PHYSICAL REVIEW MATERIALS 7, 034408 (2023)

Thickness dependence of magnetic properties of Ir/FeV-based systems
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Ir-buffered Fey 7 V(3 (FeV) thin films of variable thickness (1.4 nm < #g.y < 10 nm) were sputtered on ther-
mally oxidized Si substrate and capped with Cu or MgO films. Vibrating sample magnetometery measurements
allowed deducing their magnetization at saturation and the magnetic dead layer thickness, found to be capping
layer independent. Microstrip line ferromagnetic resonance measurements under in-plane and perpendicular to
the film plane applied magnetic fields are employed to investigate the perpendicular magnetic anisotropy (PMA)
and damping. PMA is found to result from a uniaxial interfacial contribution which is slightly capping layer
dependent. In contrast, the second-order PMA constant, which could result from the inhomogeneous distribution
and the spatial fluctuations at the nanoscale of the uniaxial PMA at interface, is significantly stronger for
Ir/FeV/Cu films. The damping dependence on the inverse of FeV effective thickness revealed a low Gilbert
damping constant for FeV (agey = 1.7 x 1073) and allowed concluding that damping enhancement is mainly
induced by Ir/FeV. The zero frequency linewidth for in-plane configuration is attributed to two magnon scattering
contribution, found to be higher for Cu capped FeV. The investigation of the FeV thickness dependence of
interfacial Dzyaloshinskii-Moriya interaction (iDMI) of both systems via Brillouin light scattering allowed to
conclude to the zero iDMI constant of FeV/Cu. It also led to deduce iDMI constants of Ir/FeV and FeV/MgO,
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estimated to be D/F¢V = (0.13 & 0.02) pJ/m et DFV/MeO = (—0.07 £ 0.02) pJ/m, respectively.
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I. INTRODUCTION

In order to achieve faster, denser and more efficient
spintronic devices with a reduced power consumption, the
magnetic material parameters have to be well defined and
tuned according to the desired application. Magnetic damp-
ing, which is one of these most critical material parameters,
plays important roles in many spintronic applications, since
it strongly affects the energy required and the speed at
which a spintronic device can operate. The most com-
mon measure of damping is the parameter «, which is
usually referred to as the Gilbert damping constant. There-
fore, magnetic materials having both low damping and
low magnetization at saturation (M;) are highly desirable
for energy-efficient operation. Indeed, the critical current
density for a spin-transfer-torque magnetic random-access
memory cell is proportional to both M, and «, the speed
of domain-wall motion in racetrack memory is generally
inversely proportional to « and the threshold current for auto-
oscillations in spin-torque nano-oscillator scales with o« [1].
Moreover, damping determines the efficiency of magnonics
devices since it is correlated to the spin wave diffusions
length [2]. The moderate M, yields a reduced stray field,
allowing for denser patterned structures because coupling be-
tween bits is low. Furthermore, the low damping constant,
the low M, as well as the low effective anisotropy allow
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for efficient reversal of magnetization through damping-like
spin-orbit torque (SOT) due to the spin-Hall effect (SHE)
[3].

Intrinsic damping is largely driven by the details of the
band structure [4-6], especially the density of states at the
Fermi level, thus the presence of conduction electrons, which
lead to significant magnon-electron scattering contributions
[7], limits achieving ultralow damping. Therefore, ultralow
damping can be attained in insulating ferrimagnets due to the
suppression of magnon-electron scattering. However, insula-
tors cannot be used in most spintronic applications, where
a charge current through the magnetic material is required.
Heusler alloys are another promising group of materials for
which low damping was measured [8,9]. Moreover, besides
their theoretically predicted half-metallic character (perfectly
spin-polarized conduction electrons at Fermi energy) at room
temperature, they have the advantage of a good lattice match-
ing with major substrates and high Curie temperature resulting
in very high performances of spintronic devices. However,
their magnetic and electronic properties are strongly influ-
enced by the atomic arrangement (chemical disorder), which
is primarily responsible for decreased spin polarization. Fur-
thermore, important research effort is being put into their
fabrication, since their deposition processes require relatively
high temperature annealing and substrate preparation. An-
other alternative to achieve lower damping values is the use
of iron-vanadium alloys (FeV). Indeed, It was reported that
FeV is one of the best candidates for an effective reduc-
tion of the magnetization, together with a decrease of the
damping [10].
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To achieve nanoscale spin-transfer-torque devices with
better performance, one requires larger perpendicular mag-
netic anisotropy for higher thermal stability. Furthermore,
systems consisting of ferromagnetic and heavy metals are
of extreme importance in the field of spintronics. The spin
currents through the interface of such a heterostructure are
at the origin of many phenomena such as spin pumping and
SHE [11], which can be used for magnetization switching
via SOT. This latter one is a potentially energetically effi-
cient way to control the magnetization dynamics and, thus,
emerges as an efficient mean to switch magnetization and
drive novel chiral magnetic textures, such as skyrmions and
domain walls [12]. Interfacial Dzyaloshinskii-Moriya interac-
tion (iDMI) [13], which appears in heavy metal/ferromagnetic
film (FM)-based systems, is of great importance for the next-
generation spintronic memory devices. Therefore, the aim of
this paper concerns the investigation of the damping, perpen-
dicular magnetic anisotropy (PMA) and iDMI in Ir/FeV-based
systems. The idea is to control their strength via optimizing
the interface quality through the variation of FeV thickness
and the use of different capping layers (Cu and MgO). For
this purpose, ferromagnetic resonance (FMR), Brillouin light
scattering (BLS) coupled to vibrating sample magnetometery
(VSM) techniques were used.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

