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vsS. spin wave propagation experiments
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We report on the investigation of the magnetic damping of a 10 nm thin, poly-crystalline Co,sFe;s
film grown by molecular beam epitaxy. Ferromagnetic resonance (FMR) measurements reveal a
low intrinsic magnetic damping ofy® = (1.5+0.1) x 1073, In contrast, in patterned micrometer
wide stripes, spin wave (SW) propagation experiments performed by time resolved scanning
magneto-optical Kerr microscopy yield attenuation lengths on the order of 5-8 um. From this quan-
tity, we deduce an effective magnetic SW damping ' = (3.9%0.3) x 10>, For the system
studied, this significant difference between both damping parameters is attributed to the non-
negligible extrinsic contributions (local inhomogeneities and two-magnon scattering) to the mag-
netic losses which manifest themselves as a distinct inhomogeneous FMR linewidth broadening.
This explanation is supported by micromagnetic simulations. Our findings prove that poly-
crystalline Co,sFe;s represents a promising binary 3d transition metal alloy to be employed in mag-
nonic devices with much longer SW attenuation lengths compared to other metallic systems.
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Further advances in the field of magnonics,' where spin
waves (SW) will be utilized as information carriers, essen-
tially depend on magnetic films in which SWs can propagate
over large distances. The corresponding figure of merit is the
attenuation length L, being defined as the distance over
which the SW amplitude decays to a factor of 1/e. It strongly
depends on the magnetic parameters of the film (saturation
magnetization Mg, magneto-crystalline anisotropies, and
thickness) and on the magnetization precession losses.> The
latter enter the effective magnetic damping o.¢ which scales
with 1/L,,. Hence, research in the field of magnonics focuses
on magnetic materials with low damping. From this perspec-
tive, within the last decade, various different materials have
been thoroughly investigated.

The ferrimagnetic insulator Yttrium Iron Garnet (YIG)
exhibits extremely low damping parameters (on the order of
1075-107%,*° but its low Mg (about 0.2T) results in rela-
tively low group velocities.® Moreover, it requires delicate
growth techniques, and its integration into micrometer scale
spintronic elements remains challenging. Ferromagnetic
metal films are considered as promising alternatives. Here,
the drawback of a much larger magnetic damping (on the
order of 2-8 x 10?) is compensated by a larger Mg (on the
order of 1-2T) and by an easier deposition and integration
into spintronic elements. So far, various metals have been
explored, e.g., the ferromagnetic metals Permalloy
(NigoFesp, o~ 6-8x 1073, yoMs ~1T)"° and Fe
(a~2x1073, UoMs ~ 2.2 T),' half-metallic  Heusler
alloys,'""'? and CoFeB alloys'® where the fabrication of the
latter two with low damping values still remains a delicate
issue. Just recently, a very low magnetic damping was theo-
retically predicted'* and experimentally verified"> for the
binary 3d transition metal alloy Co.Fe,_,, revealing pure
intrinsic damping parameters as low as 5x10* for
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Co,sFess (CoFe). In combination with its large Mg (about
2.4 T at room temperature) and its relatively easy deposition,
CoFe offers several benefits to become a very promising fer-
romagnetic metal to be used for magnonic devices.

In this Letter, we study the magnetic damping of a
10 nm thin, poly-crystalline CoFe full film grown by molecu-
lar beam epitaxy (MBE). The full film characterization and
the determination of the intrinsic magnetic damping are per-
formed by in-plane (IP) ferromagnetic resonance (FMR)
measurements. We compare it with the effective magnetic
damping deduced from the investigation of the attenuation
length of Damon-Eshbach (DE) SWs'® propagating in
micrometer wide stripes patterned from the same CoFe full
film. SWs are detected by time resolved scanning magneto-
optical Kerr (TRMOKE) microscopy. For the system investi-
gated, we find a distinct difference between the intrinsic and
the effective magnetic SW damping parameter which is
ascribed to the extrinsic contributions to the magnetic losses
arising from local inhomogeneities and two-magnon scatter-
ing.'”!® This explanation is supported by micromagnetic
simulations.

