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Disentangling magnetic order on nanostructured surfaces
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We present a synchrotron-based x-ray scattering technique which allows disentangling magnetic properties
of heterogeneous systems with nanopatterned surfaces. This technique combines the nanometer-range spatial
resolution of surface morphology features provided by grazing incidence small angle x-ray scattering and the
high sensitivity of nuclear resonant scattering to magnetic order. A single experiment thus allows attributing
magnetic properties to structural features of the sample; chemical and structural properties may be correlated
analogously. We demonstrate how this technique shows the correlation between structural growth and evolution
of magnetic properties for the case of a remarkable magnetization reversal in a structurally and magnetically

nanopatterned sample system.
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Knowledge of the relations between morphology and
physical properties of nanometer-scaled objects is key to
engineer the functionalities of devices in nanotechnology.
Prominent examples are the size- and shape-dependent mag-
netic properties of nanoparticles [1,2], which are highly rel-
evant for medical diagnostics and therapy, and ferromagnetic
components in magnonic devices [3] and magnetoplasmonic
systems [4], or the size- and composition-dependent reactivity
and morphological changes of catalytically active nanoparti-
cles during chemical reaction [5,6]. Thus methods yielding
the nanostructure morphology with high spatial resolution
and enabling comprehensive chemical characterization or
delivering precise information on magnetic properties are
indispensable tools in nanoscience: Physicochemical char-
acterization is routinely accomplished by methods such as
high-resolution transmission electron microscopy [7], graz-
ing incidence small angle x-ray scattering [8], mass spec-
troscopy [9], dynamic light scattering [10], surface plasmon
resonance [11], or spectroscopic methods using radiation
from infrared to x-ray wavelengths [7-14]. For magnetic
nanostructure characterization, a variety of techniques has
been established, all with unique assets but also with certain
drawbacks. Scanning probe techniques provide very high
spatial resolution [15], but are insensitive to magnetization
dynamics. Kerr and Faraday microscopy offer picosecond
time resolution, but their spatial resolution is merely in the
submicrometer range [16]. Scanning electron microscopy
with polarization analysis measures the magnetization vector
orientation directly via the spin polarization of secondary
electrons [17] and x-ray photoemission electron microscopy
combines good spatial and temporal resolution with element
specificity [18]. Being based on the detection of secondary
electrons, however, both require ultrahigh vacuum conditions
and only allow for applying very weak or localized magnetic
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fields to the sample. Diffraction magneto-optical Kerr effect
measurements are simple to realize and can accommodate
various sample environments [19], but the wavelength of the
employed light makes nanostructure characterization unfeasi-
ble. Neutron scattering techniques can provide both structural
and magnetic information [20], but suffer from the low neutron
fluxes, which limits the possibilities for in situ measurements,
e.g., during nanostructure growth. Methods based on x-ray
transmission or scattering in transmission geometry (scanning
transmission X-ray microscopy, transmission imaging Xx-ray
microscopy, or x-ray holography) offer element-specificity
and high spatial resolution, but pose constraints on sample
environment volumes, require a transmissive substrate, or
demand the sample to be processed by microfabrication
techniques [21,22].

We propose a method for investigating nanometer-scaled
objects, which can simultaneously deliver morphological
parameters with subnanometer lateral precision and the static
and dynamic magnetic characteristics of these structures under
in situ conditions of growth, high temperatures, reactive
environments, or strong magnetic fields. To achieve this, we
combine two x-ray scattering techniques into a single exper-
iment, namely grazing incidence small-angle x-ray scattering
(GISAXS) and nuclear resonant scattering (NRS). GISAXS
provides morphological characterization of nanometer-sized
surface features, based on the angular distribution of scattered
photons depending on the sample structure. Thus three-
dimensional shapes and lateral arrangements of nanostructures
supported on surfaces or buried in thin films are obtained with
nanometer resolution [23]. NRS yields information on mag-
netic ordering, enables precise determination of in-plane and
out-of-plane magnetic moment orientation and allows for sen-
sitive detection of magnetization dynamics with an accuracy of
a few degrees and submicrosecond time resolution [24-27] by
probing the coherent elastic resonant scattering of photons
from Mossbauer-active nuclei [28]. Intensity maxima in a
GISAXS pattern originate from photons, which are scattered
off different periodically repeated structural components of the
sample. Photons, which have been resonantly scattered from
nuclei, are identified by their time delay with respect to the
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photons, which have been nonresonantly scattered from
electrons. The coherent elastic nuclear resonant scattering of
photons results in a characteristic time spectrum of the detected
intensity. At the specular intensity maximum, this time spec-
trum reflects the integrated magnetic properties of the entire
sample [29,30]. By placing the detector at selected off-specular
intensity maxima within the pattern, however, one obtains in-
formation on the magnetic properties of the specific structural
component of the sample, which the selected intensity maxi-
mum is related to. Thus both structural information and site-
specific magnetic characteristics are gathered simultaneously,
directly revealing the correlations between these properties.