The studied samples are 5 x 5 nm? in size and have the
structure Si/Si0,/Ta (2.5)/Tr (4)/FeV (tgev)/Cu (2) or MgO
(1)/Ta (2.5), where the numbers in parentheses represent the
thickness in nm and were grown using a magnetron sputtering
system with a base pressure lower that 2 x 10~% Torr. The
metallic layers were deposited using dc sputtering under an Ar
pressure of 1.5 mTorr, while the MgO layer was grown by rf
sputtering in an Ar pressure of 10 mTorr. The FeV films were
deposited from a Fe;39,Vyyg target. Hysteresis loops were
measured under in-plane and perpendicular applied magnetic
fields using a VSM for each sample with a given FeV thick-
ness. The saturation magnetic moment per unit area (M, x
trev) 18 then determined and used to obtain the magnetization
at saturation (M;) and the thickness of the magnetic dead
layer (t;) for each system. To investigate iDMI, BLS [14],
under in-plane applied magnetic field in the Damon-Eshbach
configuration was employed to record spectra for a given field
and spin wave vector. For this, the sample is placed in the gap
of an electromagnet generating an in-plane magnetic field up
to 1.3 T. This sample is illuminated by a stabilized green laser
(having a wavelength of A = 532 nm) provided by an intense
(200 mW) and monochromatic source with a long coherence
length. The laser beam is then divided into two parts by a
beam splitter: a reference beam used in the initial settings of
the Fabry-Perrot tandem and the second part, used as a probe
beam, is focused on the sample after passing through a set
of several mirrors and lenses. The backscattered laser beam
by the sample (elastic and inelastic processes) is oriented to
a Fabry-Perot tandem to determine the frequency shift with a
respect to the reference (Stokes and anti-Stokes) after passing
through an analyzer to reduce the noise and eliminate the
signal associated with the presence of the phonons. The wave
vector (ksy) is determined by the incidence angle of the laser

(¢in) through the relation: kg, = 4T”sin(qbin). The Lorentzian
fits of the BLS spectra were used to obtain the Stokes (S)
and anti-Stokes (aS) line frequencies to investigate the vari-
ations of the frequency mismatch (AF = Fy — F,g) versus
ksw to measure the iDMI strength. Microstrip ferromagnetic
resonance (MS-FMR) [15] was used to investigate PMA and
damping. In these MS-FMR experiments, the samples, cut
into pieces of 5 x 5 mm?, are mounted on top of the signal
line of a microstrip line which is connected to a microwave
generator providing an excitation power of 20 dBm and to a
Schottky detector used to measure the transmitted power. It
is worth mentioning that a large excitation power drives mag-
netization precession in nonlinear region which complicates
spectrum analysis and in particular the linewidth modelling.
The magnetic field was swept (up to 1.6 T) at fixed frequency
(up to 20 GHz) and once the FMR conditions are fulfilled,
a strong absorption is clearly detected. The dimensions of
the MS line are chosen to match the impedance of 50 €.
To significantly increase the signal-to-noise ratio, a lock-in
technique is employed. For this, two coils which sandwich the
MS are inserted. These coils are driven by a power amplifier
at 170 Hz, such that an alternating magnetic field of 0.4 mT
can be produced to modulate the external applied magnetic
field. The output signal of the Schottky detector is sent to
the lock-in amplifier to obtain the experimental spectra which
are proportional to the derivative of the absorbed power with
respect to the applied field. These spectra are fitted with the
Eq. (1) given in Ref. [16] to determine the resonance field
(H,) and the FMR field half linewidth at half maximum AH
for a given driving frequency (F'). For out-of-plane applied
magnetic field measurements, the MS with the sample can be
rotated around an in-plane axis from the in-plane direction
(6 = £90°, where 6y is the angle defining the direction of
the applied field and the normal to the film plane) to the
normal to the layer plane (6y = 0) by step of 5° while for in-
plane applied field measurements, only the sample is rotated
up to 360°. All the components of the MS-FMR setup are
controlled by a computer via the Labview program operating
under Windows, allowing adjusting, in real time, field steps,
the excitation microwave frequency and the angle of the ap-
plied magnetic field as well as its intensity. The PMA and
damping are investigate through the study of the frequency
variation versus the magnetic field applied perpendicularly or
in the plane of the film and via the frequency dependence of
AH, respectively.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the FeV thickness dependence of M; x
trev, Where the linear fits allow determining the magnetization
at saturation (M;) and the thickness of the magnetic dead
layer (#;): the slope gives M,, while the horizontal axis in-
tercept gives #;. Similar values have been obtained for the
Cu and MgO capped samples (M, = 1100 £ 20 kA/m and
t; = 0.39 & 0.04 nm). This magnetic dead layer could be due
to the oxidation of the FeV during MgO layer deposition and
interdiffusion at Ir/FeV and FeV/Cu interfaces. However, the
similar #z; for both systems suggests the negligible oxidation
or intermixing at FeV/MgO and Fe/Cu interfaces, confirm-
ing the immiscibility of Fe and Cu [17]. The M, value is
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FIG. 1. Variation of the saturation magnetic moment per unit
area versus the FeV thickness (fg.v) for Ir/FeV/Cu and Ir/FeV/MgO
systems. Symbols are VSM measurements data and lines refer to the
linear fits.