A full film sample is grown by MBE on a GaAs(001)
substrate which is degassed at 250°C prior to the co-
deposition from Co and Fe sources of a 10 nm thin Co,sFe75
layer on a 5 nm thin MgO seed layer. Finally, a MgO (5 nm)/
Al,O3(7nm) capping is added to prevent oxidation. The
composition of the CoFe layer is verified by X-ray photo-
electron spectroscopy with an error of less than 3%.
Superconducting quantum interference device measurements
at T=290K reveal pyMs = (2.4%+0.1) T which is in good
agreement with the literature values.'® Then, the film is char-
acterized by waveguide-based FMR performed in the IP
geometry utilizing a Schottky diode detector and lock-in
amplification of the field-modulated signal. Frequencies up
to 40 GHz and fields up to 2 T are applied. The FMR data are
fitted by the method described in Ref. 19. The extracted

Published by AIP Publishing.
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resonance field H ., and linewidth AH (full width at half maxi-
mum) data are shown in Figs. 1(a) and 1(b), respectively.
From the Kittel fits of the frequency dependence of H ., we
deduce a gyromagnetic ratio y of 185 rad/(Ts) and an effective
magnetization  poMegr = (poMs — poHE) = (1.91£0.02) T,
where poH;- = (0.49%0.10) T is the strength of the uniaxial
perpendicular magnetic anisotropy field. Moreover, we
find that the sample is almost magnetically isotropic exhibit-
ing only a small IP uniaxial anisotropy field of poHY
= (1.720.2) mT which is oriented along the (110) direction
of the GaAs substrate as shown in the IP angular dependence
of H. in Fig. 1(a). In contrast to the four-fold symmetry
characteristic of a crystalline bcc system, this uniaxial IP
anisotropy is an indicator for the poly-crystalline growth of
the CoFe layer being induced by the poly-crystalline or amor-
phous growth of the MgO seed layer on the native oxide layer
on top of the GaAs(001) substrate which was not removed prior
to deposition. Similarly, AH does not display any dependence
on the IP field angle within the error bars as indicated by the red
circle in Fig. 1(b). Furthermore, the frequency dependence of
AH is measured along both the easy and hard axes as shown in
Fig. 1(c). The standard procedure to deduce both the intrinsic
Gilbert damping parameter o;,,, and the extrinsic contributions to
the magnetic damping is to fit these data to AH(®) = (204z)/
(to7) + AH(w =0)."""® We obtain of MR = (1.5+0.1) x 1073
and puyAH(w=0)=(2.0£0.1)mT (mean values). Here, the
contribution arising from radiative damping, inherently pre-
sent when performing waveguide-based FMR,?" is already
subtracted. Neither quantity reveals any discernable angular
dependence within the error bars. Our ofMR value is about
three times larger than the one reported by Schoen et al.'” in
the case of sputtered Co,sFess.

From the full film, 500 yum long and 1.15um wide
stripes are patterned by electron beam lithography (EBL)
and subsequent chemically assisted Ar" ion beam etching
with their long axis being oriented perpendicular to the easy
axis of the uniaxial IP anisotropy. Then, an additional 80 nm
thick insulating Al,Os; layer is grown by atomic layer
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FIG. 1. Full film FMR characterization. (a) and (b) display the angular
dependence of the IP resonance field H,. and the corresponding linewidth
AH measured at 12 GHz, respectively. The red circle in (b) visualizes the
isotropy of the IP linewidth. (c¢) Frequency dependence of the IP linewidth
extracted from measurements performed with the external magnetic field
applied both along the hard axis [i.e., along 0° in (a)] and along the easy axis
[i.e., along 90° in (a)]. Solid lines represent the linear fits to the data.
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deposition to ensure that the CoFe stripes are electrically
decoupled from the microwave antennas in the shape of short
coplanar waveguides which are fabricated on top by EBL,
thermal evaporation of Cr(10nm)/Au(60nm) and liftoff as
shown in Fig. 2(a).

In the CoFe stripes, SW propagation experiments are
performed in the DE geometry, i.e., as illustrated in Fig.
2(a), SWs with wave number & are excited by the microwave
antenna and propagate along the x direction on either side of
the antenna, while the external magnetic bias field Hy is
applied along the z direction. SW dynamics in the stripes is
accessed magneto-optically by TRMOKE performed in the
polar geometry, i.e., with sensitivity to the dynamic out-of-
plane component of the propagating DE SWs, with a spatial
resolution of about 250 nm. Details about the setup can be
found in Ref. 9. The setup is operated in two modes provid-
ing complementary information. In the first mode, for a fixed
excitation frequency f, the laser spot is kept at a fixed posi-
tion on the stripe some micrometer away from the edges of
the antenna, while the magnitude of H,, is swept, enabling us
to record SW resonance spectra. From these spectra, we
extract the field ranges which are appropriate for the optical
detection of propagating SWs at fixed f. Here, we observe
SW resonances in the range of 10 to 18 GHz for bias fields
ranging from 30 mT up to 180 mT (see supplementary mate-
rial). Thus, the images and results shown and discussed
below are recorded at frequencies around 13.92 GHz at bias
fields ranging from 75 to 100 mT. In the second mode, for
fixed f and fixed Hy, the sample is scanned in the xz plane,
enabling imaging of the propagating DE SWs on either side
of the antenna. An example Kerr image is shown in the top
panel of Fig. 2(b). In order to exclude the Oersted field of the
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FIG. 2. (a) Scanning electron microscopy image of a section of the patterned
stripe sample. The experiment is performed in the DE geometry. In the
CoFe stripe (width w=1.15 um), SWs with wavevector k excited by the
microwave antenna (yellow) propagate along the x direction on either side
of the antenna, while the external magnetic bias field Hois applied along the
z direction. The easy axis of the uniaxial IP anisotropy field H u ” points
along the z direction. (b) (Top panel) Example Kerr image recorded at
13.92GHz and —90mT, showing SWs propagating on either side of the
antenna and (bottom panel) corresponding line scans extracted along the red
and blue lines in the top panel.
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microwave antenna, from these images, we extract one-
dimensional line scans some micrometer away from the
edges of the antenna on either side as depicted in the bottom
part of Fig. 2(b). Due to the amplitude non-reciprocity inher-
ently present when exciting DE SWs by a microwave
antenna,”! we focus on the side of the antenna where the
Kerr signal is larger for a fixed bias field direction. The line
scans are fitted to an exponentially decaying sine function to
determine k& and L,, (see supplementary material).
Neglecting the small IP anisotropy, the latter one is given
by

