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Abstract— Brillouin light scattering (BLS) combined with
vibrating sample magnetometry (VSM) have been used to
investigate the Dzyaloshinskii-Moriya interaction (DMI) in Pt-
buffered Co,FeAl,sSiys ultrathin films of various thicknesses.
VSM measurements of the Co,FeAl,sSips (CFAS) thickness
dependence of the saturation magnetic moment per unit area
revealed a magnetization at saturation of 1286 emu/cm® and 0.31
nm magnetic dead layer. Furthermore, thickest films (fcps5>1
nm) are in-plane magnetized, while the thinner are perpendicular
magnetized. BLS measurements, in the Damon-Eshbach
geometry, under an in-plane applied magnetic field revealed the
non-reciprocity of the spin waves propagating in opposite
directions (Stokes and anti-Stokes lines) due to the Pt induced
DMI. Stokes and anti-Stokes lines frequency mismatch varies
linearly as function of the spin wave vector allowing the
determination of the effective DMI constant. Its thickness
dependence leads to determine a value of -0.42 pJ/m for the DMI
interface constant, which is significantly lower than that of
Pt/Co/AlOy films. Moreover, BLS measurements revealed that
the effective magnetization varies linearly with the effective
CFAS thickness due to the perpendicular interface anisotropy,
estimated to be 0.49 mJ/m?, which reinforces the perpendicular
magnetization easy axis.

Index Terms— Dzyaloshinskii-Moriya interaction, Interface
anisotropy, Brillouin light scattering, Magnetization dynamics,
Spin waves.

1. INTRODUCTION

AGNETIC exchange interaction is responsible of the
homogenous magnetization textures in ferromagnetic
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materials. This interaction is symmetric leading to collinear
orientation of neighboring spins (Heisenberg interaction). In
systems with broken symmetry conjugated with spin-orbit
coupling, an asymmetric exchange interaction term, known as
Dzyaloshinkii-Moriya (DMI) interaction [1, 2] and favoring
an orthogonal orientation of spins, can arise. The DMI was
used to explain the weak ferromagnetism observed
experimentally in antiferromagnetic crystals [3]. The DMI
interaction can be bulk or interfacial, when the symmetry of
the lattice or that of the interfaces is broken [4], respectively.
Therefore, recently a great interest has been growing around
magnetic multilayers with interfacial DMI [5-8]. In this case,
the needed broken symmetry is given by the interfaces of the
material stacks [9, 10], DMI being generated between the
ferromagnetic atoms and the heavy atoms directly at the
interfaces. The DMI can change the nature of the magnetic
domain walls, forcing the appearance of Néel walls [11] and
can destabilize the uniformly magnetized states leading to
novel chiral magnetic orders such as skyrmions [4, 12]. This
has led to novel memory and logic device design, where
skyrmions are the information carriers [13]. It is thus
interesting for both application and fundamental research to
characterize DMI by determine precisely the sign and the
value of the effective DMI constant (D,). Several
experimental methods [14-16], largely based on how this
interaction alters the properties of domain walls, were
performed recently but Brillouin light scattering spectroscopy
remains the most direct method for DMI characterization.
Moreover, compared to nitrogen-vacancy center microscope
[17], which is restricted to small DMI constant values, BLS
has no such limit on DMI values.

Co-based full Heusler alloys are of great importance for
spintronic applications due to their theoretically predicted
half-metallicity [18, 19] and relatively high Curie temperature
[20]. Co,FeAl and Co,FeSi are ones of the most important Co-
based full Heusler alloys due to their low Gilbert damping [21,
22] besides the high Curie temperature. When used as
electrodes in MgO (001) based magnetic tunnel junctions
(MTls), they lead to relatively large magnetoresistive ratios
[23, 24], increasing the potential applications of these
materials. However, band-structure calculations [25] have
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indicated that the Fermi level lays near to the top (bottom) of
the valence (of the conduction) bands of minority spins for
Co,FeAl (Co,FeSi). This makes the two compounds prone to
finite temperature effects detrimental to half-metallicity. An
immediate solution to avoid such effects is the alloying of the
two compounds to form Co,FeAlysSiys (CFAS), which should
virtually move the Fermi level in the middle of the minority
gap, increasing the thermal stability of the system.

