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Abstract
Correlation between interfacial Dzyaloshinskii–Moriya interaction (iDMI), perpendicular
magnetic anisotropy (PMA) and spin pumping-induced damping was investigated in
CoFeB-based systems grown by sputtering on Si substrates, using Pt, Ta, Cu, W and MgO
capping layers. Vibrating sample magnetometer, Brillouin light scattering (BLS) and broadband
ferromagnetic resonance techniques were combined for this aim. The CoFeB thickness
dependence of iDMI and PMA constants, in CoFeB/X (where X = Pt, Cu/Pt, Ta/Pt or W/Al),
revealed that only the CoFeB/Pt system presents a measurable iDMI and that the interfacial
PMA is mostly similar except for the Ta/CoFeB/Ta/Pt system. Therefore, no clear correlation
between the above-mentioned interfacially-driven and spin-orbit coupling related quantities was
observed due to their different origins in our systems. An efficient sample design involving
various spacer layers of variable thicknesses in Ta/CoFeB(1.5 nm)/Y/Pt (where Y = Cu, Ta,
MgO) allowed evidence of a linear correlation between iDMI, PMA constants and the effective
spin mixing conductance. The linear dependence, which could result from the narrow variation
range of PMA and/or iDMI, is attributed to the similar interface orbital hybridizations involved
in PMA, iDMI and spin pumping-induced damping.

Keywords: interface effects, perpendicular magnetic anisotropy, spin pumping,
ferromagnetic resonance, Brillouin light scattering, interfacial Dzyaloshinskii-Moriya
interaction
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1. Introduction

Spintronics is receiving broad attention from both research-
ers in condensed matter physics, motivated by the quantum
character of spin, and engineers due to the enormous poten-
tial that it offers for the realization of devices with new
functionalities. Its progress has benefited from the develop-
ment of sophisticated thin film fabrication techniques such as
sputtering and molecular beam epitaxy as well as structural
and chemical characterization methods. This has led to the
growth of synthetic multilayers with a high interface quality,
which exhibit magnetic properties dramatically different from
their bulk counterparts. Moreover, spin-orbit coupling (SOC),
which links the orbitalmotion of electrons to their spin, is asso-
ciated with a number of important phenomena in magnetism.
Indeed, spin-orbit interfacial phenomena that appear in heavy
metal (HM)/ferromagnetic metal (FM) ultrathin films such as
spin-orbit torque [1, 2], perpendicular magnetic anisotropy
(PMA) [3], spin pumping driven damping [4] and interfacial
Dzyaloshinskii–Moriya interaction (iDMI) [5–7] are expected
to play an important role in determining the viability of these
future technologies.

Symmetry breaking in magnetic/non-magnetic (NM) thin
film bilayer-based systems induces an interfacial PMA where
the fundamental origin is the anisotropy of the interfacial
orbital angular momentum induced by the lowered symmetry
[8]. The presence of HMs in such bilayers modifies the inter-
facial orbital angular momentum, and enhances the spin-orbit
interaction, thereby increasing PMA [8]. This PMA is one
of the most important ingredients of magnetic materials and
is necessary to obtain films with a perpendicular magnetiz-
ation; it is used in hard disk drives, to enhance the thermal
stability [9] and to reduce the critical current densities in
spin-transfer-torque-based magnetic random access memor-
ies [10]. Another key technological parameter, as it controls
the magnetization dynamics, is damping. Depending on the
desired application, its value should be chosen: low damp-
ing is essential for current-induced magnetization switching
[11], while higher values are required for both hard disc
drives recording media [12] and read heads to reduce the
thermal magnetic noise in the latter, which arises from thermal
fluctuations and is considered as a limitation on recording
density. Spin pumping is a powerful procedure to tune this
parameter. Finally, SOC can be combined with the exchange
interaction and the lack of structural inversion symmetry at
interfaces to generate an antisymmetric exchange interaction
referred to as iDMI. iDMI modifies the static and dynamic
properties of magnetic configurations. It is also responsible for
the non-reciprocity of the propagation of spin waves (SWs)
and the appearance of chiral spin structures such as magnetic
skyrmions [13].

It is worthwhile to mention that the SOC is necessary to
induce and boost the strength of these three interfacial phe-
nomena but is not the only interaction responsible for their
existence. Indeed, these three interface and SOC-related phe-
nomena could behave differently depending on the HMnature,
its location in the system and details of the whole stack

structure. Moreover, while the origins and the physics of the
first two effects are more or less known, a simple physical
image of iDMI still remains to be defined and several fun-
damental questions deserve to be clarified: what is the range
of this interaction? What atomic interface monolayers are
involved in this interaction? Answers to some of these ques-
tions are known from a theoretical point of view. However,
elaboration procedures introduce defects that are not taken into
account in calculations published up to now [14]. Moreover,
the iDMI, the damping driven by spin pumping and the per-
pendicular magnetic interface anisotropy are related to the
spin-orbit interaction at the interface and are sensitive to dis-
orders, orbital hybridization around the Fermi level, details
of the electronic structure, and defects and atoms arrange-
ment at interfaces. Moreover, the lattice strain provided by
a suitable substrate or buffer layer [15] or by varying the
FM concentration [16] can influence the iDMI and PMA.
One can thus expect a correlation between these quantities.
This mutual correlation between each two of these quant-
ities has been studied in some systems [17–19] but invest-
igation of the simultaneous correlation between the three
SOC-related interfacial phenomena and their range is still
missing. Furthermore, for future technology, it is critical to
understand how these spin-orbit phenomena can be optimized
to our benefit. Therefore, the aim of this paper concerns the
investigation of these three interfacially-driven magnetic phe-
nomena associated with SOC with the idea of contributing
to answering some questions such as: is there a correlation
between these three effects? Do they have the same range and
how many interface monolayers are involved in these inter-
actions? For this, Brillouin light scattering (BLS), and ferro-
magnetic resonance with a microstrip line (MS-FMR) coupled
to a vibrating sample magnetometer (VSM) techniques
were used.

