 3(c)] which means, according to the model, that
the domain size does not change anymore. The intensity,
however, continues to drop for the remaining three structure
factors (fco o = 59.5 £ 0.4 A to 61 £ 0.4 A), which means

that the intensity drop apparently has a different origin. One
possible explanation is that the out-of-plane component of
the magnetization is reduced. Such behavior can be expected
within the spin-reorientation transition when magnetization
canting is effective [21,30,31,47—49]. In addition, the fit via
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FIG. 6. Intensity profile at fco ol = 54.6 A normalized to the
peak maximum and position Q. (blue open symbols). For com-
parison a normalized intensity profile at tco o = 59.5 Ais plotted
(red open symbols). The widths of both structure factors are different,
indicating structural changes of the domain pattern at 7cc. The
simulated data indicate a change of the shape parameter of the gamma
distribution from k = 4 to 3.3 (red and blue lines). The inset shows the
normalized intensity profiles in the thickness range of ¢ tora1 = 50.3
to 57.7 A. Every second profile is plotted for the sake of better
representation. The black curve displays the normalized simulated
intensity profile with a shape parameter k = 4 which is denoted as a
universal curve for all profiles.
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the model reveals that the shape parameter has to be changed
from k =4 to 3.3 [Fig. 6] which means that the domain
size distribution is varied above fcritical. The profiles above
fcritical, hOWeVer, are again best described by an identical shape
parameter kK = 3.3. Hence we have to assume that not only
the magnetization canting sets in but the domain pattern also
changes its characteristics.

VI. EXTRACTING THE MAGNETIC ANISOTROPY
CONSTANTS

The directional free energy density of a magnetic thin film
in second-order approximation F is given by [50,51]

F = K osin’0 + K»sin*6, )
2K Mo

Kieit = Kiv + - M2, 3)
tCo,single 2

where 6 is the angle between the surface normal and the
magnetization, K g is the effective first-order anisotropy
constant, K, the second-order anisotropy constant, Ky the
volume anisotropy, K the surface and interface contribution
of the anisotropy, fcosingle the Co single-layer thickness.
The last term in Eq. (3) represents the shape anisotropy
with the saturation magnetization M. The increasing Co
thickness causes the magnetostatic self-energy to increase,
which prefers the in-plane orientation of magnetization. The
thickness increase causes a decrease of K ¢ and eventually
a sign change in systems with strong perpendicular surface
anisotropy. The magnetic film can reduce the magnetostatic
self-energy when domains are created. The gain in dipolar
energy is counterbalanced by excess of domain-wall energy.
Due to the reduction of K ¢, the domain-wall energy becomes
smaller on thickness increase which allows for a more efficient
reduction of dipolar energy via shrinking of the domains. As a
proof of principle for the proposed structure-factor modulation
we use the evolution of the domain sizes to determine the
magnetic anisotropy of the Co/Pd multilayers.

In the second-order anisotropy approximation a phase dia-
gram [48-50,52] (in the K ¢/ K> plane) is put forward. In the
range —2K, < K o < 0 magnetization canting takes place,
separating the out-of-plane orientation for K. > 0 and
the in-plane orientation for K ot < —2K5. At K efr = 0, the
second-order anisotropy constant K, can be calculated from
the equilibrium domain size utilizing the analytical expression
given in Ref. [25]. If we assume that the system enters the
canted phase at the thickness where the Q vector remains
constant, i.€., Dgamma = 61 nm and #crijjca = 58.5 0.4 A, the
second-order anisotropy becomes K, = 114.3 4 23.8kJ/m".

For Kt > 0, the domain-wall energy is a function of
K and K, [26]. The balance between overall cost of
total domain-wall energy and reduction of stray-field energy
determines the equilibrium domain size [53,54]. The latter
theory is used to calculate K e, assuming a constant K, =
114.3 £ 23.8kJ/m? in the small range of Co thicknesses. The
first-order anisotropy constant varies from K (s = 70.8 &+
26.2kJ/m> to 2.8 £ 14.6kJ/m> over a total Co thickness
range from fco otal = 50.3 = 0.4A to 57.7+0.4A. Above
fCritical, W€ have assumed in first approximation that the
decrease of the magnetic scattering amplitudes results from

