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Composites of ultra-thin nanolayers of FeCo/TiN with individual layer thickness of a few unit cells offer stability
at elevated temperatures and exhibit defined magnetic properties which can be tuned by variying the layers
thickness making them interesting candiates as components for magnetoelectric (ME) sensors. Initial studies
describing the nanostructure of such thin films, however, left uncertainty about their exact crystal structure. With
aberration-corrected microscopes the characterization of the local structure down to the atomic scale is possible
to address the real structure with high precision. Here, by means of atomic resolution TEM imaging together with
X-ray diffraction analysis, we were able to describe the nanostructure to be composed of individual layers of FeCo
and TiN forming a superlattice with a defined cube-on-cube orientation relationship. The simulation of electron
diffraction pattern featuring superlattice reflections on basis of structural modeling together with geometric
phase analysis verified a defined orientation relationship resolving in the nanostabilization of a tetragonal dis-

torted FeCo unit cell with c/a < 1.

1. Introduction

Multilayer architectures of FeCo and TiN have been designed and
examined in the past by Klever et al. [1]. For the purpose of smart wear
protection coatings with self monitoring functions. The combination of
high hardness and temperature resistivity of TiN and the tunable mag-
netic characteristics of the ferromagnetic alloy FeCo suggests multi-
layers of FeCo/TiN for the magnetic phase in magnetoelectric (ME)
composite sensors, e.g., for biomagnetic imaging [2,3]. In this respect,
the magnetic properties of the composite can be effectively tuned by the
layer thickness of FeCo and TiN layers, demonstrating a low coercive
field of popH, 0.30 mT and a saturation magnetization of poHs 0.4 T
usingFeCo layers of about 1 nm in thickness [1]. In general, the reduc-
tion of the FeCo layer thickness down to the nanoscale is known to
gradually “soften” the magnetic characteristics yielding a low coercive
field at high saturation magnetization [4-6]. In ME composites, the
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available biomagnetic signal is in principal read out by a voltage change
which is induced via the transfer of magnetostrictive strain arising in a
soft magnetic material such as FeCoSiB onto a piezoelectric material
such as AIN [7-9]. In the ME magnetic field sensor these FeCoSiB/AIN
composites are deposited onto silicon substrates and shaped into canti-
lever geometry. One promising approach is to detect magnetic fields by
using the magnetoelastic properties of the magnetostrictive part via the
AE-effect, which is the effective softening of the Youngs modulus E of a
magnetostrictive material in the small strain regime [10,11]. Herein, the
easy measurable frequency shift of the resonance frequency upon
application of an alternating external magnetic bias field results in the
elastic softening of the magnetic phase and proved high sensitivity in the
order of 100 pT/Hz ! at the biomagnetic relevant low frequency regime
between 10 and 100 Hz [12]. The limit of detection of these sensors was
theoretically calculated and demonstrated to show improvement by an
increase in the quality factor Q, e.g. by device geometry or by operation
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in vacuum. The AE-based ME sensors benefit significantly more on an
improvement of Q than conventional ME sensors when magnetic noise
can be suppressed efficiently [13]. However, the MEMS process flow for
vacuum encapsulation includes elevated temperatures which exceed the
temperature stability of the magnetic properties of the amorphous
FeCoSiB [14]. In this respect, nanolayers of crystalline FeCo/TiN
potentially offer defined magnetic properties together with temperature
stability up to 600 °C.