significantly lower than that of pure Fe (1700 kA/m) [18]
and bulk Co: 1422 kA/m for hcp Co and 1450 kA/m for
fcc Co [19] reinforcing the interest of FeV for spin-transfer
torque-based devices. The decrease of M with respect to that
of Fe can be associated with the reduction of the Fe content
and to the fact that V acquires a magnetic moment antipar-
allel to that the Fe atom moment [20]. For simplicity, all
the measurements presented below are analyzed by consider-
ing M; = 1100 kA/m and #; = 0.39 nm to deduce PMA and
iDMI parameters and investigate the thickness dependence of
damping.

In order to estimate the stoichiometry of the FeV in our
samples, we used available data on such systems in the lit-
erature. Devolder et al. [21] measured the V composition
dependence of the magnetization at saturation of FeV of
variable thicknesses (9—30 nm). The obtained values of M,
provided by Devolder et al. [21] revealed that M, varies
linearly with V content (x) as poM; = (2.2—3x) [21] for
x < 0.4. Using the measured value of M, in our samples
(uoM; = 1.382 T), we estimated x to be 0.275, which is in
good agreement with the nominal composition of the target.

We will now focus on the perpendicular magnetic
anisotropy and Gilbert damping. For this aim, MS-FMR is
first used to determine the gyromagnetic ratio (3~ = g x
13.97 GHz/T, where g is the Land€ factor) from the an-
gular frequency (w, ) variation versus the amplitude of the
perpendicular to the film plane applied magnetic field (H, ),
as shown in Fig. 2(a) for Ir/FeV/MgO system with various
trev. Since w | = oy (Hy — Mg ), the linear fits of the data
in Fig. 2(a) allow determining y values and the perpendicular
effective magnetization (poMesr 1 ), from the slope and the hor-
izontal axis intercept, respectively. The corresponding values
of g, shown in the inset of Fig. 2(a), vary slightly with FeV
thickness and therefore, for simplicity an average value of
2.13 will be used for both systems to analyse all measurements
presented below.

After determining the gyromagnetic factor and Mg,
measurements with an in-plane applied magnetic field were
carried out to obtain the angular dependence of the resonance
field and the field dependence of the uniform precession mode
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FIG. 2. Variations of the uniform precession mode frequency
versus of (a) the perpendicular to the film plane (H,) (c) the in-
plane applied magnetic field (H,) for Pt/FeV (fg.v)/MgO system.
Symbols refer to the experimental data and solid lines are fits using
equations given in the paper. (b) MS-FMR spectra (measured at
different microwave frequencies) representing the amplitude of the
field derivative of the absorbed power as a function of the in-plane
applied magnetic field for the 10-nm- and 2.8-nm-thick FeV films
capped by MgO. The magnetic field was applied in the sample plane
along the substrate edges. Symbols refer to experimental data and
solid lines are fits using Eq. (1) of Ref. [16]. For more visibility, the
amplitude of spectra at 5 GHz have been divided by 10 (6) for 10 nm
(2.8 nm) FeV film.