2. Samples and experimental techniques

All the samples studied here were grown at room temperat-
ure (RT) on thermally oxidized silicon (Si/SiO2) substrates in
a magnetron sputtering system having a base pressure lower
than 2 × 10−8 Torr. The metallic layers were grown by a dc
sputtering under an argon pressure of 1 mTorr. The deposition
rate was around 6 nm min−1 for all the layers, except for the
W films which were grown at a much lower deposition rate
of 1.6 nm min−1, in order to facilitate the formation of the
β phase [20]. The insulator MgO layer was grown by an rf
sputtering under an argon pressure of 10 mTorr at a rate of
around 2 nm min−1. The samples can be classified into two
categories. In the first category, the Co20Fe60B20 (CFB) thick-
ness (tCFB) was varied up to 12 nm (1 nm≤ tCFB ≤ 12 nm) and
capped by Pt(4 nm),Cu(2 nm)/Pt(4 nm), W(2 nm)/Al(1.5 nm)
or Ta(1 nm)/Pt (4 nm). Here, the capping layers were changed
with the intent of modulating the above-mentioned interfacial
effects (PMA, iDMI and damping) and thus investigating
any correlation between them. The CFB layer was grown
directly on the Si/SiO2, except for the Ta(1 nm)/Pt (4 nm)
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capped samples, where a 1 nm thick Ta film was inser-
ted between the substrate and the CFB layer to improve
the roughness of the substrate and the adhesion of the sub-
sequent layers. The second category of samples consists of
Si/SiO2/Ta(1 nm)/CoFeB(1.5 nm)/spacer/Pt(4 nm) structures.
The thickness of the CFB layer was kept constant and spacer
layers (MgO, Ta or Cu) with variable thicknesses in the range
0–2.4 nm were inserted between CFB and Pt films. Addi-
tionally, the use of various spacer layers is another method
employed to adjust the interfacial parameters (PMA, iDMI and
damping). The discrepancies between the manners in which
the two techniques will affect these parameters will be dis-
cussed below.

The static magnetic properties of the samples have been
investigated using a VSM. MS-FMR [21] has been used to
determine the gyromagnetic ratio, damping and PMA. BLS
[22], under an in-plane applied magnetic field, was used in the
Damon–Eshbach configuration to investigate mainly iDMI in
all the samples and PMA in samples where the MS-FMR sig-
nal is too weak. The simultaneously detected Stokes (S) and
anti-Stokes (aS) frequencies were determined from Lorentzian
fits to the BLS spectra. All the measurements presented below
were carried out at RT.

3. Results and discussions

3.1. Effect of CoFeB thickness

We first focus on the sample category where the thick-
ness of the CoFeB capped with different layers is varied:
CoFeB(tCFB)/Pt, Ta/CoFeB(tCFB)/Ta/Pt, CoFeB(tCFB)/Cu/Pt
and CoFeB(tCFB)/W/Al grown on Si/SiO2 substrates.

3.1.1. VSM measurements

The magnetization at saturation (Ms) and the magnetic dead
layer thickness (td) are of utmost importance for the pre-
cise determination of the physical quantities characterizing
the above-mentioned interfacial effects. They can be straight-
forwardly determined from the VSM measurements of the
thickness dependence of the areal magnetic moment at sat-
uration (Ms × tCFB) shown in figure 1 for the first cat-
egory of samples. The obtained results (see table 1) indic-
ate that Ms is around 1350 emu cm−3 for Pt, Cu/Pt and
W/Al capped samples and seems unaffected by the capping
layer, in good agreement with the reported values for Ta/-
CoFeB/MgO [23]. This value decreases significantly for Ta/-
CoFeB/Ta/Pt films (Ms = 1050 ± 15 emu cm−3) in agree-
ment with previous reports [24], despite the different com-
position of CoFeB (Co60Fe20B20). In this latter case, authors
also observed a lower magnetization at saturation of this sys-
tem with respect to that of other CoFeB-based structures
with different capping layers such as Ru. In contrast to Ms,
the magnetic dead layer thickness (table 1) is more sensit-
ive to the capping layer nature. It is found that the CoFeB
film has the thickest magnetic dead layer of 0.86 ± 0.08 nm
in Ta/CoFeB/Ta/Pt while the CoFeB/Pt system shows zero
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Figure 1. Saturation magnetic moment per unit area versus the
CoFeB thickness of CoFeB-based systems with various capping
layers. Symbols refer to VSM measurements and solid lines are
linear fits.

magnetic dead layer. Moreover, td = 0.15 ± 0.03 nm and
td = 0.75 ± 0.08 nm were obtained for CoFeB/Cu/Ta and
CoFeB/W/Al, respectively. The thick magnetic dead layers of
Ta/CoFeB/Ta/Pt and CoFeB/W/Al (which are in good agree-
ment with the value reported byWang et al [24] and Skowron-
ski et al [25]) have been confirmed by the paramagnetic char-
acter of 1 nm thick CoFeB when measuring their hysteresis
loop. This magnetic dead layer is most probably due to inter-
mixing and interdiffusion at the CoFeB interfaces. This can
be due to the fact that Ta and W being HMs, when sputtered
on Fe or Co cause more intermixing owing to their greater
atomic weight and thus a higher momentum compared to the
normal (light) metal. Indeed, Jang et al [26] reported that the
magnetic dead layer thickness, originating from the intermix-
ing at interfaces during deposition, at the CoFeB/Ru top inter-
face is slightly larger than that of the Ru/CoFeB bottom inter-
face by 0.04 nm; this is probably due to the greater atomic
weight of Ru, compared to CoFeB. Moreover, they observed
that when Ta or Ru is located on top of the CoFeB layer,
the CoFeB/Ta top interface has a thicker magnetic dead layer
than the CoFeB/Ru top interface by 0.12 nm, which is also
explained by the greater atomic weight of Ta compared to
Ru. Moreover, it is worth mentioning that Wang et al [24]
showed that the Ta capping layer contribution to the mag-
netic dead layer is significantly higher than that of the Ta
seed layer. Furthermore, note the higher value of Ms for W
capped samples compared to Ta/CoFeB/Ta/Pt, suggesting that,
for this latter, the magnetic grains probably become decoupled
by the Ta strong diffusion, which usually takes place at the
grain boundaries.