The thin film architecture and the nanostructure of the individual
components are important parameters for the magnetostriction behavior
in those systems. Fukzawa et al. [15] demonstrated that the saturation
magnetostriction can be largely influenced by the interface quality and
resulting internal stress in FeCo. The structure analysis is therefore
decisive to control the micro- and nanostructure of the layered archi-
tecture with respect to deposition parameters to achieve a potentially
high quality magnetic phase with large magnetostriction as component
for ME sensors. Reports on the multilayer architecture including nano-
structure analysis have been initially published by Klever et al. [16]
using Auger electron spectroscopy, X-ray diffraction (XRD) and electron
diffraction (ED) techniques as well as high-resolution transmission
electron microscopy (HRTEM) imaging. The studied FeCo/TiN archi-
tectures demonstrated temperature stability up to 600 °C and a strongly
textured and columnar growth was observed. Refering to Klever et al.,
the nanostructural details were subject of two major hypothesis: (i) The
multilayer thin film architecture as well as the growth conditions result
in the incorporation of a high volume fraction of Fe and Co atoms into an
fce TiN lattice by sequential magnetron sputter deposition, (ii) a (Ti,Fe,
Co)N solid solution in a pseudo-fcc crystal structure is formed as a
consequence of collision induced atomic mixing and subsequent
nanostabilization.

For this work, we used atomic resolution microscopy and report
about nanostructure investigation and structural modeling on a similar
FeCo/TiN multilayer in order to address the hypothesis. The results
imply the formation of a textured superlattice composed of individual
layers of FeCo (CsCl-structure) and TiN (NaCl-structure) showing a
defined cube-on-cube orientation relation. As a result of the in-plane
lattice mismatch, tensile in-plane strain was observed for the FeCo
unit cell resulting in the nanostabilization of tetragonal distorted
variants.

2. Materials and methods

The investigated multilayer film of [FeCo(0.7 nm)/TiN(1.6 nm)];53
with a nominal thickness of 400 nm was deposited during former work
reported by Klever et al. [1] by non-reactive magnetron sputter depo-
sition on a modified Leybold Z550 sputter setup using targets of FeCo
and TiN with 99.9% chemical purity and 150 mm in diameter. For
sputtering of multilayers, SiO,/Si substrates were placed onto a rotat-
able substrate table at a distance of 50 mm to the target surfaces. The
target surfaces were sputter cleaned for 15 min. in a pure Ar atmosphere
(6.0 purity) at 0.5 Pa total pressure prior to deposition at a base pressure
of <1 x 107® mbar in the vacuum chamber. Preconditioning of the
substrate surfaces took place under the same conditions for 20 min at a
substrate bias voltage of 320 V sustained by an RF plasma. The Ar total
pressure during the film deposition process was 0.2 Pa in order to sustain
a DC plasma in front of the TiN target by supplying 700 W DC power
while maintaining a RF plasma (250 W power) in front of the FeCo
target. After determining the depositon rate, the multilayer was depos-
ited by rotating the substrate in between the center positions of both
targets.. An annealing step was performed after deposition for 60 min. in
vacuum (p < 1 x 10-8 mbar) at 600 °C in a static magnetic field of ypH

50 mT.

The structure analysis on one individual as-deposited multilayer and
one individual heated multilayer is performed using methods of trans-
mission electron microscopy (TEM) and X-ray diffraction (XRD). The
multilayers are deposited in the same process run, so it is assumed that

they were structurally similar in the as-deposited state. In this respect,
HRTEM enables the study of the atomic structure whereas the selected
area electron diffraction (SAED) and energy-dispersive X-ray spectros-
copy (EDS) in scanning mode give microstructural and spatially resolved
chemical information of the multilayers, respectively. Large scale
average information about the microstructure is obtained by Bragg X-
ray diffraction, providing details about the crystallinity and strain on a
macroscopic scale.

In addition, X-ray reflectivity (XRR) can assess the atomic and mo-
lecular scale interface structure even in the absence of a long-range
order by providing access to the electron density across the entire
multilayer. Thus we obtained average and localized data on the multi-
layer structure, the layer sequence and surface composition.