frequency (F = %). The obtained typical MS-FMR spectra
for different microwave frequencies and magnetic field ap-
plied along the substrate edges are shown in Fig. 2(b) for
It/FeV/MgO system with 10- and 2.8-nm-thick FeV layers.
Both the in-plane and the perpendicular to the film plane MS-
FMR spectra (not shown here) were well defined, suggesting
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a uniform composition and the absence of any significant
segregated zones. The MS-FMR spectra recorded under in-
plane and perpendicular to the film plane applied fields have
been fitted with a derivative of a Lorentzian function given
by Eq. (1) in Ref. [16] to determine AH and H, for a given
driving frequency (F') and a given direction. As illustrated by
the spectra shown in Fig. 2(b), one should note the increase of
AH and H, as the thickness decreases due to the increase of
PMA and damping as it will be commented below.

The in-plane angular variations of the resonance field re-
vealed a weak uniaxial anisotropy that might be neglected,
suggesting in-plane polycrystalline or amorphous structure of
FeV grown on Si. This is expected in magnetron sputtered
samples where the residual magnetic field of the magnetrons
is expected to induce a weak uniaxial anisotropy even for
amorphous or polycrystalline films. Therefore, the field de-
pendences of the angular frequency wy, recorded for the
applied field along the substrate edges and shown in Fig. 2(c),
have been fitted with w = oy /H(H) — Mesry) to deduce
the in-plane effective magnetization (M) ).

J

The obtained values of oMy and poMery for
Ir/FeV/MgO and Ir/FeV/Cu are shown in Fig. 3(a) versus the
inverse of the FeV effective thickness defined as fo¢f = frey —
t;. Interestingly, one can observe a significant difference be-
tween poMesry and puoMegr, in both systems suggesting the
existence of a second-order PMA constant K, besides the
uniaxial PMA constant K | . Note that sometimes in literature,
these anisotropy constants are also referred to as second-order
and fourfold anisotropy constants. Indeed, according to the
model in Ref. [16], the out-of-plane angular dependence of
the precession frequency is given by Eq. (1), where 6y,(0y)
refers to the out-of-plane angle defining the direction of the
magnetization (the applied field) and the normal to the film
plane. Therefore, for in-plane applied magnetic fields, the
contribution of K, to the frequency vanishes and puoMesr =
noM;—="~. However, for a perpendicular applied magnetic
field, the frequency is K> dependent and the extracted Mg
is defined as puoMeg1 = oM;— ZKL — 4K . Therefore, K>
can be deduced from the dlfference between o Megry and o
Mg, as shown in the inset of Fig. 3(a) for both systems.

[H cos 6y — On) — Megr)
Wout = MY

Note the negative sign of the K, reinforcing the in-plane
easy axis of the magnetization. The extent of K, variations
versus 1/t of Cu capped samples is approximately twice
that of Ir/FeV/MgO system. Furthermore, K, increases in
absolute value with the decreasing FeV thickness and rather
saturates for tgey = 2 nm in Ir/FeV/Cu. We should mention
that the out-of-plane angular dependence of the resonance
field [shown in Fig. 3(b)] could not be fitted by Eq. (1) without
the use of K5, . It is worth mentioning that inhomogeneous
distribution and spatial fluctuations at the nanoscale of the
uniaxial anisotropy at interfaces could be responsible for the
presence of K, [22,23].

Let us now come back to the thickness dependence of
effective magnetization where the linear dependence suggests
the existence of an interfacial contribution to the PMA. This
interfacial contribution to PMA is of utmost importance to
spintronic applications, since it offers the possibility to tune
the effective anisotropy field via thickness to a desired value.
The deviation from the linear behavior for the thinner FeV
films is most likely due to interface quality degradation as
the thickness is reduced. This deviation is more pronounced
for Cu capped samples most probably due to the increased
structural disorder, interfacial inhomogeneity and roughness,
in line with the higher values of K, compared to the MgO
capped films. Furthermore, this deviation from the linearity
is more obvious in the variations of poMegry versus 1/fe,
since (oM. is affected by K , in contrast to poMesr. Due
to the linear dependence of woMefry versus 1/fer, K| can be
described by the phenomenological relationship K, = K, +
; , where K and K, are the perpendicular uniaxial surface
and volume anisotropy constants, respectively. K, and K; are
directly obtained from the intercept and from the slope of

c0s (2604 + 2Kz (cos (26)) + cos (40y))]
[H cos Oy — On) — Megrjcos® (Oy) + %0054(@‘4)]

ey

(

the linear fit of oM.z versus 1/f., as shown in Fig. 3(a).
The obtained values are summarized in Table I, where both
systems show almost similar values of K and K, . Despite the
similar obtained values of K for both systems, it is difficult
to precisely determine the interface inducing such PMA since
FeV/Cu and FeV/MgO could contribute to K besides Ir/FeV
interface. However, one could expect that the contribution of
the top interface with FeV, in both systems, to be negligible,
especially that of FeV/MgO where Fe—-O bonds, which are
a source of the interfacial PMA, are expected to occur. This
suggests that V could reduce significantly Fe—O bonds at the
FeV/MgO interface and thus preventing any contribution to
PMA. This could be elucidated by investigating Cu/FeV/Cu
systems.