In this work, we use vibrating sample magnetometry (VSM)
combined with Brillouin light scattering (BLS) spectroscopy
for a precise determination of the CFAS thickness dependence
of the DMI constant and the effective magnetization in
Pt/CFAS ultrathin heterostructures.

II. SAMPLES AND SETUPS

CFAS films were grown at room temperature onto
thermally oxidized Si substrates using a DC magnetron
sputtering system having base pressure lower than 1 x 107
Torr. Prior to the deposition of the CFAS films, a Ta (2 nm)/Pt
(4 nm) buffer bilayer was grown. Next, CFAS films, of
various thicknesses (fcpas=0.7, 0.8, 1 and 1.2 nm) were
sputtered from a stoichiometric target
(CospepFease, Al g 50,5112.50,) under 1.0 mTorr of Ar. Finally, the
films were capped with MgO(1 nm)/Ta(2 nm) bilayer.

Static magnetic characteristics were investigated by
vibrating sample magnetometry (VSM). Brillouin light
scattering technique [8], in Damon-Eshbach configuration (the
magnetic field applied perpendicular to the incidence plane,
which allows for probing spin waves propagating along the in-
plane direction perpendicular to the applied field), where the
DMI effect on the spin waves (SWs) is maximal, has been
used to study the SWs non-reciprocity. In this experiment, the
SWs, of a wave vector (k,), in the range 0-20 umfl

(k ‘:4—nsin( 6. ), where &, is the incidence angle), are

probed (in backscattering configuration) by illuminating the
sample with a p-polarized incident laser beam having a
wavelength A= 532 nm. For each angle of incidence, the
spectra were obtained after counting photons up to 15 hours
(especially for the highest incidence angles where SW peak
intensity is weak) to have well-defined spectra where the line
position can be determined with accuracy better than 0.2 GHz.
A crossed polarizer is placed on the path of the backscattered
light to select the SW and removes the phonons. The Stokes
(S, negative frequency shift relative to the incident light as a
magnon was created) and anti-Stokes (AS, positive frequency
shift relative to the incident light as a magnon was absorbed)
frequencies, detected simultaneously were then determined
from Lorentzian fits to the BLS spectra. All the measurements
presented below have been preformed at room temperature.

III. RESULTS AND DISCUSSIONS

For all the studied films, the hysteresis loops were obtained
by VSM for both in-plane and perpendicular applied magnetic
field, to determine whether CFAS films are spontaneously in-
plane or perpendicularly magnetized. Since the saturation field

for the hardest direction [perpendicular (parallel) to the film
for in-plane (perpendicularly) magnetized films] can be
straightforwardly linked to the perpendicular anisotropy field,
only this kind of loops will be presented here. Fig. 1 shows the
typical perpendicular applied field magnetization loop for the
1.2 nm thick CFAS film, where a typical hard axis hysteresis
loop (Fig. 1) is observed. For an in-plane applied magnetic
field, the corresponding hysteresis loop (not shown here) is
square suggesting an in-plane easy axis. For each CFAS
thickness, the hardest direction hysteresis loop is used to
deduce the saturation field (H,), as shown in figure 2a. This
saturation field decreases with increasing CFAS thickness
(Fig. 2a), suggesting an interface contribution, that will be
precisely evaluated below. Note that negative (positive) H,
values refer to an in-plane (perpendicular to the plane) easy
axis. This VSM characterization, revealed that thickest films
(tcras™> 1 nm) are in-plane magnetized (not shown here), while
the thinner ones are perpendicularly magnetized, as shown on
figure 2a.
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Fig. 1. Perpendicular-to-the-plane applied magnetic field VSM magnetization
curves for the Pt/CFAS(1.2 nm)/MgO heterostructure.

