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ABSTRACT

The dynamic magnetic properties of full Heusler alloy thin films of Co2FeGe, grown on MgO (001) substrates under different thermal
conditions, were investigated. Brillouin light scattering and ferromagnetic resonance measurements revealed that depositing at room temper-
ature followed by annealing at 300 �C for 1 h produces the best results for maximizing magnetization, exchange stiffness, and minimizing
spin-dynamic dissipation in the films, which are desirable characteristics for high-speed spintronic devices. Additionally, strong hybridiza-
tion of spin waves in the Damon–Eshbach geometry was observed, which is attractive for applications in magnonic signal processing
circuits.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0255241

I. INTRODUCTION

Heusler alloys provide a wide range of potential applications
due to the tunability of their physical properties through modifica-
tions in chemical composition, atomic ordering, and microstruc-
tural changes.1 Full Heusler alloys of composition X2YZ, such as
Co2MnX (X = Ge, Si, Sn),2–5 Fe2CoAl,

6,7 and Fe2YAl (Y = Ni, Mn,
Cr),8 Co2FeAl,

9 have recently attracted significant interest from
the research community. These materials with their half-
metallicity,10–12 giant magnetocaloric effect,9 and high thermoelas-
tic stability11 are promising for technological applications in
magnetic refrigeration and spintronics. Heusler alloys can resemble
binary semiconductors13 and exhibit a diverse array of properties
depending on their chemical composition. The latter results in vari-
ations in the number of valence electrons that affect the chemical
and physical properties of the materials.14,15 Heusler alloys can
exhibit superconducting properties16,17 as well as semiconducting
characteristics, making them excellent candidates for thermoelectric

applications. Furthermore, Heusler alloys show typical properties of
topological insulators,18 interesting magneto-optic properties,19 and
antiferromagnetic characteristics.20 Theoretical and experimental
research is ongoing to discover new Heusler alloys aimed at specific
applications.

Full Heusler alloy (FHA) films share some of these desir-
able magnetic and electronic characteristics and are seen as
promising candidates for various multifunctional applications.
Previous studies21–25 have shown that crystal structure, grain
size, and surface roughness can be controlled by varying the
composition and growth conditions of FHA films. As a result,
both the static and dynamic magnetic properties of the films
could be effectively tuned in a wide range. However, a standard-
ized approach to heat treatment is yet to be established and, in
practice, thermal processing is customized to each case, depend-
ing on the film’s composition and specific preparation steps
used.
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Co2FeGe and Co2FeAl were recently predicted to possess half-
metallicity with a gap of 1.2 eV and, consequently, 100% spin-
polarized electronic conduction.10,26 Microelectronic devices
require thin films that need to be optimized with regard to their
spin-electronic and spin-dynamic properties. In this work, we show
how these properties are affected by the films’ microstructure,
which, in turn, is influenced by thermal processing. We find that a
specific thermal regime can enhance the key spin-dynamic parame-
ters important for applications.

II. MATERIALS AND METHODS

A. Samples

Full Heusler alloy Co2FeGe epitaxial films of 60 nm thickness
were deposited onto 10� 10 mm2 MgO (001) substrates using
magnetron co-sputtering (Orion-5 system by AJA International
Inc.) at an argon pressure of 3 mTorr. The films were deposited at
room temperature (sample RT) and 300 �C (sample HT).
Subsequently, a subset of the RT-deposited films was annealed at
300 �C for 1 h (sample RT-A). The chemical composition was
determined by EDX to be Co48Fe22Ge30 to within ±1 at. %.
More details on fabrication and characterization can be found in
Refs. 24 and 27.

B. Measurements

Brillouin Light Scattering (BLS) is an effective tool to charac-
terize magnetization dynamics in Heusler alloys, recently used to
study spin-waves in thick (120 nm) films of Co2Mn0:6Fe0:4Si.