3.1.2. MS-FMR and BLS measurements

Another crucial parameter for enhancing the accuracy in
the determination of these three interfacial spin-orbit related
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Table 1. Parameters obtained from the best fits of the thickness dependences of the magnetic moment per area unit, the effective
magnetization and the damping of the CoFeB thin films grown on Si substrates using various capping layers.

System Ms (emu/cm3) td(nm) Ks (erg/cm2) Kv (×106erg/cm3) g↑↓eff (nm
−2) αCFB (×10−3)

CoFeB/Pt 1366 ± 50 0 1.15 ± 0.09 0.22 ± 0.012 33 ± 2 4.2 ± 0.2
CoFeB/Cu/Pt 1356 ± 55 0.15 ± 0.03 1.05 ± 0.05 0.2 ± 0.01 15.95 ± 1 4.3 ± 0.2
CoFeB/W/Al 1342 ± 40 0.75 ± 0.08 1.1 ± 0.05 −1.05 ± 0.1 8 ± 0.7 4.1 ± 0.13
Ta/CoFeB/Ta/Pt 1050 ± 15 0.86 ± 0.08 0.39 ± 0.02 −1.38 ± 0.1 14 ± 0.8 6 ± 0.3

4 6 8 10 12 14
0

5

10

15

20
t CFB

=2
nm

t CFB
=1.5

nmt CFB
=1.2

5
nm

t CFB
=3

nm

Fr
eq

ue
nc

y 
(G

H
z)

Applied magnetic

t CFB
=4

nm
1 2 3 4

2.07

2.10

2.13

2.16

2.19CoFeB/Pt
CoFeB/Cu/Pt
CoFeB/W/Al

tCFB (nm)

g

Figure 2. Variations of the uniform precession mode frequency
versus the perpendicular to the film plane applied magnetic field for
the CoFeB(tCFB)/Pt. Symbols refer to experimental data and solid
lines are fits using equation (1). The inset shows the g-factor as a
function of the CoFeB nominal thicknesses for CoFeB/Pt (black
curve), CoFeB/Cu/Pt (red curve) and CoFeB/W/Al (blue curve)
systems.

quantities is the gyromagnetic ratio ( γ
2π ). This latter is usually

determined from the FMR measurements of the uniform pre-
cession mode frequency versus the perpendicular to the plane
applied magnetic field, as shown in figure 2 for the CoFeB/Pt
system with various tCFB. The observed linear behavior is in
excellent agreement with the theoretical predication of equa-
tion (1) giving the uniform precession mode frequency versus
the perpendicular to the film plane applied magnetic field.

f=
γ

2π
(H− 4πMeff) (1)

where 4πMeff = 4πMs− 2K⊥
Ms

is the effective magnetization
and K⊥ is the PMA constant.
γ
2π is straightforwardly determined from the slope of the lin-
ear fit of the experimental data, shown in figure 2. The Landé
factor (g-factor) is then deduced ( γ

2π = g× 1.397MHz/Oe) for
the different systems, as shown in the inset of figure 2.

Note that for the thicker CoFeB (tCFB > 4 nm), 4πMeff

exceeds 12 kOe, which is close to the maximum applied

magnetic field (15 kOe) in our MS-FMR set-up. Therefore,
higher magnetic applied fields are needed to achieve meas-
urements within the frequency range 3–20 GHz and thus a
precise determination (or even the measurement itself) is not
possible. All the systems show a similar trend: g increases
with thickness for the thinner CoFeB films before decreasing
for tCFB > 1.5 nm. One should note the slow thickness vari-
ation of the g-factor for thick CoFeB films (beyond 2 nm)
and the higher g values for CoFeB/Pt. It is worth mention-
ing that the g-factor is known to depend on the composition
and is strongly influenced by surface and interface effects, as
it depends on the local symmetry [27]. Such interface effects,
due to the broken inversion symmetry at the interface, may
lead to strong enhancements of the ratio of the orbital to spin
angular momentum, which governs the g-factor. Therefore, it
is not surprising to observe a thickness dependence of g and a
higher value for CoFeB/Pt due to the absence of the magnetic
dead layer.