HRTEM and SAED data are collected on a Titan 80-300 microscope
with an image-side spherical aberration (Cg)-corrector and sub-
nanometer resolution. HRTEM micrographs are recorded under nega-
tive Cg imaging (NCSI) [17] conditions exploiting the benefits of having
a favorable contrast transfer function to allow for a direct interpretation
of the projected crystal structure without the need to correlate the
HRTEM micrographs with image simulations [18]. Such imaging con-
ditions reduce the delocalization of object information to below the
information limit of the microscope and generate an image displaying
atomic columns as bright dots on a dark background. Scanning (S)TEM
measurements including EDS are performed on a FEI Titan® G* 60-300
kV microscope operating at 300 keV. The TEM specimen preparation is
performed by a focused ion beam (FIB) routine on a FEI Helios 600 dual
beam FIB-SEM machine equipped with an Omniprobe micromanipulator
following a standard lift-out procedure and subsequent ion-beam milling
at 30 kV, 0.46 nA and 5 kV, 81 pA in the final stages to reduce possible
ion-beam damage to the sample surface. Kinematic simulation of elec-
tron diffraction patterns and high-resolution phase contrast images are
computed to verify the experimental data and NCSI imaging conditions
using the JEMS program [19]. Processing of HRTEM micrographs
included noise filtering [20] and is carried out via the Gatan Digital
Micrograph 2.3 software package (DM).

The XRD experiments are performed on a Rigaku Micromax rotating
anode radiating at the characteristic Cu-Ka energy with a wavelength of
1.54 A. The beam size was 1 x 1 mm? (horizontal and vertical) with a
resolution of 2 x 10~* A~!. The measurements are performed on a
standard four circle diffractometer setup using the SPEC diffractometer
software. Compution of experimental data sets is carried out using
MATLAB and xrayutilities (build 1.5) program packages.

Pole-figure measurements are performed on a Rigaku SmartLab 9 kW
XRD utilizing a rotation anode radiating at the characteristic Cu-Ka
energy with a wavelength of 1.54 A. The beam is scattered using a
parabolic mirror to create a parallel X-ray beam at a tube voltage of 45
kV and a tube current of 200 mA. Construction and evaluation of the
pole-figures is performed with the program Rigaku 3D Explore Version
3.1.1.0.

3. Results and discussion
3.1. Microstructure of FeCo/TiN thin films

The average microstructure of one as-deposited and one annealed
FeCo/TiN multilayer is characterized by the combination of XRR mea-
surements, Bragg XRD scans and SAED. The details of the nanostructure
inherent to the FeCo/TiN mulitlayer are analyzed by structure models
derived from electron and X-ray diffraction data along with HRTEM as
discussed in the following. The temperature induced changes to the
microstructure caused during the annealing procedure are discussed.

The XRR data collected on both, the as-deposited and the annealed
multilayer are presented in Fig. 1a. The XRR is plotted up to wave vector
of 0.7 A™! to concentrate on the layer thickness. The electron density
(Fig. 1b) is calculated from a model consisting of a sum of error functions
modeling the layer structure. The fit was realized with the Parrat
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Fig. 1. (a) X-ray reflectivity curves of the as-deposited and annealed FeCo/TiN multilayers. The data indicates superlattice reflections at ~0.27 A land~052A !
moving towards smaller values as a consequence of annealing. (b) Calculated electron density variation denoted to the TiN capping layer and oscillations of the
periodic superlattice. The depth value of 0 indicates the second FeCo layer counted from the surface.

algorithm [21] as model function and was refined using the Levenberg-
Marquardt algorithm. The Fourier transform of the electron density was
compared with the measured intensity and the electron density model
recursively to obtain a good fit.

The reflectivity curves feature characteristic superlattice reflections,
which represent the first and second order reflections of constructive
interference of a multilayer on a solid substrate. The positions of these
reflections are characteristic for A, the thickness of a single FeCo/TiN
bilayer from the superlattice. After heating, the superlattice reflections
show a position shift to smaller wave vectors, indicating a non-reversible
lattice expansion relative to the as-deposited multilayer. From fitting the
reflectivity data,the calculations showed an increase of the superlattice
periodicity s from A 22.826 4 0.003 A (dpeco 6.8 0.7 A and drix
16.0 0.7 A) for the as-deposited multilayerupto A 23.915 £ 0.003 A
(dpeco 8.3 +0.4 A and drin 15.6 0.4 A) for the annealed multi-
layer. According to the fit results the vertical thickness dgec, of the FeCo
layers in the superlattice increases by a remarkable value of 22%. The
larger total A implies an expansion of ~4.8% in film growth direction
and may be explained by temperature induced lattice deformations such
as the release of tensile lattice strains or unforeseen structural rear-
rangements. However, the measured periodicity length is in good
agreement with the numbers reported by Klever (A 2.6 nm). This
impact of annealing is further supported by SAED analysis, given in
Fig. Al, showing a position shift of the superlattice reflections in
agreement with an increase in A. The calculated thickness of the indi-
vidual components matches on average to six monolayers of FeCo (dpeco