The FMR linewidth gives information about the mag-
netization relaxation and samples inhomogeneities. The
frequency dependences of AH are shown in Figs. 4(a) and
4(b) for Ir/FeV/MgO samples. Note the significantly lower
AH for a perpendicular to the plane applied magnetic field
most probably due to the two magnon scattering contribution
to AH when the magnetic field is applied in the film plane
[Fig. 4(b)]. The two magnon scattering contribution, which
is related to scatterings on local inhomogeneities or inter-
faces, is confirmed by the out-of-plane angular dependence
of AH, as shown in Figs. 4(c) and 4(d) for two MgO-capped
samples with 2.8-nm- and 10-nm-thick FeV films. Indeed,
as we move from in-plane to out-of-plane, AH increases
drastically before decreasing significantly in the vicinity of
the normal direction and reaching its minimum, as predicted
by the two magnon scattering model [24]. The angular de-
pendences of AH shown in Figs. 4(c) and 4(d) were fitted
by considering the contributions of two magnon scattering
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TABLE I. Parameters obtained from the best fits of the effective magnetization, the damping and the effective iDMI constant versus the
inverse of the effective thickness of FeV thin films grown on Si substrates using MgO or Cu capping layers.

M K, K, OFev|| OFev | 8;%” 8Z§ L D;
System (kA/m) (x10° J/m?) (mJ/m?) (x1073) (x1073) (nm~2) (nm~2) (pJ/m)
Ir/FeV/MgO 1112420  0774+0.08  057+0.04 277+£072 1754067 26.18+29 2222+19 0.06+0.01
It/FeV/Cu 1100+ 16  0.65+£0.09 0.63+0.08 378+£055 1.67+£092 2771422 2452425 0.134+0.02

and mosaicity besides that of Gilbert and inhomogeneities.
For the sake of simplicity, because additional theoretical
considerations would be required to fit AH versus the out-
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FIG. 3. (a) Eeffective magnetization (uoM.g) versus the FeV
reciprocal effective thickness (1/(fgey — #4)) of Pt/FeV (tgey)/MgO
and Pt/FeV (tgey )/Cu systems grown on Si substrates. poM.g values
have been extracted from the fit of MS-FMR measurements of the
frequency of the uniform precession mode versus the in-plane and
the perpendicular applied magnetic field using equations given in the
main text. Symbols refer to experimental data while solid lines are
the linear fits taking into account only the thicker films. The inset
shows the second- order perpendicular magnetic anisotropy constant
versus the FeV reciprocal effective thickness of the corresponding
systems. Solid lines are used as guides to the eye. Variation of the
resonance field versus of the out-of-plane angle measured at 9 GHz
driving frequency for Ir/FeV/MgO system with (b) 2.8-nm- and (c)
10-nm-thick FeV layer. 0y refers to the out-of-plane angle defining
the direction of the applied field and the normal to the film plane.
Symbols refer to experimental data and solid lines are fits using
Eq. (1).

of-plane direction of the applied magnetic field, we limited
our investigation of damping to the measurements with per-
pendicular applied magnetic fields where the two magnon
scattering contribution vanishes. For comparison and to eval-
uate the contribution of the two magnon scattering, damping
values with an in-plane magnetic field have also been con-
sidered. Furthermore, a pronounced two magnon scattering
contribution to AH results in nonlinearity of the frequency
dependence of AH for an in-plane applied magnetic field. The
absence of such pronounced nonlinearity in the frequency de-
pendence of the in-plane AH [see Figs. 4(a) and 4(b)] makes
difficult the separation of the Gilbert-type damping contri-
bution and the two magnon scattering contribution to AH.
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FIG. 4. FMR half width at half maximum linewidth (AH) versus
the driving frequency for (a) in-plane or (b) perpendicular to the film
plane applied magnetic field of Ir/FeV (frev)/MgO of various FeV
thicknesses. Symbols refer to experimental data and solid lines are
linear fits. Variation of AH versus the direction of the out-of-plane
applied magnetic field with a respect to the normal to the sample
plane (6y) measured at 9 GHz driving frequency for Ir/FeV/MgO
system with (c¢) 2.8-nm- and (d) 10-nm-thick FeV layer. Symbols
refer to experimental data and solid lines are fits using Gilbert, two
magnon and mosaicity contribution.