We will now focus on the PMA. It can be determ-
ined through the investigation of the effective magnetization.
Therefore, the uniform precession mode frequencies versus
the in-plane applied magnetic field were measured for all
samples using mostly MS-FMR, as shown in figure 3(a).
The values of 4πMeff obtained from the fit of the experi-
mental data using a model based on small in-plane and per-
pendicular uniaxial anisotropies besides the demagnetizing
energies [28] are shown in figure 3(b) versus the reciprocal
CoFeB effective thickness (1/(tCFB−td) = 1/teff) for the vari-
ous systems. A linear dependence of 4πMeff over the whole
investigated thickness range is observed for Ta/CoFeB/Ta/Pt,
while other systems show deviation from the linear beha-
vior. Various origins of this frequently reported deviation were
given [29]. We will focus on the relatively large thickness
range where the linear behavior is observed for all struc-
tures. In this range, K⊥ can be described by the phenomen-
ological relationship K = Kv+

Ks
teff
. Therefore, the linear fit of

the thickness dependence of 4πMeff was used to deduce the
perpendicular uniaxial surface Ks and volume Kv anisotropy
constants from the slope and the intercept with the vertical
axis, respectively, as summarized in table 1. Interestingly,
Ks is roughly constant for CoFeB/Pt (Ks = 1.15 ± 0.09
erg/cm2), CoFeB/Cu/Pt (Ks = 1.05 ± 0.05 erg cm−2) and
CoFeB/W/Al (Ks = 1.1 ± 0.05 erg cm−2) while it decreases
significantly for Ta/CoFeB/Ta/Pt (Ks = 0.39± 0.02 erg/cm2).
Although the exact mechanism is still unknown, it is prob-
able that the thermally oxidized SiO2 contributes to this
interface PMA and the Ta seed layer decouples SiO2 and
CoFeB and therefore reduces the interface anisotropy, since
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Figure 3. (a) Variations of the uniform precession mode frequency
versus the in-plane applied magnetic field for various CoFeB-based
systems. Symbols refer to experimental data and solid lines are fits
using the model in [28]. (b) Effective magnetization (4πMeff) versus
the reciprocal effective thickness of CoFeB films for various
CoFeB-based systems. 4πMeff values have been extracted from the
fit of similar measurements of figure 3(a). Symbols refer to
experimental data while solid lines are linear fits.

it improves the roughness of the substrate. It is worth men-
tioning that this surface anisotropy constant is comparable to
that of Ta/Pt/Co/AlOx (Ks = 1.1 erg cm−2) [30] and to that
of CoFeB/Pt (Ks = 1.3 erg cm−2) [28]. In contrast to Ks,
Kv is negative for CoFeB/Ta/Pt [Kv = −(1.38 ± 0.1) × 106

erg cm−3] and CoFeB/W/Al[Kv = −(1.05 ± 0.1) × 106

erg cm−3] systems. However, it is positive, although very
small, for other structures. For CoFeB/Cu/Pt and CoFeB/Pt,
the obtained values are (0.2 ± 0.01) × 106 erg cm−3 and
Kv = (0.22 ± 0.012) × 106 erg cm−3, respectively. Note the
closeKv values of CoFeB/Cu/Pt and CoFeB/Pt showing a thin-
ner magnetic dead layer and those of Ta/CoFeB/Ta and CoFe-
B/W/Al, where a thicker magnetic dead layers are observed,
suggesting that Kv is influenced by interdiffusion and
intermixing.

We also employed MS-FMR to investigate the thickness
dependence of the Gilbert damping constant (α) in the vari-
ous systems studied here due to spin pumping. In this latter,

upon microwave excitations, the magnetization precession of
the FM layer injects spin current into the adjacent NM layer.
The pumped spin current is partially depolarized at the inter-
face (due to interfacial SOC) and only part of the spin cur-
rent propagates in the NM layer where it undergoes partial or
total dissipation. This dissipation of spin current at the inter-
face or/and in the NM is accompanied by a loss of angu-
lar momentum in the FM layer which leads to an enhance-
ment in the effective Gilbert damping constant. This Gilbert
damping can be directly obtained from the measurements of
the FMR linewidth versus the microwave driving frequency.
The typical MS-FMR half width at half maximum linewidth
is shown in figure 4(a) versus the microwave frequency
for the different systems and compared to the fit given by
equation (2).

∆H=∆H0 + 2π
α

γ
f (2)

where, f is the driving microwave frequency and ∆H0 is the
inhomogeneous residual linewidth.
α values were obtained from slopes of the linear fits
(figure 4(a)) and their variations as a function of 1/teff are
shown in figure 4(b). Note the linear dependence of α versus
1/teff with a stack-dependent slope due to spin pumping: the
thickness dependence of α exhibits a considerable enhance-
ment for CoFeB/Pt in comparison with the other systems.
After inserting Cu and Ta layers, the slopes of thickness
dependences of α decrease by nearly half as compared with
the one in the CoFeB/Pt systems. In the CoFeB/Cu/Pt sys-
tem, the spin current generated by the precession of the CoFeB
magnetization has to cross both CoFeB/Cu and in Cu/Pt inter-
faces. Owing to the large spin diffusion length of the Cu layer
(250 nm) [31], the CoFeB/Cu interface does not induce a signi-
ficant damping enhancement because only a partial spin cur-
rent is allowed to cross the Cu/Pt interface and enter the Pt
layer. For Ta/CoFeB/Ta and CoFeB/W, the strong intermixing
between the CoFeB and Ta or CoFeB and W layers results in
a relatively wide interface region and therefore the interface
may kill the abrupt potential change, and conduction electrons
across the CoFeB/Ta or CoFeB/W interface are less scattered,
resulting in small interface spin losses [32]. Therefore, two
factors are essential to achieve a significant damping enhance-
ment: the strength of the spin-orbit interaction and the poten-
tial gradient at the interface [32].