From merging GISAXS and NRS into a single technique
referred to as GINSAXS, comprehensive structural and mag-
netic information on heterogeneous systems with periodic
nanoscopic surface morphology can be obtained. In this
paper, we provide an experimental proof of principle for the
aforementioned concept under two different in situ conditions.
While we apply GINSAXS to disentangle heterogeneous mag-
netic properties, the method could also be employed to eluci-
date heterogeneous chemical composition or crystal structure:
the hyperfine interactions probed by NRS also characterize
local chemical environments and local lattice structures of
resonant nuclei [31-33]. Generally, a combination of GISAXS
with NRS is applicable to samples with nonplanar surface or
interface morphologies, such as periodic arrangements of uni-
form nanostructures with tilted or curved surfaces. Such a tech-
nique could be highly beneficial for studying facet-selective
adsorption [34,35], overgrowth [36-38], or reactivity [39,40].
It could also help to clarify the development of magnetic order
and the magnetization reversal in faceted nanoparticles with
magnetic shells [41], or serve to study the magnetic properties
of nanoparticle-based mesocrystals [42—44].

We demonstrate the capability of GINSAXS by investigat-
ing a nanostructured sample system with periodically varying
morphological and magnetic properties under in sifu condi-
tions requiring ultrahigh vacuum and external magnetic fields,
respectively. The sample consists of an «-Al, O3 substrate with
parallel nanometer-scale facets (see Refs. [45,46]), supporting
a thin continuous Fe film. The substrate has an average facet
height of 2 = 15 nm and period of L = 80 nm, the average
facet tiltangles are Bg = 30° and Bg = 17°. From these values,
average facet widths of wyz ~ 32 nm and wg &~ 55 nm are
calculated. The Fe film is grown by room-temperature sputter
deposition from a polar angle of 45° and an azimuthal angle
of 90° with respect to the facet edges. Here, the R-plane facets
are facing the sputtering source, so that the deposition rate is
higher on these facets than on the S-plane facet, which are avert
from the source. Consequently, the Fe film consists of thicker
regions (18 nm) on the narrower R-plane facets and thinner
regions (13 nm) on the wider S-plane facets [see Fig. 1(a)]. As
determined from a GISAXS pattern recorded with the facet
edges aligned perpendicular to the incident x-ray beam, the Fe
film is polycrystalline with a crystallite size of approximately
5 nm (see Ref. [45]). To prevent oxidation of the Fe film, the
sample was capped with a Cr layer. The corrugated shape of the
Fe film induces a uniaxial magnetic anisotropy with the easy
axis of magnetization parallel to the substrate facet edges [47].

As summarized in Fig. 1, GINSAXS is conducted in the
following sequence. First, a conventional 2D GISAXS pattern
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FIG. 1. Ilustration of the GINSAXS principle by means of a
sample with faceted surface: (a) A heterogeneous Fe film is grown
on a nanofaceted substrate by sputter deposition under non-normal
incidence. (b) The 2D scattering pattern is the same for both
nonresonantly and resonantly scattered photons; photons detected
in the left (right) crystal truncation rod (CTR) carry information
on the Fe film regions on the R-plane (S-plane) facets. (c) Using
a time-resolving detector to record only resonant photons, nuclear
resonant time spectra are taken at the left and right CTR, evidencing
the different magnetic properties of the Fe film on the R-plane and
S-plane facets, respectively.