034408-5



DJOUDI OURDANI et al.

PHYSICAL REVIEW MATERIALS 7, 034408 (2023)

T T

40 a aClEH A oygo T(a)
—_—
~304 H
?
o
Z20 1
3
10 1
:
0 T T T O (XC#JL v aTMgOL
0.0 0.2 0.4 0.6 0.8 1.0
1t (nm)
12+ Cu o (b) -
104 B pAHgy, |
= ®  pAHy,
E£81 wmgo i
Io 64 A wAHy g
< YV HAHg,
= 4 N
2 b4 ® ]
v
0 T T

00 02 04 06 08
Mtey (N

FIG. 5. (a) Gilbert damping parameter and (b) zero frequency
linewidth, deduced from in-plane (||) and perpendicular (L) applied
magnetic fields measurements, as a function of the FeV reciprocal
effective thickness of Ir/FeV (tg.v)/MgO and Ir/FeV (tgv)/Cu sys-
tems. Symbols refer to experimental data and solid lines are linear
fits.

Therefore, the frequency dependences of AH have been fitted
by uoAH = pnoAHy + 27”01F = (toAHy + Yo to determine
the magnetic damping () and the inhomogeneous contribu-
tion (AHy ) for both systems and for each configuration of the
applied field. This leads to the real Gilbert damping (¢ ) or to
an effective damping constant (o), including the two magnon
contribution when fitting the perpendicular or the in-plane
AH, respectively. The variations of « as a function of 1/t
are shown Fig. 5(a) for both systems and for both in-plane
and perpendicular to the plane applied magnetic fields. Note
the linear dependence of « versus 1/t.¢ with a slight variation
of the slope with the capping layer: the slope is lower for
MgO capped samples, suggesting that the damping increase
is mainly induced by the spin pumping at the Ir/FeV. It also
supports the assertion that MgO does not permit a spin current
to flow to Ta and suppresses spin pumping at the top interface
with FeV, in contrast to Cu capped samples [25]. We thus
consider that the total damping is given by o = apev + ap,
where arev is the Gilbert damping constant of the FeV. ap =
i gl (where pup is the Bohr magneton and g;ff is the
effective spin mixing conductance) is the damping induced
by the spin pumping effect. The linear fits of the experimental
data give apey and glflf from the vertical axis intercept and
the slope, respectively. The results for both systems and field

configurations are shown in Table I. The obtained values
confirm the low Gilbert damping constant of FeV (apy =
1.7 x 1073), which is in good agreement with the reported
value by Arora et al. [26]. It also allowed concluding that
damping enhancement is mainly induced by Ir/FeV while the
contribution of the top interface is significantly lower. Note
the higher values of ap.y and glé deduced from the linear fit
of o versus 1/f.s resulting from the two magnon scattering.
However, while its contribution to oy is significant leading
to overestimation of apey Which can be up to a factor 2, its
contribution to glfif is weak, suggesting a negligible interfacial
two magnon scattering. It is worth noticing the slight higher
values of apey and ngf of the Cu capped samples compared
to those of Ir/FeV/MgO due the suppression of spin pumping
by MgO at the top interface and the relatively stronger two
magnon scattering in Ir/FeV/Cu which could be partially due
to more structural disorder and roughness at the interfaces
with Cu.

AH, is associated with an extrinsic contribution to the
linewidth and reflects the magnetic and structural inhomo-
geneities in the layers and two magnon scatterings due to
defects. In-plane and perpendicular FMR measurements of
AH allow one to separate inhomogeneity and two magnon
scattering contributions, since for inhomogeneities, a line
broadening in the perpendicular configuration is expected
compared to the parallel configuration. Therefore, the thick-
ness dependence of the AHy; and AHy,, deduced from the
linear fit of the frequency dependence of AH under in-plane
or perpendicular applied magnetic field, was investigated
as shown in Fig. 5(b). For both systems, AHy; is signif-
icantly higher than AHp,, especially for the thinner FeV
films suggesting that AHp results mainly from two magnon
scattering contributions. Indeed, AHy ~ AH, for thicker
FeV (tgev = 10 nm) and as fg.y decreases AH, increases and
the gap between AHy and AH,,; becomes more significant.
The substantially higher values of AHp of Cu capped FeV
films is most probably due to more imperfections and inho-
mogeneities. However, the lack of sufficient data for these
samples with thinner FeV films due to the weak FMR signal
under in-plane applied magnetic field does not allow us to
conclude on the origin of AHy and its thickness dependence
in such samples. In contrast, the linear dependence of AH,
versus 1/t reflects the interfacial nature of imperfections
and inhomogeneities at the origin of AHy in MgO capped
samples.