6.8+ 0.7 [D\) and seven monolayers of TiN (dpiy 16.0 & 0.7 f\). The
additional oscillations besides the superlattice reflections visible e.g. at
0.31 A~ in the annealed multilayer, correspond to a typical length of 74
+5Aand 79 + 5 A for the as-deposited and annealed multilayer,
respectively. This modulation can be attributed to the combined thick-
ness of the TiN capping layer and the first FeCo and TiN layers at the
surface, which show signs of detoriation after annealing, as incidated by
a lower electron density calculated and presented in Fig. 1b.

In more detail, the electron density which is derived from XRR
(Fig. 1b) shows a continuous increase in the first 10 nm from the film
surface before transforming into oscillations of the same amplitude.

With respect to the as-deposited multilayer, the oscillation period of the
electron density is observed to increase for the annealed multilayer in
consequence of the observed superlattice expansion. The electron den-
sity distribution at the surface accounts for a thick TiN capping layer
deposited onto the last bilayer unit. The slow increasing electron density
profile indicates high surface roughness of the capping layer, charac-
terized by an amplitude of 10.3 £ 0.7 A and 12.2 & 0.4 A for the as-
deposited and annealed multilayer, respectively. The overall TiN
capping layer thickness was measured giving 57.0 + 1.7 A and 36.0 +
1.0 A for the annealed multilayer sample. The smaller observed thick-
ness, accompanied by lower atomic density and the increased surface
roughness is attributed to deterioration of the protective capping layer
by annealing.

Using X-ray Bragg diffraction, the crystal structure of the TiN layers
was investigated by measuring the reciprocal space at the position of the
TiN (002) reflection for the as-deposited and heated multilayer. In the
following discussion we will always refer to the (002) TiN reflection as
the majority component of the multilayer when addressing the out-of-
plane reflections of the superlattice, if not otherwise identified. This
diffraction data and the according fits are provided in Fig. 2. The dis-
played modulation of the intensity distribution around the measured
Bragg position are described as Laue oscillations of 0.45 A~! corre-
sponding to a measure of 13 A, which is in the same order of the TiN
layer thickness in the superlattice as discussed in the XRR section above.
[16,22] The fits are calculated by a least-square refinement of sum of
three Gaussian functions to the data. To determine the original (002)
Bragg reflection wave vector position, the mean position of the three
reflections was determined to be 2.9646 + 0.0013 A~! for the as-
deposited and 2.9649 + 0.0013 A~ for the annealed multilayer. This
correlates to a lattice constant of digg2y 2.12 A, which is in excellent
agreement with the calculated position of the TiN (002) reflection and
indicates TiN in its NaCl-type crystal structure. Further, the positions of
the associated superlattice reflections around the TiN (002) reflection
position are subjected to shifts in wave vector and intensity. That might
hint to temperature related changes of the superlattice structure
reflecting in the modulation of c-axis intensities. However, there was no
definite observation of chemical intermixing on annealed specimens
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Fig. 2. (a) Diffracted intensity around the TiN (002) Bragg reflection. Laue oscillations are observed due to the periodic superlattice. The superlattice reflection
intensity distribution is shown as a function of the scattering vector g. (blue) as-deposited and (red) heated multilayer. (b-c) Fit of the peak intensity modulation by
the three Gaussian functions and linear background offset (green lines). The g-position of the TiN (002) reflection is indicated with the vertical dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

retaining the multilayer heterostructure (see Fig. 3g).