To characterize the spin pumping, we consider that the total
damping is given by α = αCFB + αP [33], where αCFB is
the Gilbert damping constant of CoFeB and αP =

gµB

4πMsteff
g↑↓eff

(µB is the Bohr magneton and g↑↓eff is the effective spin mixing
conductance) is the damping introduced by the spin pumping
effect due to the capping and the buffer layers. The linear fit
of the experimental data in figure 4(a) gives αCFB ≈ 0.006 for
the Ta/CoFeB/Ta and 0.0042 for the other systems (see table 1)
and allows us to determine g↑↓eff . Note again that the Ta/CoFe-
B/Ta/Pt system stands out remarkably from the other struc-
tures: its high damping originates probably from the intermix-
ing and interpenetration of Ta in CoFeB. For g↑↓eff , the highest
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Figure 4. (a) Frequency dependence of the FMR half width at half
maximum linewidth (∆H) for various CoFeB-based systems.
Symbols refer to experimental data and solid lines are fits using
equation (2). (b) Gilbert damping constant as a function of the
reciprocal CoFeB effective thickness for CoFeB-based systems.
Symbols refer to experimental data and solid lines are linear fits.

value (33 ± 2 nm−2) is obtained for CoFeB/Pt while CoFe-
B/W/Al shows the lowest value (8 ± 0.7 nm−2) despite the
HM nature of W. As mentioned above, the relatively wide
CoFeB/W interface due to intermixing reduced the spin pump-
ing efficiency. By inserting Ta or Cu between Pt and CoFeB,
the spin pumping efficiency, characterized by g↑↓eff , is reduced
to 15.95± 1 nm−2 and 14± 0.8 nm−2, respectively for CoFe-
B/Cu/Pt and Ta/CoFeB/Ta/Pt owing to the large spin diffusion
length and thewide interface of CoFeB/Ta, as explained above.

Let us come now to the third interfacial parameter to be
studied here, which is the iDMI. This effect influences the SW
propagation by introducing non-reciprocity: SWs that have the
same wave vector (ksw) but that propagate in opposite direc-
tions exhibit different energies. Therefore, in the BLS experi-
ment, the simultaneously detected Stokes and ani-Stokes lines
in the Damon–Eshbach configuration have different frequen-
cies. The frequencymismatch, defined as∆F=FS−FaS varies
linearly with ksw, as predicted by equation 3 [34].
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Figure 5. BLS spectra for different CoFeB-based systems with
various capping and buffer layers measured at different in-plane
applied magnetic field values and at a characteristic SW-vector
ksw = 20.45 µm−1. Symbols refer to experimental data and solid
lines are Lorentzian fits. Fits corresponding to negative applied
fields (violet lines) are presented for clarity and for the direct
comparison of Stokes and anti-Stokes frequencies.

∆F= Deff
2γ
πMs

ksw (3)

where Deff is the iDMI effective constant, characterizing the
iDMI strength.

BLS spectra under an in-plane saturating applied magnetic
field and variable ksw (4.1 µm−1 ≤ ksw ≤ 20.45 µm−1) were
measured. The typical spectra for 1.5 nm thick CoFeB capped
with various layers are shown in figure 5 for ksw = 20.45 µm−1

and fitted with a Lorentzian function to deduce ∆F. Only the
CoFeB/Pt structure presents significant asymmetry between
the S and aS line frequencies suggesting that Deff is not neg-
ligible in contrast to the other systems where the frequency
mismatch falls below the error bar in our BLS (±0.1 GHz).
Here again, despite the broken structural inversion sym-
metry of CoFeB/Cu/Pt and CoFeB/W/Al, it seems that the
weak SOC at the CoFeB/Cu interface and the wide CoFe-
B/W interface are responsible for the absence of signific-
ant iDMI in such systems. The interface quality has to be
without any disorder since intermixing is found to reduce
iDMI by 20%, in the case of Co/Pt [35]. Due to its asymmetric
nature, it is expected that iDMI vanishes in Ta/CoFeB/Ta/Pt
since there is no broken structural inversion symmetry of a
layered system (Ta/CoFeB and CoFeB/Ta interfaces have an
opposite iDMI sign and therefore the total iDMI constant is
zero/undetectable).

The wave vector dependences of ∆F for CoFeB(tCFB)/Pt,
shown in figure 6(a), were fitted by equation (3) and the
deducedDeff is depicted in figure 6(b) versus 1/teff. Here again
a deviation from the linear behavior is observed, most prob-
ably due to the degradation of the CoFeB/Pt interface for the
thinner films. The obtained value of the surface iDMI constant
(Deff = Ds/teff) of (1.25 ± 0.03) × 10−7 erg cm−1 is in good
agreement with the reported value for Pt/CoFeB/AlOx [36].
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Figure 6. (a) Wave vector (ksw) dependence of the experimental
frequency difference ∆F of CoFeB(tCFB)/Pt stacks. Symbols are
experimental data and solid lines refer to the fit using equation (3).
(b) Thickness dependence of the effective iDMI constants of the
CoFeB(tCFB)/Pt system. Solid lines refer to the linear fit. (c)
Variation of the perpendicular interface anisotropy constant (Ks) as a
function of the effective spin mixing conductance (g↑↓eff ). The solid
line is used as a guide to the eye.

We now come back to the correlation between the interface
PMA, iDMI and spin pumping-induced damping, character-
ized by g↑↓eff . Unfortunately, due to the weak (non-measurable)
iDMI constants for Ta/CoFeB/Ta/Pt, CoFeB/Cu/Pt and CoFe-
B/W/Al, although Ta and W are HMs, this correlation can-
not be investigated in such a system. We should mention that
iDMI is sensitive to the atomic arrangements at the interface
and depends on the degree of hybridization between the 3d
orbitals of the FM and the 5d orbitals of the HM [37], which
may explain the vanishing iDMI for some systems. Moreover,
the variation of the interface PMA constant versus g↑↓eff , as
shown in figure 6(c), does not allow us to conclude about this
correlation. Indeed, while g↑↓eff is mainly determined by the
top interface of CoFeB, Ks seems to be containing contribu-
tions from the SiO2 since CoFeB/Pt, CoFeB/Cu/Pt and CoFe-
B/W/Al are directly grown on Si/SiO2. Therefore, the modula-
tion of Ks, g

↑↓
eff andDeff (orDs) by changing the capping and/or

buffer layer, in our case, seems not to be a powerful method to
investigate their correlation since very few HMs were found
to induce iDMI. Furthermore, in such a system, varying the
capping or buffer layer could completely change the inter-
faces, strain, intermixing degree, roughness, orbital hybridiz-
ation degree and thus the origins and mechanisms responsible
for these three interface and SOC-related effects, making the
observation of any correlation between these effects a hard
task.