We have also investigated iDMI in both systems, which
can be determined through the investigation of the frequency
mismatch AF between spin wave frequencies correspond-
ing to Stokes and anti-Stokes lines. Due to the weak iDMI
values that could be induced by Ir/FM interface, we lim-
ited the determination of the iDMI effective constant (D)
to frequency mismatch AF measurements at maximal kg, =
20.45 um™! (corresponding to ¢, = 60°) without crossed an-
alyzer. This allows probing bulk phonon and magnon Stokes
and anti-Stokes lines. The acoustic waves are used to check
the zero frequency setting and proceed to frequency correc-
tion (in case of incorrect adjustment of the zero frequency)
for a precise measurement of the iDMI constant [27]. Deg
is determined from the relation Aw = 27 AF = Deg %ksw =
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FIG. 6. Variation of the effective iDMI constants as a function
of the FeV reciprocal effective thickness of Ir/FeV (fgev )/ MgO and
Ir/FeV (tgey )/Cu systems. Solid lines refer to the linear fit and sym-
bols are experimental data.

J%ksw, where D¢t = Dy /tos and Dy is the iDMI surface
constant, characterizing the iDMI strength and kg, =
20.45 um~!. The variation of D.s versus 1/t for both
systems, shown in Fig. 6, reveals a linear behavior al-
lowing us to determine D; for each system as shown in
Table 1. Apart from the 1/t dependence and the weak
iDMI, one can observe a significant difference between Cu
and MgO capped samples, suggesting a contribution from
the top interface. In order to deepen the analysis and to
have an estimation of the iDMI strength of each inter-
face, we consider that both FeV interfaces are sufficiently
apart so that they give distinct contributions to the iDMI
[28]. Therefore, the total iDMI constant is DI/FY/MeO _
Dir/FeV + DfeV/MgO and Dlr/FeV/Cu — Dir/FeV + DFeV/Cu for
It/FeV/MgO and Ir/FeV/Cu, respectively. Since for both sys-
tems, the growth process is similar up to the FeV layer, we
can assume that the iDMI strength at the Ir/FeV interface
does not change from one system to another. Considering
that DFeV/Cv = 0, we deduce D/FV = (0.13 £0.02) pJ/m
and D:°Y/ME = (-0.07+£0.02) pJ/m. This latter value
is lower than the deduced value of Fe/MgO (DF*/Me0 =
—0.15 pJ/m) [29], Co/MgO (DS™E° = —0.22 pJ/m) [30],
and CoFeB/MgO (DS™B/™E0 = _0.17 pJ/m) [30] from
measurements reported in Refs. [29,30]. The obtained value of
DI"/FeV s also significantly lower than that of Co/Ir (DE/!f =
0.32 pJ/m) [31] and could be attributed to different details
of the interface morphology since iDMI is sensitive to the
atomic arrangements at the interface. Note the positive sign
of iDMI constant of Ir/FeV similar to that of Ir/Fe and oppo-
site to that of Ir/Co. Moreover, DI/FeV is significantly lower
than the reported iDMI energy value of ~4 meV/atom thus
Dt ~ 7 mJ/m? (Dg ~ 2.1 pJ/m) at 11 K by scanning tunnel
microscope measurements [32] for Ir/Fe interface. We should
mention that the investigation of Heinze ef al. [32] concerns
a low temperature measurements on a Fe ML grown pseudo-
morphically on a hexagonal Ir(111) surface, which is a perfect
ultrathin layer. In the absence of the temperature dependence
of Dy, it is difficult to predict its value at room temperature and
thus to compare with the obtained value for FeV. However,
Zhang et al. [29] reported iDMI measurements at room tem-

perature on Ir/Fe(3nm)/SiO,, where Deg ~ 0.3 mJ/ m? (D, ~
0.6 pJ/m) are obtained. While the iDMI sign of Ir/Fe is in
good agreement with that of Ir/FeV, the strength of the iDMI
induced by the latter is weaker. Moreover, in our previous
work [31], we showed that the Ir/Co and Co/Ir interfaces
present different iDMI: while Dy of Co/Ir is 0.29 pJ/m no
iDMI is induced by the Ir/Co interface. It is not surprising
to obtain such weak iDMI induced bat Ir/FeV. We should
mention that iDMI is sensitive to disorder, defects, and atom
arrangement at the interfaces which vary significantly as a
function of sample elaboration parameters, like deposition
technique, underlayer, and capping layer. Therefore, it is not
surprising to have dispersion between experiments for the
obtained values of iDMI since the sample elaboration and
interface properties may differ.