The shape and the spacing of the intensity modulation reflects the
observed increase of A. A single FeCo Bragg reflection (or its Laue
oscillation) could not be evidenced by XRD at its theoretical position
observed for thick films or bulk samples. It is reasonable to suppose that
the lack of intensity is due to poor long-range crystallinity of the FeCo
component or due to changes of the CsCl-type crystal structure within

the superlattice.
Low magnification scanning TEM images are shown in Fig. 3a and b

,Lsutistr,ate
— 20 NM

,-‘--M

—h
- L L Y R YR R T a

(020) [100]

to provide a direct impression of the thin film morphology. The iterative
sputter deposition of TiN and FeCo material directly onto the native Si/
SiOy substrate is promoting a discrete multilayer film with columnar
microstructure perpendicular to the substrate surface.

The diffuse intensities distributed on concentric rings of Fast Fourier
Transform (FFT) pattern calculated from HRTEM micrographs evidence
the absence polycrystalline texture within the first 10 bilayers of film
growth as shown in Fig. 3c. In comparision, the FFTs from any region
above these initial layers describe the evolution from randomly oriented

Fig. 3. Structure evolution of the FeCo/TiN multilayer . a,c) Overview STEM images recorded close to the substrate interface (a) and at top surface (c). b,d) FFT
analysis of regions close to the substrate and film surface on the as-deposited multilayer. b) FFT obtained close to the substrate shows almost no specific texture. d)
FFT obtained close to the film surface shows a strong c-texture. e,f) Intensity maps of the phase component of the respective (2 20) and (020) reflections visualize
high intensity (bright regions) in columnar domains with [110] and [100] crystallographic orientation. The white dashed lines guide the eye to show the columnar
domains g) EDS mapping showing the chemical distribution of Fe, Co and Ti in a multilayer architecture (annealed multilayer).



nanocrystalline grains into a highly c-textured crystalline structure (see
Fig. 3d). The well-separated intensities in the FFT pattern display the
formation of columnar grains (or regions) describing a c-axis texture,
similar to thin films of AIN [8]. The individual columns favor defined
azimuthal rotations around the c-direction described below and in
Ref. [16]. The individual columns can be visualized by mapping out the
origin of intensity of the in-plane (020) and ( 220) reflections, corre-
sponding to columns with cubic TiN [100] and [110] orientations
(Fig. 3e and f).

The morphology of the layers across c is characterized by distinct
roughness. From the overview STEM images recorded at the bottom and
top surface of the film, a higher roughness is observed within the first 30
nm of film growth and is flattening out with increasing film thickness. At
the top side of the 400 nm thick film, quasi-parallel layers without
noticeable roughness are established.

The elemental maps presented in Fig. 3g) show the distribution of Fe,
Co and Ti for the heated multilayer. According to the EDS maps, the
periodicity of FeCo and TiN layers is preserved after annealing showing
no direct evidence of temperature effects such as interdiffusion or
recrystallization accompanied with a breakdown of the layered
structure.

3.2. Description of orientation relationships

SAED experiments yield information about the average local struc-
ture of the annealed multilayer composed of layers of TiN and FeCo. The
SAED pattern is presented in Fig. 4a) and reflects the columnar micro-
structure showing the superposition of multiple zone axis (ZA) patterns
specified by the [100], [110], [210] and [310] notations with respect to
the principal component as already described in Ref. [16] and presented
in Fig. A2. A columnar microstructure with small grain size is supported
by the growth zone model by Thornton or Anders for small argon
pressure and no substrate heating [23,24]. In extension of a simple su-
perposition of individual ZA patterns the experimental SAED pattern
features periodic intensity distributions along c (see Figs. 3d and 4a).
This intensity modulation is indicative for a defined structural connec-
tion between the lattices of FeCo and TiN establishing a superlattice with
a well defined periodicity length of A ~ 2.26°nm, which is in excellent

agreement with XRR experiments.