28

Here, measurements were performed at RT using a six-pass
tandem Brillouin spectrometer (TFP2-HC, JRS).25,29,30 The light
was generated by a frequency-stabilized DPSS laser operating at λ0
= 532 nm (Coherent Verdi V5). Measurements were made in the
backscattering geometry with the light polarization ps for
magnons. The backscattered light was collected using f/8 optics
with a focal length of 150 mm. The external DC field (H) was
applied in the sample plane and perpendicular to the plane of
light incidence, i.e., perpendicular to the wave vector k. This
geometry is called the Damon–Eshbach or magnetostatic surface
wave geometry (Fig. 1). Angle θ is the angle between the incident
light and the normal to the sample plane, and the scattering wave
vector k was defined by the wavelength of the incident light and θ
as k ¼ 4π

λ0
sin θ. The wave vector range was 0:01 4 2:25� 107 m�1,

with a resolution of 0:01� 107 m�1. Each spectrum was accumu-
lated for 1 h, and each peak in the spectrum was fitted using a
Lorentzian curve. The frequency resolution in the BLS experiment
was about 0.07 GHz.

Broadband ferromagnetic resonance (FMR) measurements
were performed at RT utilizing a coplanar waveguide connected to
a vector network analyzer Anritsu 37247 (Anritsu Corp.) operating
in the frequency range 50MHz–20 GHz. The external DC field (H)
was applied in the plane of the films. The microwave field excita-
tion (�0:1 Oe) was applied in-plane and perpendicular to the DC
field. The frequency spectra of the complex magnetic susceptibility
χ(f ) were subsequently derived from the raw S21 data using the
practices outlined in Refs. 31 and 32.

III. RESULTS AND DISCUSSION

A. Structure

The structure of the films under investigation was intensively
studied by x-ray diffraction techniques in our previous work.24

Out-of-plane (001) Co2FeGe k (001) MgO and in-plane [110]
Co2FeGe k [100] MgO epitaxial growth conditions were confirmed.
Deposition at the elevated temperature and heat treatment cause
improvements in the crystal quality and atomic ordering. For
sample RT, B2-type atomic ordering was observed, with Co atoms
occupying their respective lattice positions, while Fe and Ge were
intermixed. Superlattice peaks with odd (hkl) indices [e.g., (111)
and (113)], characteristic of the fully atomically ordered L21 phase,
appeared in x-ray diffractograms for samples HT and
RT-A. However, these reflections are also present for the partially
ordered DO3, phase (Co and Fe or Co and Ge atoms are mixed at
their crystallographic positions). Distinguishing between the L21
and DO3 phases using conventional x-ray techniques is challenging
due to the nearly identical atomic scattering factors of Co, Fe, and
Ge atoms.33 Although the formation of L21 atomic ordering is
desirable due to its predicted half-metallicity,9 it is not always con-
sistently achieved during fabrication.34 Sample RT exhibits a slight
tetragonal distortion of Co2FeGe cubic structure caused by in-plane
tensile strain due to the lattice mismatch between Co2FeGe and
MgO. The diagonal of the MgO unit cell is 0.5958 nm, while the
bulk lattice parameter of Co2FeGe is 0.5738 nm. As a result, the
in-plane lattice parameter of the film (a = 0.5759 nm) was found to
be larger, while the out-of-plane parameter (c = 0.5671 nm) was
smaller compared to the bulk, with a c/a ratio of 0.985. This distor-
tion is reduced for samples HT and RT-A. The unit cell becomes
almost cubic, manifesting the relaxation of the strain (c/a is 0.999
for sample HT and 0.99 for sample RT-A). Analysis of the x-ray

FIG. 1. Damon–Eshbach geometry for BLS: k is the wave vector of spin waves
perpendicular to the external field H applied in sample’s plane; k i is the wave
vector of the incident light; ks is the wave vector of the scattered light; θ is the
angle between the incident light direction and sample’s normal.
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rocking curve widths suggests that the epitaxial quality of the films
improves on heating the substrate or annealing. Furthermore, x-ray
reflectivity measurements show a reduction in surface roughness
(from 1.4 nm for sample RT to 0.9 nm for samples HT and RT-A)
and an increase in film density (from 8.26 to 8.3 g/cm3, respec-
tively). All of these factors point to the improvement of the micro-
structure of the films produced by heat treatment.