Stabilization of skyrmions results from the competition
between iDMI, symmetric exchange and the effective per-
pendicular anisotropy. Therefore, it is important to compare
the exchange stiffness constant (A.x) of FeV to the iDMI
constant. Since the primary goal of the investigation is the
interfacial phenomena, ultrathin films are needed (<10 nm).
For such thinner films, the perpendicular standing spin wave
frequencies, needed to estimate A.x, overpass the frequency
range available in our FMR setup. Even with BLS, due to
the lower signal-to-noise ratio, it is difficult to determine
precisely Aex of such ultrathin FeV films. However, accord-
ing to Devolder et al. [21], Aex of FeV is in the range of
22-26 pJ/m for x below 0.4 and is essentially independent of
the vanadium content. Therefore, D; of Ir/FeV is very weak
compared to Acx. We should mention that in all the studied
systems in literature, Ay is always significantly higher than
the iDMI constant even for the Pt/Co/MgO system where the
higher iDMI values are measured (D; = —2.17 pJ/m [33]).
This is not surprising since A.x characterizes the symmetric
direct exchange interaction between spins and D; refers to the
strength of the indirect antisymmetric exchange interaction
between spins through a heavy metal atom. The symmetric
exchange interaction is thus of longer range (defined by the
exchange length) compared to iDMI which is more localized
at interface. Furthermore, in contrast to Acx which depends on
the ferromagnetic materials, the D, values depend mainly on
the heavy metal nature.

Let us now discuss the applicative potential of FeV. The
composition dependence of the damping parameters of Fe,
Co, Ni, and their alloys has been reported by Oogane et al.
[34]. The bulk Fe has the lower damping (¢ = 1.9 x 1073)
when compared to Co (¢ = 11 x 107%) and Ni (¢ = 64 x
1073). FeCo alloys with a high Fe content show minimal
values (CoysFe;s) then the damping parameter gradually in-
creased with the increasing Co. For NiCo alloys, the damping
parameter remains in the range 11 x 107 < o < 19 x 1073
with Ni concentration between 10 and 70%. Compared to
Fe, Co, and Ni, FeV is a particularly attractive material for
spintronic applications due to its lower damping constant
(o ~ 1.7 x 1073). Tt is worth mentioning that the dispersion
of o values of these ferromagnetic materials is noted in the
literature [35]. Despite its  comparable to that of bulk Fe, its
M is significantly lower making it possible to achieve spon-
taneously perpendicular magnetized films with a reasonable
thickness, needed for wide variety of spintronic devices. In
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summary, FeV has a low damping constant (o ~ 1.7 x 1073),
a moderate M, and a low effective anisotropy field (for ultra-
thin films) which allow for efficient reversal of magnetization
through dampinglike SOT due to the SHE. We should men-
tion that these three parameters could be further tuned by a
judicious choice of V content, FeV thickness, capping, and
buffer layers. The choice of FeV as a material for spintronic
application is thus particularly advantageous as it combines
the low damping and the reduced magnetization compared to
Fe as well as interface anisotropy to achieve PMA materials.
Therefore, FeV could be particularly attractive material for
spintronic applications.

IV. CONCLUSION

Magnetic damping, interfacial Dzyaloshinskii-Moriya in-
teraction and perpendicular magnetic anisotropy, which are
technological key parameters, were investigated in Ir/FeV/Cu
and Ir/FeV/MgO by ferromagnetic resonance and Brillouin
light scattering. The analysis of the experimental data reveals
the existence of a uniaxial perpendicular magnetic interface
anisotropy which shows slight capping layer dependence sug-
gesting that it is mainly induced by Ir/FeV interface. In
contrast, the second-order PMA constant which could arise

from the inhomogeneous distribution and the spatial fluctu-
ations at the nanoscale of the uniaxial PMA at interface, is
significantly stronger for the Ir/FeV/Cu system. FMR mea-
surements of the linewidth under in-plane and perpendicular
applied magnetic field allowed us to conclude on a relatively
low Gilbert damping constant of FeV (apey = 1.7 x 107%)
and to identify inhomogeneities and two magnon scattering
contributions. While the zero frequency linewidth in the plane
results mainly from two magnon scattering for both systems,
AH, in the perpendicular configuration is due to interfa-
cial inhomogeneities. Damping enhancement was observed
and attributed to spin pumping at the Ir/FeV interface. The
thickness dependence of the effective iDMI constant was in-
vestigated and allowed to separate the contributions of the
various interfaces. Our results show that Ir/FeV and FeV/MgO
interfaces induce a weak iDMI of opposite sign leading to
additional contribution to the total iDMI.
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