In addition, the tipped, elongated and diffuse shape of the reflections
is rationalized by a small angle preceding rotational misalignment of the
c-axis of the columnar grain structure [25,26] or by layer roughness.
Overall, the SAED experiment demonstrated highly c-textured layers of
FeCo and TiN consisting of at least three domains showing a dominant
fibre texture [27]. The dominant c-axis fibre texture of the superlattice is
further supported by pole-figure (PF) measurements of the as-deposited
and annealed multilayer shown in Fig. A3.

The bilayer thickness A and the different columnar domains of the as-
deposited multilayer are imaged by aberration corrected high-resolution
microscopy. Representative HRTEM micrographs are presented in
Fig. 4b) and Fig. A4 showing the impact of aberration correction on the
phase contrast micrographs, which allows a clear identification of in-
dividual layers. The HRTEM micrograph of Fig. 4b displays individual
layers of TiN and FeCo with nearly monoatomic flat interfaces of the as-
deposited multilayer. From the inset, two discernable oriented lattices
with different out-of-plane lattice constants and a lattice orientation
corresponding to the [100] and [110] orientations for the FeCo and TiN
layers are identified, respectively. Further analysis of the periodic var-
iations of the phase contrast in HRTEM micrographs presented in Fig. A5
hint that, at least locally, FeCo crystallizes in its low temperature or-
dered B2 phase forming a monoatomic interface with opposing Co and N
atoms. These results suggest, that the in-plane lattice mismatch of 5.2%
between these two structures is compensated by coherent in-plane lat-
tice strains at the interface in one or both components which is resulting
in a strained superlattice [28]. A cube-on-cube relationship is expected
in a wide range of materials [29].

3.3. Structural modeling

The cube-on-cube relationship is described by a 45° rotational
alignment between the experimentally observed TiN[100] and FeCo
[110] oriented lattices and serves as starting point for structural
modeling using the crystallographic relationships demonstrated in
Fig. 5a and b. However, for an in-plane lattice misfit of 5.2% between
the cubic structures large strains are expected at the interfaces. In some
cases, the major amount of stress is compensated by only one component

Fig. 4. a) SAED pattern recorded at the center of the as-deposited multilayer film. The SAED pattern is composed of the superposition of multiple zone axes [uv0].
The domains particularly display crystallographic orientations with respect to the TiN lattice of [100], [110] and [310] and show superlattice reflections along the
[001] direction arising from the nanoscale repetitive layering scheme with their corresponding FeCo counterpairs in [110], [100] and [210] orientation, respectively.
b) HRTEM micrograph showing individual layers of FeCo and TiN. On average, the individual FeCo layers extend over two unit cells (~7 A) and the TiN layers over

three unit cells (~16 10\)..
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sented pattern.

until a layer thickness of several angstroms is reached without formation
of misfit dislocations. This phenomenon called pseudomorphism. [30] In
this special case of epitaxy, the constrained in-plane lattice promotes the
nanostabilization of metastable phases, e.g. tetragonal distorted variants
[31-33]. From the experimental data, an in-plane lattice expansion from
2.85 A to about 2.96 A is determined for FeCo, which is matching with
the TiN in-plane lattice constants. Based on these results, the pseudo-
morphic growth characteristic of the superlattice is introduced into a
model describing the average structure of the as-despoited superlattice
structure (Fig. 5c¢).