is recorded at a suitable angle of incidence using an area
detector. With the facet edges aligned parallel to the incident
x-ray beam, the GISAXS pattern is characterized by two
crystal truncation rods (CTRs) originating from the R-plane
and S-plane facets, respectively [8]. Second, the positions of
intensity maxima, which are specific for certain structural units
of the sample are selected from the GISAXS pattern. Here,
these are the positions of highest intensity along the two CTRs.
The angle of incidence is adjusted to maximize the resonantly
scattered intensity. Third, using a time-resolving point detector
(avalanche photo diode, APD) nuclear resonant time spectra
are recorded at the selected positions. The angular distribution
of scattered intensity measured in the GISAXS pattern is a
signature of the nanometer-scale surface morphology of the
sample: the two tilted scattering rods correspond to the Fe film
regions supported by the substrate facets with R-plane and
S-plane orientation, respectively. Intensity modulations along
the CTRs are related to the Fe film thicknesses on the respective
facet surfaces (similar to Kiessig fringes). The film thicknesses
and geometrical parameters describing the sample morphology
are obtained by simulating the GISAXS patterns using the
program FitGISAXS [48]. The nuclear resonant time spectra
serve as fingerprints of the magnetic characteristics of the
different repeat units of the sample, conveying information on
the degree of magnetic order and the magnetization orientation.
The shape of a time spectrum correlates with these properties
via strength and orientation, respectively, of the magnetic
hyperfine field By at the Fe nuclei. Time spectra were
fitted using the program CONUSS [49] (see Supplemental
Material [45]).
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FIG. 2. (a) Exemplary NRS time spectra and corresponding fits
(red) for the Fe film regions on R- and S-plane facets, respectively,
in an applied magnetic field of Bey =200 mT. The differences
in the beat patterns evidence unequal magnetization orientations.
(b) Azimuthal (in-plane) and polar (out-of-plane) magnetization
orientation in R-plane and S-plane film regions as extracted from
fits of the NRS time spectra. Solid lines are guides to the eye. (c) A
cross-sectional transmission electron micrograph (left) and a top-view
sketch (right) of the sample, with arrows indicating the out-of-plane
and in-plane components of the magnetization vectors relative to
external magnetic field.

Following the procedure described above, GINSAXS was
performed at an x-ray energy of 14.4 keV, i.e., the resonance
energy of >’Fe, at the high resolution dynamics beamline
PO1 at PETRA III and the nuclear resonance beamline ID18
at ESRF (see Ref. [45]). We performed two independent
in situ GINSAXS experiments on a sample system which is
structurally and magnetically heterogeneous on the nanoscale.
The experiments provide spatially resolved information on the
magnetization reversal and allow correlating film growth and
development of ferromagnetic ordering.

In the first experiment, we resolve the heterogeneous
magnetization reversal in the nanostructured Fe film upon
applying an external magnetic field. The polar and azimuthal
angles g s and ¢p g of the magnetization as extracted from
fitting the NRS time spectra for both R-plane and S-plane film
regions are plotted as functions of the external magnetic field in
Fig. 2(b). The angles are defined independently for R-plane and
S-plane film regions, such that the magnetization is in the plane
of the respective film region for a polar angle of 6z ¢ = 90° and
parallel to the facet edges for an azimuthal angle of ¢ s = 0°.
The hysteretic behavior of the azimuthal magnetization
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orientation is similar for the R-plane and S-plane regions of
the Fe film: the magnetization is displaced from the easy axis
parallel to the facet edges to similar extents but does not align
fully with the orientation of the external magnetic field. This
can be accounted for by the pronounced uniaxial in-plane
magnetic anisotropy of the uniaxially corrugated film. The
R-plane and S-plane regions of the Fe film differ markedly,
however, in the polar magnetization orientation [47]; in the
S-plane Fe film regions the polar magnetization orientation
remains almost constant at 8y = 90°, i.e., it remains parallel to
the film plane of these regions even at highest field strength. In
contrast, the magnetization in the R-plane regions is deflected
to an orientation in between the direction of the external
magnetic field at 8 = 60° and 120°, respectively, and the
magnetization in the S-plane film regions at & = 43° and 137°,
respectively. The film regions on the S-plane facets are both
thinner and wider than those on the R-plane facets. Thus the
shape anisotropy is more pronounced and in-plane orientation
of the magnetization is preferred in the S-plane film regions.
Furthermore, the external magnetic field is applied parallel
to the average sample surface and does not enclose the same
angle with the R-plane and S-plane facets. Consequently, the
magnitude of the external magnetic field component normal
to the film plane is by approximately 70% larger for the
R-plane film regions on the R-plane facets. Interface coupling
between the Fe film and the antiferromagnetic Cr capping
layer with high magnetic anisotropy may be a cause for the
inertness observed in the magnetization returning to its easy
axis orientation at remanence. The influence of this effect on
the measurement is strong due to the surface sensitivity of
NRS at o; = 0.16°. NRS spectra taken at higher incidence
angles indicate a spring-like magnetization structure of the Fe
film, where the top layers of the Fe film are coupled to the Cr
capping layer, while the bottom layers are free to relax toward
the easy axis orientation when no external field is applied (see
Ref. [45]).