3.2 Effect of spacer thickness

In this section, wewill focus on the second category of samples
(Ta/CoFeB(1.5 nm)/spacer/Pt, where the spacer is Ta, Cu or
MgO) to investigate the correlation between Ks, g

↑↓
eff and Deff.

For this, the thickness of the magnetic CoFeB layer is fixed to
1.5 nm and a spacer layer (Ta, Cu or MgO) of variable thick-
ness is inserted between the HM and the CoFeB to tune the
strength of PMA, iDMI and g↑↓eff . CoFeB/Pt was used for this
aim where the higher values of these three interface and SOC-
related parameters were obtained and three types of spacer
were investigated: normal metal (Cu), HM (Ta) and oxide
(MgO). In such systems, the contribution of the bottom inter-
face with CoFeB to iDMI, damping and interface PMA is
fixed and any change in these quantities results most prob-
ably from the contribution of the top interface with CoFeB
(CoFeB/spacer/Pt). Therefore, the origin of these quantities
could be more correlated. We thus think that the modula-
tion of these three SOC-related effects by the insertion of
a spacer layer between Pt and CoFeB remains a powerful
method of investigating their correlation since it simplifies
their origins, especially for the interface PMA, where both
interfaces could contribute and could change when varying
the CoFeB thickness. Furthermore, besides the use of the
same system, this procedure offers the possibility of defining
the number of the atomic interface planes involved in these
three interactions.
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Figure 7. Variations of (a) the magnetization at saturation (Ms) and
(b) the effective magnetization (4πMeff) versus the spacer thickness
for Ta/CoFeB(1.5 nm)/Ta/Pt, Ta/CoFeB(1.5 nm)/Cu/Pt and
Ta/CoFeB(1.5 nm)/MgO/Pt. Solid line is used as a guide to the eye.

The magnetization at saturation was measured by a VSM
for the three systems and is shown in figure 7(a) versus the
spacer thickness. It is to be noted that this is a nominal value
that was calculated by dividing the magnetic moment to the
nominal volume of the CoFeB film. Note the lesser decrease
ofMs with the increasing Cu thickness compared to the Ta and
MgO spacers, probably due the lesser intermixing at the CoFe-
B/Cu interface and the decrease of proximity induced magnet-
ization at the Pt/CoFeB interface caused by the insertion of Cu.
Whereas, the significant decrease, in the case of Ta and MgO
spacers, is most probably due to the increased intermixing or
oxidation (for the MgO spacer) for larger spacer thicknesses.
For example,Ms decreases significantly for Ta thicknesses up
to 1 nm and remains roughly constant beyond this thickness.

BLS was mainly used for this last part of the investiga-
tion, where the spectra were measured at ksw = 4.1 µm−1

and under variable in-plane applied magnetic fields and then
fitted with a Lorentzian to extract frequencies and the full
width at half maximum linewidths (δF) for S and aS lines.

To cancel iDMI contribution, the mean values of frequen-
cies and δF of S and aS lines were considered. Their field
dependences were then fitted using equations (2) and (3), as
reported in [38, 39], to obtain 4πMeff and α, respectively.
The variations of Meff as a function of the spacer thickness
are shown in figure 7(b). Note the opposite trends of Meff

for the Cu and other spacer layers: Meff increases (decreases)
with increasing Cu (Ta) thickness, which would suggest a
decrease (increase) of the perpendicular effective anisotropy
field. The Meff thickness dependence for the CoFeB film with
the MgO spacer layer shows a different trend: it increases sig-
nificantly for the thinnest MgO thickness before decreasing
for the thickest layers. SinceMs is spacer thickness-dependent,
one should be careful and take into account the Ms value for
each spacer thickness to avoid inadequate conclusions. There-
fore, for further analysis of the observed trends, the effect-
ive PMA constant (Keff =K⊥) was deduced from 4πMeff,
using the experimental Ms of figure 7(a) and will be dis-
cussed below. Moreover, we considered that the measured
total damping is increased by an amount αP = gµB

4πMstCFB
g↑↓eff

(where tCFB = 1.5 nm) due to spin pumping. Therefore, using
the damping values of the bulk CoFeB (αCFB), obtained above
from the thickness dependence of damping (see table 1), αP
and thus g↑↓eff was deduced from the measured total damp-
ing. For iDMI and as mentioned above, the frequency mis-
match is measured versus ksw and Deff is subsequently extrac-
ted. Since αP, ∆F and Meff are Ms-dependent and due to the
variation of Ms with the spacer thickness, it is more conveni-
ent to consider g↑↓eff , Deff and Keff to investigate spin pumping,
iDMI and PMA.