B. Brillouin light scattering

Detailed dispersion-field profiles of the spin waves (SWs) in
the studied films were measured using BLS spectroscopy. We per-
formed two types of BLS measurements: SW frequency vs the
external magnetic field (148 kOe; with films statically fully satu-
rated) and SW frequency vs the wave vector in a fixed field of
1.6 kOe (for RT) and 1 kOe (for HT and RT-A).

The raw BLS spectra, illustrated in Fig. 2, contain the Stokes
(negative frequencies) and anti-Stokes (positive frequencies) spec-
tral parts, which are asymmetric in intensity, expected under the
nonreciprocity of the propagation of the Damon–Eshbach (DE)
mode and the absence of symmetry of the associated magnon
reflections.35,36 The shift indicates the magnonic nature of the
observed peaks.36 To verify that the observed modes in the
Brillouin spectra are spin waves, we measured their frequencies as a
function of the magnetic field. For both the Stokes and anti-Stokes
regions of the spectrum, the frequencies of the observed modes
shift to higher values with increasing magnetic field strength, as
shown in Fig. 3. The dependence on the magnetic field confirms
the magnonic nature of the observed modes (frequency of pho-
nonic modes would be unaffected by the magnetic field). The
modes in the measured BLS spectra correspond to the DE mode
and perpendicular standing spin wave (PSSW) modes.

FIG. 2. BLS spectrum of sample RT measured in the D–E geometry for differ-
ent values of wave vector k in the magnetic field of 1.6 kOe. Asterisks mark DE
modes. Dashed lines are guides-to-the-eye indicating SW peak positions.

FIG. 3. BLS resonance frequencies for 3 SW modes vs the magnetic field for
samples: (a) RT; (b) HT; (c) RT-A. Measurements were conducted in DE geom-
etry for wave vector k close to zero; data points are shown as circles (Stokes)
and squares (anti-Stokes). Solid lines are Kalinikos–Slavin model fits to DE,
PSSW1, and PSSW2 data, with extracted effective magnetization and exchange
stiffness parameters given in respective panels.
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The BLS dispersion data ω(k) for the different SW modes are
shown in Fig. 4. Both parts of the BLS spectra contain the Damon–
Eshbach surface mode, labeled with asterisks in Fig. 2 and DE in
Fig. 4, whose frequency increases with increasing the wave vector.
In contrast, the spectral positions of the PSSW modes (blue and
green; no asterisks in Fig. 2) remain nearly constant.37 This is in
good agreement with previous studies.38 The higher order disper-
sion curves fluctuate about fixed values in ω vs k, which identifies
them as perpendicular standing spin waves (labeled PSSW-1,2 in
Fig. 4; even higher order modes are present, albeit barely above the
noise floor).

Fitting the combined set of the ω(H, k) data shown in Figs. 3
and 4 using the Kalinikos–Slavin formalism39 yields higher values
for the effective magnetization M and the exchange stiffness cons-
tant A for samples HT and RT-A compared to sample RT,40 with
the values shown in the respective panels of Fig. 3. This indicates
that deposition on a heated substrate or deposition at room tem-
perature with subsequent annealing improves the crystal structure
and, thereby, increases the degree of atomic and magnetic ordering
in the material. Specifically, the obtained significantly enhanced M
and A for sample RT-A associate with the observed higher degree
of structural ordering in the L21 phase of the material (see the
Structure section), known to have highly spin-polarized conductiv-
ity (approaching semi-metallic), which is attractive for spintronic
devices such as sensors and oscillators.

