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Co0.5Fe0.5 (CoFe) ultrathin films of various thicknesses (0.8 nm � tCoFe � 1.6 nm) have been grown by
sputtering on (001) MgO single crystal or Si/SiO2 substrates, using Pt as capping or buffer layers, respectively.
The x-ray diffraction revealed an in-plane epitaxial (isotropic) growth of Pt on MgO (Si). Their magnetic
properties have been studied by vibrating sample magnetometry and Brillouin light scattering (BLS) in the
Damon-Eshbach geometry. Vibrating sample magnetometry characterizations show that films grown on MgO
are in-plane magnetized, while films deposited on Si are perpendicularly magnetized for CoFe thickness below
1.4 nm. The BLS measurements reveal a pronounced nonreciprocal spin waves propagation, which increases with
decreasing CoFe thickness. This nonreciprocity was attributed to an interfacial Dzyaloshinskii-Moriya interaction
(DMI) induced by Pt interface with CoFe. Moreover, the DMI sign has been found to depend on the stacks order:
it is positive (negative) for CoFe/Pt (Pt/CoFe). The effective thickness dependence of the DMI effective constant
shows two regimes due to the degradation of the interfaces as the CoFe thickness decreases. We thus show that the
magnetic dead layer should be taken into account to precisely determine the surface DMI constant Ds. Therefore,
for the thickest samples, the surface DMI constants are nearly opposite: −1.27 and 1.32 pJ m−1 for Pt/CoFe and
its reversed system, respectively.

DOI: 10.1103/PhysRevB.93.174407

I. INTRODUCTION

Heavy metal/ferromagnet (HM/FM) heterostructures are
drawing rapidly increasing interest in the scientific community
due to their outstanding potential for technological innovations
capable of revolutionizing the whole philosophy of mag-
netic memory and logic devices. However, no technological
breakthrough is possible without major developments in
fundamental science. Thus, the discovery of the spin Hall
effect (SHE) [1–4] and its inverse [5–7], spin orbit torques [8],
and most recently, the skyrmion (spin configurations at the
nanoscale) [9–11] and domain wall (DW) chirality inversion
in HM/FM bilayers resulted in a profound reassessment of the
roles played by major physical mechanisms typically involved
in nanomagnetism and spintronics. In particular, much higher
velocities of current-driven DWs were reported in ultrathin
ferromagnetic layers displaying large perpendicular magnetic
anisotropy, which is only possible in the presence of spin-orbit
torques in metals of large spin-orbit coupling, i.e. heavy
metals. Although the initial suggestion was that these are the
spin-currents induced through the SHE that are instrumental
in the effect observed, now the opinion in the magnetic
community is shifting towards the decisive role played in
this phenomenon by the interfacial Dzyaloshinskii-Moriya
interaction (DMI) [12,13].

The Dzyaloshinskii-Moriya effect is an antisymmetric
exchange interaction that appears in ferromagnetic materials
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in the absence of spatial inversion symmetry, predicted by
Dzyaloshinskii [12] as early as 1957 and revisited in more
detail by Moriya three years later [13]. Nowadays, practically
all the applications of thin magnetic films, however different,
are unthinkable without nanostructuring unavoidably leading
to breaking of symmetry. The latter applies directly to HM/FM
bilayers, in which case DMI is localized in the immediate
proximity of the interface and consequently is referred to as
interfacial. It changes the static and dynamic properties of
DWs [14]. It is also involved in creating and stabilizing chiral
spin textures such as magnetic skyrmions [9–11], generally
considered as promising candidates for the role of magnetic
bits to carry and store information in the future. Importantly,
it is also known to be responsible for the nonreciprocity of
spin waves (SWs) propagation in asymmetric HM/FM bilayers
[15,16]. The influence of DMI on wave behavior is realized
through additional spin pinning of the circular components
of the dynamic magnetization at the HM/FM interface. Since
the Landau-Lifshitz equation is naturally formulated in the
circular basis, the induced nonreciprocity simply scales with
the DMI constant. In other words, there is no more direct
and reliable means of quantifying the DMI strength than ex-
perimental estimation of the abovementioned nonreciprocity,
typically by means of Brillouin light spectroscopy (BLS).

The DMI is usually characterized by its effective (Deff) or
surface (Ds) constants [17]. It is thus interesting for both ap-
plication and fundamental research to determine precisely the
sign and the value of the DMI constant. Several experimental
[18–20] and theoretical studies [21,22], largely based on how
this interaction alters the properties of DWs, were performed
recently. However, the experimental evaluation of Deff , using
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the abovementioned techniques, is at best indirect and based on
strong assumptions about the dynamics of the DW. Moreover,
any numerical estimation is to be checked experimentally.
Therefore, a direct experimental measurement of Deff is
required. Recently, it has been shown that the BLS can be
effectively used for the direct measurement of Deff [17,23,24].
Indeed, when the static magnetization is in-plane and perpen-
dicular to the SW wave vector (Damon-Eshbach geometry),
the DMI interaction induces a characteristic nonreciprocity
of the SW propagation. It is manifested by a difference
between the frequencies of two SWs travelling in opposite
directions and having the same wave number. The DMI
constant determination is thus reduced to this simple frequency
difference measurement. Therefore, in this paper, we use BLS
combined with vibrating sample magnetometry (VSM) to
measure the Co0.5Fe0.5 thickness dependence of DMI constants
in Pt/Co0.5Fe0.5 and Co0.5Fe0.5/Pt ultrathin heterostructures.
We show that both in-plane and perpendicularly magnetized
Co0.5Fe0.5 films are subjected to DMI. Moreover, the effective
constant is thickness and interface dependent; its sign depends
on the stacks order.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