The spacer thickness dependences of the interface and
SOC-related physical quantities are shown in figures 8(a)–(c).
Interestingly, Keff, Deff and g↑↓eff show the same trend: they
decrease with the increasing spacer thickness for the three
structures; they are then saturatedwith increasing spacer thick-
ness, suggesting that they mainly originate from the CoFeB/Pt
interface. It is reasonable to think that only Pt atoms placed in
the immediate vicinity of CoFeB atoms can interact together
and it is well understood that as Pt atoms are far away from
the interface, the interaction is ensured with the spacer atoms
leading to a weaker Keff, Deff and g

↑↓
eff with respect to CoFe-

B/Pt, as observed above. Indeed, as the spacer layer thickness
increases, the intermixing, the hybridization degree and thus
the interface SOC change. Therefore, Keff, Deff and g↑↓eff are
each affected according to the degree of its dependence on
these factors. In fact, it is well known that PMA is proportional
to the square of SOC strength [40], whereas spin pumping [41]
and iDMI [42] are proportional to the SOC strength. Figure 8
revealed that the characteristic decay thicknesses of Keff, Deff

and g↑↓eff depend on both the spacer layer nature and the physical
quantity. We phenomenologically fitted the experimental data
of figures 8(a)–(c) with an exponential decay function (A0 +

A1e−
tspacer

λ , where A0, A1 and λ are the fit parameters) to quant-
itatively compare the various behaviors. The obtained values
are summarized in table 2. We found that Ta strongly screened
these quantities while they are moderately affected by Cu and
MgO. The smaller decay thickness (λ) in Ta is probably due to
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Table 2. Characteristic decay thickness deduced from the fit of
experimental data of figure 8 by an exponential decay function.

Decay thickness λ (nm) for

Capping layer Keff Deff g↑↓eff

Cu 0.56 ± 0.16 0.33 ± 0.08 0.52 ± 0.05
Ta 0.22 ± 0.02 0.16 ± 0.04 0.16 ± 0.02
MgO 0.73 ± 0.2 0.36 ± 0.12

the fact that spins diffuse more in Cu (due to its large spin dif-
fusion length) and reach Pt in contrast to Ta which shortens the
diffusion length of spins since it is a HM. Although there is no
theoretical support for the relation between the spin diffusion
length and the decay thickness, in the case of iDMI and PMA,
theymust be closely related. Furthermore, table 2 revealed that
although the three characteristic decay thicknesses for a given
capping layer are comparable, it seems that iDMI is slightly
more localized at the first or the two atomic monolayers at
the interface compared to spin pumping-induced damping and
interface PMA.

Figure 8(a) reveals a slow thickness variation of Keff for
thick spacer layers. For the larger thickness, the value of Keff,
which gives an estimation of the anisotropy constant of Ta/-
CoFeB/Ta, Ta/CoFeB/Cu and Ta/CoFeB/MgO is significantly
affected by the top interface. Since the bottom Ta/CoFeB is
the same for the three systems, the difference between Keff

values at a larger spacer thickness gives Keff introduced by
Cu, Ta and MgO. The higher value of Keff is obtained for
CoFeB/Cu while CoFeB/Ta shows a vanishing Keff for thicker
Ta layers. Furthermore, Deff vanishes for thick Ta and MgO
layers while it approaches 0.1 ± 0.02 erg cm−2 for Ta/-
CoFeB/Cu/Pt, as shown in figure 8(c). Therefore, this value
(Deff = 0.1 erg cm−2) corresponds probably to the iDMI con-
stant of the Ta/CoFeB(1.5 nm) interface if we consider that
the Cu layer is sufficiently thick enough to screen the contri-
bution of Pt to iDMI. However, this value is slightly higher
than the one (0.06 erg cm−2) reported in [43], suggesting
that probably the 2.5 nm thick Cu layer does not completely
screen the contribution of Pt to iDMI. It is worth mention-
ing that Pt/CoFeB and Ta/CoFeB have opposite iDMI signs
and due to the much stronger iDMI of CoFeB/Pt any contribu-
tion from the CoFeB/Pt interface will be added to that of Ta/-
CoFeB, thus increasing the total iDMI. The vanishing value
of Deff in Ta/CoFeB/Ta/Pt for the thickest Ta is compatible
with the symmetrical stack and the asymmetrical nature of
iDMI confirming that Pt contribution to iDMI is completely
screened by the Ta capping layer. The MgO thickness beha-
vior of Deff in Ta/CoFeB/MgO/Pt reveals that Deff vanishes or
is even negative for MgO thicknesses beyond 1 nm. There-
fore, it seems that the MgO contribution to iDMI is similar
or slightly higher than that of the bottom Ta layer but of
opposite sign: Deff > 0 for Ta/CoFB and Deff < 0 for CoFe-
B/MgO. This result is in good agreement with the conclusion
made by Boulle et al [44] who showed by a resolved calcula-
tion on Pt(111)/Co(3 ml)/MgO that a significant iDMI is also
present at the Co/O interface with the same sign as that of the
Pt/Co interface.
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Figure 8. Variations of (a) the perpendicular effective anisotropy
constant (Keff), (b) the effective iDMI constant (Deff) and the
effective spin mixing conductance (g↑↓eff ) as a function of the spacer
thickness for Ta/CoFeB(1.5 nm)/Ta/Pt, Ta/CoFeB(1.5 nm)/Cu/Pt
and Ta/CoFeB(1.5 nm)/MgO/Pt. Symbols refer to experimental data
and solid lines are fits with an exponential decay function.