To relate the nanostructure data to the electron diffraction and X-ray
scattering observations, a structural model for the as-deposited super-
lattice is designed and used for subsequent simulation. The design of this
supercell model is described in the following steps: (1) A modification of
the cubic [110]-oriented TiN unit cell is constructed to provide a com-
mon description of the components in [100] orientation. The new
tetragonal TiN unit cell is described by lattice parameters of a‘ and b*
3.00 A and by keeping criv = 4.25 A constant. (2) The [100]-oriented
TiN unit cell is tripled in c-direction and connected to two unit cells of
[100] FeCo at the (001) face. (3) In agreement with experimental evi-
dence a coherently in-plane strained FeCo lattice is assumed, in
approximation to a pseudomorphically grown heterostructure. Hence
the a* and bt in-plane lattice constants are set to 3.00 A. (4) In a simple
physical consideration, the expansion of the in-plane lattice of the FeCo
unit cell is accompanied by compressive strain on the out-of-plane
parameter to preserve a constant volume. Indeed, atomic distances of
2.65 A - 2.75 A were measured in c-direction on the HRTEM data be-
tween.. Further spacings at the interface could be obtained as well and
are implemented in the model using a compressed lattice parameter
CreCo  2.65 A, which was the lowest observed lattice parameter to
create a strongly tetragonal distorted FeCo variant. Overall, a structural
model is set up by three tetragonal unit cell variants of the undistorted
cubic TiN lattice connected to two tetragonal distorted unit cells of FeCo
with total unit cell dimensions of ag;  3.00 A, bs, 3.00 ;\, csp 22.00

A. Implementing an unstrained cgec,  2.85 A into the supercell model
results in minimal changes of the reflection positions and intensity due
to thelargercg;,  22.60 A. Considering a constant unit cell volume and a
resulting lattice parameter of 2.74 A, it has to be assumed that the
superlattice is not strained equally but is varying in between 2.85 A and
2.65 A giving rise to the diffuse superlattice reflections. The described
incremental steps are assisted by knowledge obtained from kinematic
simulation of electron diffraction pattern to check the models’ validity.
Note, one possibility to transfer this model to the annealed samples
would require the introduction of further tensile lattice strains in the
out-of-plane direction of the superlattice. However experimental evi-
dence by direct imaging methods is missing for the specific multilayer
sample.

The superposition of single kinematic simulations of zone axis pat-
terns corresponding to the three major domains using the described
supercell model is given in Fig. 5d) and shows acceptable agreement
with the experimental pattern (Fig. 4a). The individual presentation of
the rotated supercell model and the simulated ED patterns are shared in
Fig. A6 for completeness. However, the supercell model is refined
comparing highly localized measured HRTEM data with average SAED
data and is regarded only as an approximation to the average structure.
Further, the simulation is only exact to display the position of super-
lattice reflections but fails to quantify the experimental reflection in-
tensity, because the simulation based on the supercell as single crystals
and not as domains of strongly confined width.

3.4. Verification of compensated in-plane strain by geometric phase
analysis

Besides the agreement between the position of periodic reflections
arising in supercell based simulations and the experimental SAED
pattern pointing to the formation of a superlattice with similar in-plane
lattice constants, the variation of the in-plane lattice parameter a was
calculated by geometric phase analysis (GPA) [34,35] mapping the in-



plane strain distribution in the superlattice with respect to the TiN lat-
tice The GPA map was calculated using the (002) and ( 220) reflections
of the FFT to display the variation of the in-plane component with
respect to the strain tensor as depicted in Fig. 6. The mapped in-plane
strain distribution shows alternating tensile and compressive strain
along the thin FeCo layers on a scale of +1% with respect to the refer-
ence TiN lattice (Fig. A7), which is a deviation of only about 0.03 A. This
finding reflects the in-plane lattice expansion of the tetragonal distorted
FeCo unit cell determined by SAED, HRTEM and subsequent modeling
under the premise of the pseudomorphic growth scheme. Further, in-
dicators of in-plane strain are visualized in the TiN itself presumably
indicating small angle tilts between individual grains.

The nanostabilization of body centered tetragonal (bct) variants of
FeCo with c/a > 1 is intended to induce large perpendicular uniaxial
magnetic anisotropies in ultra-thin nanoscale films leading to a huge
magnetic hardening of FeCo films [31,36-39]. The required lattice
deformation can be achieved by the right choice of underlayer, which
should promote an in-plane compressive strain to the FeCo unit cell
[40-42]. However, with increasing film thickness, the applied lattice
strains quickly relax after some few nanometers (e.g. 3.4 nm) and the
large perpendicular uniaxial magnetic anisotropy is lost [42,43]. Such
film relaxation effects can be impeded by the incorporation with im-
purity atoms such as V, N or C to stabilize bct FeCo structures in films
with a thickness of over 100 nm [44,45].