The free-surface-spins case of the Kalinikos–Slavin theory39 is
found to fit our BLS data somewhat better than the
pinned-surface-spins case (both cases symmetric regarding top vs
bottom), although both yield good fits to the experimental data for
ω(H) of Fig. 3 as well as the DE mode in ω(k) of Fig. 4. The corre-
sponding fits for the PSSW modes in ω(k) were not satisfactory,
which is attributed to likely issues with crossing between different
SW-modes.41 Analysis of such cases is non-trivial and goes beyond
the scope of this paper. The overall quality of the fitting procedure
used, as it relates to extracting reliable material parameters, is, nev-
ertheless, judged to be good and is verified with a complementary
FMR technique (see the FMR section).

The dispersion relationships ω(k), readily obtained using BLS
spectroscopy, are important characteristics of SW dynamics in the
material. For our samples (Fig. 4), these consist of the DE mode as
well as several PSSW modes. The frequency of the DE mode
increases with k for all samples. The PSSW modes are nearly cons-
tant with k [slightly parabolic in the form, clear on vertical scale
magnification; seen in, e.g., PSSW-1,2 in Fig. 4(b)], which is an
indication of a difference in intensity of absorption vs emission of
magnons in the system. Our modeling using the standard
approach39 yields for sample RT one hybridization point, where
the DE and PSSW-1 modes cross, at k1 ¼ +6:6� 106 rad=m. For
sample HT, a twofold hybridization of the SW modes is observed
for DE and PSSW-1, PSSW-2, at k1 ¼ +4� 106 rad=m,
k2 ¼ +1:8� 106 rad=m, respectively. For sample RT-A, DE and
PSSW-1 hybridize at k � +3� 106 rad=m. In the region of the
avoided crossing between the DE and PSSW dispersion branches,
the group velocity of the spin waves decreases significantly because
of the nearly flat dispersion. This phenomenon enables the local-
ized “trapping” of spin waves, which can be utilized in magnonic
applications for precise control of spin-wave propagation and the

FIG. 4. BLS measured SW dispersion ω(k) for samples: (a) RT; (b) HT;
(c) RT-A. DE mode is fitted with Kalinikos–Slavin theory using the same param-
eter set as that of ω(H) of Fig. 3.
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creation of magnonic waveguides. The strong coupling and hybridi-
zation of the modes enable coherent information exchange between
the DE and PSSW modes, which is essential for efficient data pro-
cessing in magnonic logic and memory applications.42–44 The key
material parameter for these is low spin damping—minimal energy
dissipation from spin wave excitations into lattice phonons.

BLS spectral linewidths are determined as the full width at
half maximum (FWHM) in BLS signal intensity vs field data, I(ω)
vs H, shown in Fig. 5, and characterize the magnetization dissipa-
tion (spin damping) in the material. Although extracting spin
damping values from BLS data is not common, it has been used in
previous studies and showed good consistency with other tech-
niques,45,46 making it a viable tool in this context. Our BLS data for
FWHM in Fig. 5 show a linear relationship with the applied mag-
netic field, which can be modeled by the following equation:

FWHM ¼ 2αγ
π

H þ δf0, (1)

where α represents the intrinsic spin damping (the Gilbert
damping parameter), and δf0 accounts for extrinsic contributions
to the linewidth, unrelated to the magnetic field, primarily due to
instrumentational limitations and sample inhomogeneity. The
obtained α values for as-deposited (RT) and annealed (RT-A)
samples are shown in Fig. 5 and give additional evidence for
improved material quality (lower damping) after thermal treatment.
Linear fitting yielded the correlation coefficients of 0.99 (RT) and
0.97 (RT-A), indicating high fit accuracy (no reliable fit could be
obtained for sample HT, however). Thus, a significant reduction in
the magnetization dissipation is clearly observed on annealing,
which is another evidence of the improved microstructure. The α
values obtained and the trend on annealing obtained using BLS are

in agreement with our recent measurements using
broadband-FMR:24 in excellent agreement for sample RT (0.01 vs
0.089) and satisfactory agreement for sample RT-A (0.0066 vs
0.0042); BLS had no satisfactory fit for sample HT whereas FMR
yielded α ¼ 0:068.