The thickness dependence of the saturation magnetic
moment per unit area, shown in Fig. 2b was used to determine
the magnetization at saturation (M,) and the extent of the
magnetic dead layer (z,): the slope gives M,, while the
horizontal axis intercept gives #;. As indicated by figure 2b,
the magnetic dead layer thickness (which might form due to
intermixing and oxidation of the CFAS during MgO capping
layer deposition) is #; =0.31 nm for this system, and the
saturation magnetization is determined to be 1286 emu/cm’.
This value of M; is significantly higher than that of the as
deposited 30 nm thick CFAS film grown on MgO buffer layer
(M=900-1000 emu/cm3) [26, 27]. This corresponds to a
change in film magnetization of 28% if we consider that
M=1000 emu/cm’ [27], for MgO/CFAS films. This
enhancement of M, is most probably due the proximity
induced magnetization in Pt.

The BLS measurements were performed with the
magnetization saturated in the film plane under magnetic
fields sufficiently above the saturation fields deduced from the
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VSM loops shown in figure 2a. Figure 3 shows the typical
BLS spectra at 5 kOe and 7 kOe in-plane applied magnetic
field for the 1.2 and 1 nm thick CFAS films for k,=15.18 pm’
! (6,=40°) and 20.45 pm’l (8,, =60°). It reveals the existence
of both S and AS spectral lines. Besides the usual intensity
asymmetry of these lines due to the coupling mechanism
between the light and SWs, a pronounced difference between
the frequencies of the S and AS modes (AF=Fs-Fas),
especially for higher values of %, is revealed by the BLS
spectra. This frequency mismatch is due to the interfacial DMI
as demonstrated previously [7, 8]. It is plotted in figure 4 as a
function of k;,, revealing a linear dependence with a slope that
changes markedly with CFAS thickness.
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Fig. 2. (Color online) Thickness dependences of (a) the saturation magnetic
field in the hard axis plane (b) the saturation magnetic moment per unit area
for the CFAS films of various thicknesses (Zcras). The schematic in (a) refers
to CFAS thickness where films have a perpendicular magnetic anisotropy
(PMA) and in-plane magnetic anisotropy (IMA). The saturation field is
deduced from the hardest direction hysteresis loop.

For all the samples studied here and for positive applied
magnetic field, the AS line frequency F,s was found to be
always higher than F. This means that DMI is negative, i.e.,
left-handed cycloids are favored. These BLS measurements
have been analyzed through the model described in [7, 8],
where the k;,, dependence of the frequency mismatch induced
by DMI is given by:

AF = F, - F,; :;W—VD

K

Sk = 2y D, k. (1
-- ™ t,,

Here, t5y is the effective ferromagnetic layer thickness (z.;=
trv= tey-ty), Y/2TU is the gyromagnetic ratio and Dy is the
interfacial DMI constant. The experimental data were fitted by
using the value of M; determined from VSM and the
gyromagnetic ratio, measured previously [28] (y2m =29.2
GHz/T) to determine mainly D,y
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Fig. 3. (Color online) BLS spectra measured for Pt/CFAS(1.2 and 1
nm)/MgO at 5 kOe (for 1.2 nm) and 7 kOe (for 1 nm) in-plane applied
magnetic field at two characteristic light incidence angles corresponding to ki,
= 15.18 pm" and kj, = 2045 pm’l. Symbols refer to experimental data and
solid lines are fits by Lorentzian. Fits corresponding to negative applied field
(blue lines) are presented for clarity and direct comparison of the S and AS
frequencies. AF is the difference between S and AS frequencies. A crossed
polarizer is used to remove phonon lines and select SW scattered light. For
clarity, the frequency range -10:10 GHz is removed.
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Fig. 4. (Color online) Spin wave vector (k) dependence of the experimental
frequency difference AF (symbols) of P/CFAS(#cras)/MgO systems grown on
Si substrates. Solid lines refer to linear fit using equation (1) and magnetic
parameter in the text.