20,

Loy = ,
oS oo (2[Ho — NMs] + Ms — HY)

(M

where v,, a5, and N are the group velocity, the effective
magnetic SW damping parameter, and the demagnetizing
factor along the z direction.”” We note that due to the finite
width w of the stripes, the demagnetizing field and hence the
internal magnetic IP field are strongly inhomogeneous across
w. However, as a proper derivation of an expression for the
demagnetizing field is quite cumbersome,** the simplest way
to take this effect into account is by adding the term —NMg
which corresponds to the demagnetizing field averaged
across w. Since all quantities in Eq. (1) can be obtained
experimentally, the value of o3} can be extracted from the
measured values of L, in SW propagation experiments and
be subsequently compared to the previously obtained result
for af MR

The evaluation of Kerr images recorded for different
combinations of f and H, reveals k(Hy, f) and L, (Hy, f) as
displayed in Figs. 3(a) and 3(b), respectively. As expected,
for fixed f, k decreases linearly with the increasing bias
field. The values of L, scatter with average values in the
range of 5 to 8 um. Since the group velocity is given by
vy = 2n0f /Ok and k(f, Hy) is recorded for frequencies
240 MHz above and below f=13.92 GHz, it is extracted
from linear fits to f{(k) for fixed H,. In the field range stud-
ied, we obtain values between 3.8 and 4.5 km/s which are
more than twice as large than those for Permalloy’ and
comparable to bulk Fe.'® Finally, we substitute all the
experimentally determined values into Eq. (1) to obtain
ocsfva. Here, we use N=0.0172 being calculated using the
analytical expression given in Ref. 22. As shown in Fig.
3(c), we find o) P =(3.920.3) x 10 as the mean
value when averaging over the whole studied field range.
oo P is about 2.5 times larger than of MR, thus presenting
a distinct difference. Its origin is unveiled in the following
by micromagnetic simulations using MuMax3.%*

Changes in the CoFe quality as well as changes in Mg
due to increased temperatures (up to 150 °C) during the fab-
rication of the stripe samples can be excluded beforehand
to result in a significant enhancement of the magnetic
damping since FMR measurements on the full film being
annealed for several hours reveal no discernable changes
for temperatures below 200°C. This finding does not
exclude for instance inhomogeneities inherently present in
the CoFe layer after growth as another possible source for
an increased magnetic damping which the propagating SW's
are subjected to.

Appl. Phys. Lett. 111, 132406 (2017)

a E ]
( )6: GHZE
- F GHz
|E 5: GHz
= C -
4 ]
~x [ 3
3 -
(b)s_ | T T | T | T | T | -
4LC =
- —a— f=1416GHz 3
QC | I L L I L -
EgE I T T T T T T T ]
= C -
Ay = E
£ e |—=— f =13.92GHz 3
- 0 | ] ] | | | 1 I 1 L 3
8_ L ; T | T T * :
aF A ro.  — .
0—— | | | | | ‘_n._ { = 11368|GHZ|‘ _:
(C) 6 T T 3
5E oo = 3.9+ 03) x 1032
T 4E = T
L 4E ey :
X oF ofYR = (15£0.1) x 10| T2
ST 1| I S i S 3
OE | 1 | | | 1 | I 3

FIG. 3. Field dependence of k (a) and L, (b) for different f values, respec-
tively. (¢) Comparison of the damping parameter determined from FMR
measurements on CoFe full films with the one obtained from the SW propa-
gation experiments in stripes. Symbols denote mean values, and error bars
denote the corresponding standard deviation. Color-shaded areas indicate
the range of values of the different quantities (between minimum and maxi-
mum), while dashed lines indicate the average values.