Furthermore, we observed the correlation of growth and
magnetic stabilization in the stripelike regions of the Fe film
in an in situ experiment during Fe deposition. Exemplary
GISAXS patterns taken during growth of the Fe film are
compared to the corresponding simulations in Fig. 3 (see
Ref. [45]). The periods of intensity modulation along the CTRs
decrease in correspondence to the increasing film thicknesses;
the unequal modulation periods for each deposition stage
evidence the different thicknesses of the Fe film on S-plane and
R-plane facets. Simultaneously to the film growth observed in
the GISAXS patterns, the evolution of magnetic properties
is evidenced by characteristic changes in the time spectra.
Figure 4 depicts sequences of time spectra for the film
regions on R-plane and S-plane facets recorded during growth
and sketches the corresponding strength and orientation of
magnetic moments. A nonmagnetic state is characterized by
the lack of a beat pattern on the time spectrum, while the time
spectrum of a ferromagnetic state exhibits a pronounced beat
pattern. The sequences show the successive evolution of beat
patterns in the time spectra for the different film regions, thus
evidencing a consecutive transition from a nonmagnetic to
a ferromagnetic state first in the R-plane film regions, then
in S-plane regions. Notably, a state is observed in which
the S-plane film regions are still nonmagnetic, while the
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FIG. 3. Exemplary nonresonant GISAXS patterns and corre-
sponding simulations for two stages of Fe deposition onto the faceted
substrate. The dashed lines indicate the specular scattering plane. The
GISAXS patterns are dominated by the tilted crystal truncation rods
(CTRs) originating from the surface facets. The different periods of
the intensity modulations along the CTRs result from the different
thicknesses of the Fe film on the R-plane and S-plane facets,
respectively. Labels state the nominally deposited Fe film thickness
dyom and the thicknesses of the film regions dg and dg as obtained
from simulations.

R-plane regions already exhibit a magnetization parallel to
the facet edges. Full ferromagnetic order is observed at a film
thickness of (2.8 £ 0.1) nm for the R-plane Fe film regions.
In the S-plane regions, ferromagnetic order is established at
a thickness of (2.3 +0.1) nm already, which may be due
to the direct contact with the fully ferromagnetic R-plane
film regions. In polycrystalline Fe thin films with uniaxially
corrugated shape, ferromagnetic ordering was observed at film
thicknesses 1 nm < d < 3 nm; the results of this experiment
thus agree well with former findings [50]. For thicknesses
larger than 2.8 nm and 2.3 nm, respectively, all film regions on
the R-plane facets have a magnetic hyperfine field magnitude
close to the a-Fe bulk value. Both the R-plane and S-plane
film regions now show time spectra with pronounced beat
patterns evidencing ferromagnetically ordered Fe with the
magnetization oriented exactly parallel to the direction of the
incoming beam, i.e., parallel to the facet edges. Cross-sectional
transmission electron microscopy [see Fig. 2(c)] confirms that
the free surface of the Fe film and its interface with the substrate
are parallel as indicated by the sharp intensity modulations in
the GISAXS patterns.

In conclusion, GINSAXS, a combination of GISAXS and
NRS, allows detecting the magnetic information from different
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FIG. 4. Sequences of NRS time spectra (top to bottom) with
corresponding fits (red) for film regions on R-plane and S-plane
facets at subsequent stages of Fe deposition. The development of the
characteristic beat pattern evidences the successive transition from
a nonmagnetic to a ferromagnetic state in the R-plane and S-plane
regions. Strength and orientation of magnetic moments in the film
regions on R-plane and S-plane facets are indicated by black and
white arrows, respectively.

structural units of a nanostructured sample separately. This
approach has a great potential for characterizing corrugated
magnetic materials, which are of interest for applications in
magnetic sensing due to their shape-induced uniaxial magnetic
anisotropy. Also standing spin waves in magnetic lattices may
be investigated. Furthermore, it is conceivable to employ it
for studying supported or buried nanoparticles with faceted
or curved surfaces or with core-shell morphologies. The
successful demonstration of GINSAXS may also encourage
testing the feasibility of combining x-ray absorption near edge
structure (XANES) and GISAXS in an analogous manner:
this would be a powerful tool for investigating nanostructures
with shape-dependent heterogeneous chemical properties, for
instance, for in situ studies of catalytic processes with facet-
selective reactivity.
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