PHYSICAL REVIEW B 94, 134413 (2016)
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FIG. 7. K| cfitco single Versus Co thickness of the Co/Pd multilayer.
The values for K efco single > 0 (blue dots) are calculated using the
analytical expression in Ref. [25] (see text), and a linear fit is shown.
The values for K| cifco single < O are calculated using the integrated
scattering intensities and the expression for the canting angle [Eq. (4)].

the reduction of the out-of-plane component of magnetization
due to canting (K < 0). The signal is proportional to
the square of the cosine of the canting angle 6., while the
starting point of the canting (normal component of M = M)
is set at fcpeal. Utilizing the integrated intensities for the
determination of the canting angle and using Eq. (4) [25]
and K, = 114.3 4+ 36.3kJ/m? the first-order anisotropy can
be calculated.

K o = —2K,sin’6,. 4)

The results of the analysis for K . are plotted in Fig. 7. The
dependence of K eff Ico, single ON thickness #c single should give
a straight line if the driving parameter is the thickness [Eq. (3)].
Obviously, the data below fcrigicar fit a line quite well while
the K ¢ values in the canting regime deviate considerably
from the former line. As the range of thicknesses investigated
here is extremely small one can rule out substantial changes
of the structure and a linear dependence is well suited. In the
thickness range below #cyisical the slope of the plot is equal to the
bulk anisotropy Ky = 0.93 4 0.04 MJ /m? while the intercept
gives twice the interface anisotropy K = 0.14 £ 0.02 mJ/m?.
The values are in good agreement with measurements of single
and multilayer films [37,55,56]. Hence it must be concluded
thatfor ¢ < fcyiticas OUr model gives a very good agreement with
what can be expected for the multilayers while for # > fcyigical
the assumption for deducing the anisotropy has to be put into
question.

In the preceding section it was mentioned that the structure
factor changes at fcyjiica;, Which has been assumed to be due to
alterations of characteristics of the domain pattern. So far, it
is not clear which property of the domain structure causes the
change of the structure factor, e.g., change of microstructure
and/or domain walls. It is, however, obvious that the scaling
of the scattering intensity in the high-thickness range on the
intensity at fcritical 1S NOt correct.
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VII. CONCLUSIONS

We performed x-ray resonant magnetic scattering experi-
ments on a wedge-shaped Co/Pd multilayer sample to study
a locally varying disordered magnetic maze domain structure.
X-ray scattering intensity profiles extracted from magnetic
diffraction patterns reveal variations of the peak position,
width, and intensity. We propose a simple one-dimensional
model to describe the observed radial distribution of the
Xx-ray scattering intensity. A one-dimensional model using
gamma-distributed domain sizes gives very good agreement
with the experimental findings. In the range of perpendicular
magnetization the structure factor of the maze pattern is best
reproduced by a fixed shape parameter k = 4 which implies
a scale invariance of the maze domain pattern in this range
and hence an intrinsic symmetry, independent of the thickness
or domain size variation. By introducing the additional shape
parameter in our model, we are able to predict and compare
intrinsic symmetry properties of magnetic domain patterns.
Slight changes of symmetry, e.g., originating from external
excitations, can be mapped out with our model.

Additionally we found a discrepancy of 12.6% comparing
the average domain size calculated from the peak value of
the structure factor and from fitting our model. Therefore, the
commonly used method apparently overestimates the average
domain size of the real-space domain pattern for the case of
the disordered maze domain pattern.

For larger thicknesses > fcritical (SUpposed to be the transi-
tion to the canted phase) the shape parameter has to be changed
from k = 4 to 3.3 to describe the scattering reasonably well.
The different asymmetry parameter hints to modifications

PHYSICAL REVIEW B 94, 134413 (2016)

of magnetic microstructure. As a proof of principle we use
the obtained information from the scattering experiment to
determine thickness-dependent magnetic anisotropies of the
Co/Pd multilayer wedge. The magnetic analysis proves the
model to be correct in the range of perpendicular orientation
of magnetization. The magnetic properties that come out of
the analysis are in good agreement with published results.

Due to the high sensitivity and lateral resolution of the
XRMS technique small variations of domain size can be
resolved. Thus our model allows for the determination of
magnetic anisotropies in a thickness range of only a few
angstroms.
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