The propagation of DE SWs is simulated in 80 um long,
1.15 ym wide, and 10 nm thin stripes and, for comparison, in
full films. The Gilbert damping parameter o, is either set to
0.0015 (i.e., to ofMR) or 0.0040 (i.e., to oSy *P). All mate-
rial parameters used correspond to the experimentally deter-
mined ones including the IP anisotropy. The images
obtained from frequency sweeps at fixed H,, and field sweeps
at fixed f are analyzed in the same way as the Kerr images,
and we obtain k, L, and v, to deduce ocsf\;'] ST (see supple-
mentary material).

In the following, we focus on the results for simulations
without the IP anisotropy since it turns out that it does not
cause significant changes in L, (see supplementary mate-
rial). For a perfect CoFe stripe, the characteristics of the SW
dispersion in the f range of 13.68 to 14.16 GHz deduced
from simulations at different bias fields are shown in Fig.
4(a). Figures 4(b) and 4(c) illustrate the corresponding field
dependence of v, and L, at 13.92GHz, respectively.
Finally, based on these two quantities, the resulting o2y *™
values are depicted in Fig. 4(d). We find qualitative good
agreement between simulation and experimental data for k£
and v,. In the case of Ly, a good matching is achieved for
oim = 0.0040. For o, =0.0015, the L, values extracted
from the simulations are about 2.5 times larger than the
experimental ones. As clearly visible in Fig. 4(d), within the
error bars, the extracted o5y *™ value and the input damping
parameter agree. These findings indicate that, in the poly-
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FIG. 4. Comparison of simulation and experimental results on the CoFe
stripes. (a) SW dispersion at different bias fields [here, simulation without
any IP anisotropy (open symbols) vs. experiment (stars)]. (b) Field depen-
dence of v, at 13.92 GHz [dashed line in (a)]. (c) Field dependence of L, at
13.92 GHz for simulations performed using both g, = 0.0015 = o{ﬂ/m and
Ogim = 0.0040 = ocf,\-i-v P (d) Comparison of the damping parameters
deduced from the images obtained from simulations performed using either
osim value. Dashed lines indicate the average values over the field range
studied, while color-shaded areas denote the corresponding error range.

crystalline CoFe, the attenuation of propagating SWs is not
solely determined by the intrinsic damping which is derived
from the slope of AH(w) but is significantly enhanced by
extrinsic contributions to the magnetic losses which manifest
as a distinct inhomogeneous FMR linewidth broadening as
clearly visible in Fig. 1(c). Both contributions seem to be
able to be combined in an effective magnetic damping
parameter. Indeed, according to the fit for the easy axis,
LoAH(13.92 GHz) =3.49 mT. The slope of a straight line
between the origin and that point corresponds to an effective
magnetic damping of ~3.8 x 10>, which is in good agree-
ment with oy P This approach reveals effective magnetic
damping values ranging from ~3.4 to 43 x 10> for
f=10-18 GHz. Consequentially, propagating SWs always
suffer more attenuation than expected beforehand based

solely on the low ofMR value. This explanation is qualita-
FMR

nt
tively supported by simulations performed with o, = o
and inhomogeneities added to the CoFe. The more pro-
nounced the inhomogeneities are the shorter the attenuation
length is and thus the larger the corresponding deduced
ooy ™ value is.

In summary, the magnetic damping of 10nm poly-
crystalline Co,sFe;s grown by MBE is experimentally inves-
tigated by both FMR on full films and SW propagation
experiments in narrow stripes using TRMOKE. FMR reveals
an intrinsic magnetic damping parameter of 1.5 x 107>, In
contrast, the attenuation length of propagating DE SWs is

only about 6 um corresponding to a damping parameter of

Appl. Phys. Lett. 111, 132406 (2017)

~4 x 107 Based on the findings from micromagnetic simu-
lations, this distinct difference is attributed to arise from the
significant extrinsic contributions to the magnetic losses pre-
sent in this poly-crystalline CoFe system, which cause a
much stronger SW attenuation than expected solely based on
the low intrinsic magnetic damping parameter. Overall, our
findings prove that the binary 3d transition metal alloy CoFe
can become a promising material for magnonic applications,
when the extrinsic contributions to the damping can be fur-
ther reduced. This can be achieved by optimizing the growth
and by the choice and preparation of the substrate and the
seed layer.

See supplementary material for additional measurement
results, details about the implementation of the micromag-
netic simulations using MuMax3 and details about the analy-
sis of the experimental and simulation data.

We gratefully acknowledge funding by the Deutsche
Forschungsgemeinschaft via SFB 689.
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