To further analyze the data of figure 8 and evidence any
correlation between the three interface and SOC-related phys-
ical quantities, we plotted Keff and g

↑↓
eff versus Deff, as shown
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in figure 9 for the three spacer layers where linear depend-
ences can be observed between the three SOC-related quant-
ities. This behavior will be discussed below after presenting
the main trends of the correlation between Keff, g

↑↓
eff and Deff

reported in the literature. It is worthwhile to mention that the
correlation between these three energy terms has been attract-
ing the attention of researchers in recent years, provoking sig-
nificant controversy. We note that this correlation investiga-
tion has been focusing on two quantities at once and involved
varying various sample parameters (annealing temperature,
ferromagnetic thickness, capping or buffer layer thicknesses.
etc). Indeed, nonlinear correlation between iDMI and effect-
ive spin mixing conductance, attributed to the spin-flip pro-
cesses between the 3d and 5d states, was reported by Ma et al
[37] in X/Co/MgO and X/CoFeB/MgO (X= Ta, W, Ir and Pt).
Similarly, Zhu et al [17] found that spin mixing conductance
scales approximately as the square of the interfacial magnetic
anisotropy energy density at the Pt/FM interfaces (where the
FM = Co, CoFeB, Py,) due to the dominant contribution of
twomagnon scattering to damping. On the other hand, no rela-
tionship was found between PMA and α in the Co90Fe10/Ni
multilayers [45] whereas a linear relation between these quant-
ities was evidenced in Co/Pd [18] probably due to the d–d
hybridization at the interface and to spin pumping. For PMA
and iDMI, Kim et al [19] found a different correlation between
Ks andDeff of Pt/CoFeB/MgO and Pt/CoFeB/Cu but by focus-
ing on the individual contribution of the interfacial magnetic
energies at each interface, they showed that the correlation
depends on the interface. They found positive correlation for
the Pt/Co interface and no meaningful correlation between Ks
and Deff in Co/MgO. Furthermore, linear correlation between
Ks and Deff has been reported in the Pt/Co/AlOx system from
the study of the dependence of the two quantities on the Pt
thickness [46]. By varying the thickness of W in W/CoFe-
B/MgO, Kim et al [47] demonstrated a linear relation between
Ks and Deff.

Figure 9 reveals that the vertical intercept, when extrapol-
ating Deff to zero, is system-dependent and the whole stack
of each system needs to be taken into account to indentify
its origin. It is worth mentioning that for Keff and g↑↓eff , the
contributions of the bottom and the top interfaces with the
CoFeB must be added whereas for Deff and due to its asym-
metric nature, the contribution of the two interfaces may can-
cel each other making iDMI vanishingly small (symmetrical
systems). Therefore, as we mentioned above, Keff and g

↑↓
eff at

the origin (figure 9) are linked to the contribution of the top
interface. Interestingly, the slopes of the linear dependences of
Keff as a function of Deff vary slightly with the capping layer:
the higher value was obtained for Ta (5.8 nm−1) while lesser
slopes of 4.3 nm−1 and 3.6 nm−1 were deduced for Cu and
MgO, respectively. This implies that the main origin of this
correlation is linked to the CoFeB/Pt interface which is dif-
ferently affected by the spacer layer. For g↑↓eff , these slopes are
slightly different: the slope of the system with Cu is higher
than that with Ta; this is probably due to the higher spin
pumping efficiency at the interface with Cu compared to that
with Ta. This agrees with the higher g↑↓eff at the origin (Deff = 0)

Figure 9. Variations of (a) the perpendicular effective anisotropy
constant (Keff) and (b) the effective spin mixing conductance (g↑↓eff )
as a function of the effective iDMI constant (Deff) for
Ta/CoFeB(1.5 nm)/Ta/Pt, Ta/CoFeB(1.5 nm)/Cu/Pt and
Ta/CoFeB(1.5 nm)/MgO/Pt. Symbols refer to experimental data and
solid lines are linear fits.

for Ta compared to that with Cu. The observed correlation
allows us to conclude that the iDMI, spin pumping-induced
damping and PMA at the top interface originate from the HM-
induced SOC. Therefore, this linear correlation between Keff,
Deff and g

↑↓
eff , observed in our samples, suggests that the PMA,

iDMI and damping involve the same interface orbital hybrid-
izations. However, it is worth mentioning that a quadratic cor-
relation between the interface PMA and the iDMI is predicted
from perturbation theories for PMA [40] and iDMI [42], since
iDMI energy results from the first order of the SOC, while
the interface PMA comes from the second order, as stated by
Kim et al [46]. The linear dependence is attributed by Kim
et al [46] to the fact that the variation of PMA and/or iDMI is
not large enough to ensure the quadratic dependence. There-
fore, the observed variation only ensures a strong linear cor-
relation between the three physical quantities. Our results also
establish such a correlation between the three SOC-related
quantities.
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4. Conclusion

The thickness dependence of the PMA, iDMI constant andGil-
bert damping parameter of CoFeB-based systems with vari-
ous capping and buffer layers was investigated by combin-
ing VSM, BLS and MS-FMR techniques. When varying the
CoFeB thickness for each system, while a strong iDMI was
measured for CoFeB/Pt no significant iDMI was detected for
CoFeB/Cu/Pt, Ta/CoFeB/Ta and CoFeB/W/Al. Moreover, the
interface PMA constant differs slightly for CoFeB/Pt, CoFe-
B/Cu/Pt and CoFeB/W/Al and decreases significantly for Ta/-
CoFeB/Ta. Therefore, investigation of the correlation between
PMA, iDMI and the damping parameter was not possible,
probably due to the contribution from the bottom interface
to PMA and to the variable top interface with CoFeB and
thus the mechanisms involved in iDMI, PMA and damping.
However, by using different systems, where several spacer
layer materials of variable thicknesses were inserted between
Pt and CoFeB, a linear correlation between Deff, keff and
g↑↓effwas evidenced. The linear dependence, which could res-
ult from the narrow variation range of PMA and/or iDMI,
is attributed to the similar interface orbital hybridizations
involved in PMA, iDMI and spin pumping-induced damp-
ing. We thus think that the modulation of these three interface
SOC-related effects by the insertion of a spacer layer between
the HM and the ferromagnetic layer remains a powerful
method of investigating the correlation between these SOC-
related effects. Indeed, this method simplifies their origins,
especially for the interface PMA, where both interfaces could
contribute and could change when varying the ferromagnetic
layer thickness.
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