Figure 5 shows the obtained values of D,y versus the
inverse of the CFAS effective thickness (1/7.5). It can be
observed that D, increases (in absolute value) with 1/f,; and
approaches zero when fcpss tends to infinity, confirming the
interfacial origin of the DMI. The linear fit of the experimental
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values of D,y allows determination of a unique value of the
surface DMI constant: D, = —0.42 me_l, which is lower than
those of Pt/Co/AlO, (D=-1.7 me_l) [8] and Pt/CoFeB/MgO
(D,=0.8 me_l) [29]. CFAS films being Heusler alloys are
subject of some degree of chemical disorder, which strongly
influences many of their physical properties and probably also
the DMI. Very thin and as-grown CFAS films have usually the
A2 structure, corresponding to a complete disorder between all
atoms Co, Fe and Si-Al. Therefore, within the CFAS thickness
range presented in this paper, all films show mostly the same
disordered A2 structure, which may explain the smaller DMI
constant in Pt/CFAS compared to Pt/Co and Pt/CoFeB.
Moreover, as shown by Jang et al. [30], based on numerical
studies, the interfacial DMI decreases the thermal energy
barrier while it increases the switching current and thus DMI
should be minimized for perpendicular spin transfer torque
memory applications. This again increases the potential
application of such Heusler alloys. However, higher DMI
values are needed for stabilizing magnetic Skyrmions [31],
interesting for achieving high information density in magnetic
data storage and other spintronic devices.
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Fig. 5. (Colour online) Thickness dependence of the effective DMI
constants extracted from fits of Fig. 4 using equation (1). Symbols refer to the
experimental data and solid line is the linear fit.

We have also been interested by the investigation of the
perpendicular anisotropy in Pt/CFAS/MgO systems using the
BLS measurements. In figure 6a are plotted the average value
of the S and AS frequencies [fy=(Fs+F4s)/2] and Af versus the
in-plane applied magnetic field for the 1.2 nm and 1 nm thick
CFAS films at k,,=8.08 um™ (6,=20°) and 15.18 ym" (8,
=40°), respectively. It is worth noting that BLS measurements
of 4f as a function the in-plane applied magnetic field [see the
inset of Fig. 6a for 1.2 nm and 1 nm thick CFAS films] reveal
that 4f is independent of the applied field, as expected from
the model mentioned above in equation (1). The experimental
field dependence of f; has been fitted using equation (1) of
reference [8] to deduce the effective magnetization
(4, =4 M,-2K/M,, where K is the perpendicular
anisotropy constant). The thickness dependence of M,y is
shown in figure 6b, where it can be seen that M. follows a
linear variation. We conclude that the perpendicular effective

magnetic anisotropy can be described by a volume (K,) and an
interface (characterized by the constant K;) contributions, as
given by equation (2).

K =k, +5% @
tcﬂ

The linear fit of the M,; measurements versus 1/z,5, combined
with equation (2), allows for the determination of the
perpendicular  surface (K;=0.49 mJ/m’) and volume
(K,=0.48x10° J/m’) anisotropy constants from the slope and y-
intercept, respectively. Both K and K, are positive reinforcing
the perpendicular magnetization easy axis. The K; value is
comparable to that of Pt/Co/AlO, [32].
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Fig. 6. (Colour online) Field dependence of the mean frequency of S and
AS lines ((Fs+Fas)/2) for the 1.2 nm (black curves measured at k,,=8.08 um™)
and 1 nm (red curves measured at 15.18 um™) thick CFAS films. Symbols
refer to the experimental data and solid lines are fits using equation (1) of
reference [8]. The inset shows the measured dependence of Af versus the
applied magnetic field in the case of the fcpas = 1.2 nm and 1 nm sample at a
fixed wave vector values k,=8.08 pm'l and k, = 15.18 pm’]. (b) Thickness
dependence of the effective magnetization extracted from fits of similar
measurements of Fig. 6a. Symbols refer to the experimental data and solid line
is the linear fit.

IV. CONCLUSION

The thickness dependence of the DMI constant has been
investigated in Pt/CFAS/MgO systems via Brillouin light
scattering. We proved that this scheme is simple, efficient,
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reliable and straightforward since few parameters are required
for the experimental data fit. The obtained results demonstrate
lower DMI constants in Pt/CFAS/MgO compared to Pt/Co
structure reinforcing the interest of such Heusler alloys for
perpendicular spin transfer torque memory applications.
Moreover, we demonstrate the possibility of perpendicular
magnetization of the ultrathin CFAS films due the existence of
both volume and interface contribution.
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