The lowest spin damping found for sample RT-A combined
with the highest magnetization and strongest exchange determined
from ω(H, k) correlate well with the highest degree of atomic
ordering and best microstructure observed after annealing. Low
damping is key for SW propagation and thus for magnonic devices,
where the M and A values should be known for deciding the
device geometry and are not particularly restricted (larger M
improves inductive excitation and readout). Low damping is also
important for spintronic devices such as GHz oscillators, combined
with high spin-polarization (ideally half-metallicity), which our
annealed material is expected to possess in its highly-ordered
high-M, high-A L21 phase.

C. Ferromagnetic resonance

In order to independently verify the BLS results, broadband
FMR spectra were measured for the studied films as frequency
sweeps in a fixed DC field (H), from which the resonance frequen-
cies can be determined. Figure 6 illustrates the measured FMR f vs
H maps for sample RT-A, where the blue scale encodes the inten-
sity of the FMR signal. Clearly seen is the resonance having Kittel’s
functional form for uniform FMR in thin films, as well as a trace of

FIG. 5. FWHM from BLS intensity-frequency spectra, I(ω), vs the magnetic field
for samples RT and RT-A. Solids lines show fits using Eq. (1) yielding spin
damping parameter α.

FIG. 6. FMR frequency-field map for sample RT-A used to extract effective
magnetization and exchange-stiffness parameters. Solid lines show model fits to
experimental data for uniform (green) and first PSSW (red) modes, with
extracted parameters M, A indicated.
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the first PSSW mode found at higher frequencies. The data for the
other two samples differ only quantitatively.

The FMR data were analyzed using the method outlined in
Ref. 27. The solid lines in Fig. 6 represent the fits for the uniform
mode (green) and PSSW-1 (red). The effective magnetization M
and exchange stiffness constant A determined from the fits are
shown in Fig. 6. For samples RT and HT, they were 740 emu/cc,
6:6� 10�7 erg/cm and 830 emu/cc, 6:8� 10�7 erg/cm, respectively.
The agreement between BLS and FMR is excellent, at most 2%
deviation for M and �6% for A. A lower exchange constant is asso-
ciated with atomic disorder and dilution of magnetic atoms by
non-magnetic.47 Thus, the increase in A for heat-treated samples
indirectly indicates the improved atomic ordering and microstruc-
ture of the films. All trends in the magnetic material parameters
obtained using BLS are thus confirmed by FMR spectroscopy.

It may be informative to note that, from our broadband-FMR
measurements, the inhomogeneous contribution to the resonance
linewidth was estimated to be 62 Oe for the RT sample and 38 Oe
for the RT-A sample. Such small values indicate that the films are
essentially free from structural defects. Considering additionally
their relatively large thickness, surface defects can be also neglected.
Therefore, two-magnon scattering, caused predominantly by struc-
tural imperfections,48 is unlikely to contribute to the spin-damping
values observed for the studied films.

IV. CONCLUSIONS

We have investigated the spin dynamic properties of Co2FeGe
films subject to different thermal processing during- and post-
deposition. Analysis of the BLS and FMR measurements yields
effective magnetization, exchange stiffness, and SW damping in the
films. We observe a clear trend toward higher magnetization and
stronger exchange on heat treating the samples, with the highest
values found for the sample deposited at room temperature and
annealed for 1 h (RT-A) at 300 �C. This coincides with the
improved atomic ordering and microstructure of the film.
Maximizing these key magnetic parameters, with a concomitant
reduction in spin damping, improves the material’s magneto-
dynamic, magneto-caloric, spin-transport, and other properties
important for applications in spintronics and magnonics.
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