Contrary, there are also several approaches of strain engineering in
order to soften the magnetic properties by thermal annealing, adequate
underlayers or a multilayer architecture in combination with a non-
magnetic or ferromagnetic material. In case of underlayers or multi-
layers, the magnetic softening can be reasoned by the simple decrease of
grain size according to Hoffmann’s ripple theory [4,46,47]. In this

——
-1% 0 +1%

Fig. 6. HRTEM micrograph and corresponding map of in-plane lattice varia-
tions with respect to the TiN lattice demonstrated by geometric phase analysis.
Almost negligible tensile and compressive strains alternate at the location of
FeCo layers demonstrating pseudomorphism. Strain within the TiN layers is
related to small mistilts within the cubic lattice. The dashed box marks the
position of strain profiles depicted in Fig. A7.

respect, multilayers of Co/FeCo starting on a layer of Co introduces
smaller grain growth within the FeCo layer resulting in a very low in-
plane coercivitiy along the hard axis in comparision to FeCo under-
layer. [4] The same was observed for FeCo layers separated by Ag in-
terlayers [6]. In a different approach, the in-plane magnetic anisotropy
was reported to be reduced by the application of an external tensile
strain in films of FePt. [48] In the former study on the magnetic prop-
erties on identical [FeCo/TiN]sg4 films (A 2.6 nm) deposited up to a
film thickness of 1000 nm using the identical process, a coercive field of
0.30 mT with an in-plane anisotropy was reported. [1] The effect of
layer thickness was also demonstrated in comparison to slightly thicker
layers (A 4.3 nm) of FeCo of showing a coercive field of 1.33 mT. It is
expected, that the reduction of the coercive field is related to the smaller
layer thickness. But the new insights on the atomic structure of FeCo in
these nanolayers at least opens speculation about the contribution of the
tetragonal distortion (c/a < 1) to the in-plane anisotropy. However,
since atomic scale investigations on the FeCo structure are missing on
these reported films, we can only speculate about the exact layer
thickness and the critical layer thickness of FeCo on TiN, where relax-
ation of the tetragonal variant occurs. Also, there are no reports to our
knowledge about the influence of an in-plane tetragonal lattice distor-
tion with c¢/a < 1 on the magneto-crystalline anisotropy energy or its
impact in comparison to the grain size. To differentiate between both
contributions, the deposition of epitaxial lattice matched films, e.g. FeCo
[100]/Mo[110] with identical layer thickness but cubic FeCo unit cells
might be essential.

4. Conclusion

The microstructural evolution and the nanostructure growth epitaxy
in sputter deposited FeCo/TiN ultra-thin films with bilayer periodicity of
2.26 A have been investigated using the combination of aberration
corrected TEM imaging, X-ray scattering and electron diffraction
methods supported by modeling and structure simulations. These
studies shed new light on the nanostructure of sputter-deposited growth
of nanolayers of FeCo/TiN superlattices and result in the following
observations:

e FeCo/TiN multilayers exhibit a columnar microstructure which is
described by a strong fibre texture which is evolving after some
nanometers.

e The FeCo/TiN nanolayers form a defined superlattice which was
characterized by XRD and TEM. A 45°-rotated cube-on-cube orien-
tation relationship between FeCo and TiN was verified, enabled by
pseudomorphic growth resulting in tensile in-plane strain acting on
the FeCo lattice to match with the TiN (001) plane. In this scheme,
tetragonal distorted variants of FeCo are stabilized.

e Temperature induced lattice changes in FeCo/TiN multilayers have
been observed and discussed by both electron diffraction and X-ray
scattering methods.
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