Two sets of samples, consisting of Pt and Co0.5Fe0.5 (CoFe)
stacks grown on Si and MgO substrates, have been used in this
paper. For the first set, several layers of CoFe 1 nm � tCoFe �
1.6 nm were deposited at room temperature on a Si substrate
covered with a 100 nm thick thermally oxidized SiO2 layer by
a magnetron sputtering system. Prior to the deposition of CoFe
film, a Ta (3 nm)/Pt (3 nm) buffer bilayer was deposited on the
substrate. Finally, CoFe layers were coated by a bilayer of MgO
(1.8 nm)/Ta (2 nm). The second set consists of CoFe layers
of variable thicknesses (0.8 nm � tCoFe � 1.6 nm) sputtered
on MgO substrates using a 5 nm thick MgO buffer layer and
a 4 nm thick Pt capping layer. In these heterostructures, the
Pt layer induces DMI in the CoFe ultrathin layers; while the
MgO layer is used for the purpose of inducing perpendicular
anisotropy. The measurements presented here were performed
at room temperature.

The crystal structure of the films was determined by x-ray
diffraction (XRD) experiments using a four-circle diffrac-
tometer. Vibrating sample magnetometry has been used to
measure the hysteresis loops of the samples, both with the field
applied perpendicular and parallel to the sample plane, and to
determine static magnetic parameters including the intrinsic
value of the saturation magnetization Ms. In the BLS setup, the
SWs, of a wave number (ksw) in the range 0 − 20 μm−1 (ksw =
4π sin(θinc)/λ, where θinc is the incidence angle), are probed (in
backscattering configuration) by illuminating the sample with
a laser having a wavelength λ = 532 nm. The magnetic field
was applied perpendicular to the incidence plane, which allows
for probing SWs propagating along the in-plane direction
perpendicular to the applied field: Damon-Eshbach (DE)
geometry where the DMI effect on the SWs nonreciprocity
is maximal [24]. For each angle of incidence, the spectra were
obtained after counting photons up to 19 h (especially for the
highest incidence angles) to have well-defined spectra where
the line position can be determined with accuracy better than
0.1 GHz. 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.
For identical interfaces, S and AS modes should have the same
frequency. In the presence of DMI, the frequency difference
between these two propagating SWs exists and increases with
ksw. Therefore, the DMI constants are determined from ksw

dependence of the frequency difference between S and AS
lines.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show x-ray 2θ -ω (out of plane) diffrac-
tion patterns for Ta (3 nm)/Pt (3 nm)/CoFe (1.6 nm)/MgO
(1.8 nm) and MgO (5 nm)/CoFe (1.2 nm)/Pt (4 nm) structures
grown on Si/SiO2 and MgO (001) substrates, respectively. In
the case of the films deposited on Si/SiO2, the XRD pattern
shows, besides the substrate reflection, only the presence of
the Pt (111) reflection. However, a careful analysis of the XRD
pattern indicates a slight asymmetry of the Pt diffraction peak
and a relatively low intensity peak at lower angles, which could
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FIG. 1. X-ray 2θ -ω (out of plane) diffraction patterns for (a)
Si/SiO2//Ta (3 nm)/Pt (3 nm)/CoFe (1.6 nm)/MgO (1.8 nm)/Ta
(2 nm) and (b) MgO//MgO (5 nm)/CoFe (1.2 nm)/Pt (4 nm) structures.
�-scan measurements performed at a tilt angle � = 54.7◦ probing
(a) MgO and Pt (111) type reflections and (b) Pt (002) and Si (111)
type reflections for samples grown on MgO and Si, respectively.
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be attributed to the presence of the Ta buffer reflections. In the
case of the structures grown on MgO, the XRD pattern shows
only the Pt (002) and the substrate MgO (002) reflections.
These results indicate a relatively strong out-of-plane (111)
and (001) textured growth of the Pt films on Si/SiO2 and MgO
(001) substrates, respectively. In order to check a possible
in-plane orientation of the Pt films, we have performed �-scan
measurements, shown in Figs. 1(c) and 1(d). The � scans were
carried out at a tilt angle � = 54.7◦, and we have probed
the (002) and (111) type reflections for Pt and the (111)
type reflections for Si and MgO. In the case of the films
grown on Si, no diffraction maxima were observed during
the � scans, which suggest an in-plane isotropic distribution
of the Pt crystallites. However, in the case of the films on
MgO, distinct maxima corresponding to the Pt (111) type
reflections are clearly seen. Moreover, the fact that these
reflections are present at the same � angle as MgO (111) type
reflections indicates that Pt grows with the following epitaxial
relation: Pt(001)[100]//MgO(001)[100]. Due to the extremely
low thickness of the CoFe films, we were unable to probe
by XRD the orientation on the CoFe crystal. Nonetheless,
the fact that, in the case of films on the Si substrate, the
CoFe films are grown on Pt with isotropic in-plane crystalline
distribution suggests that CoFe also has an isotropic in-plane
crystallites distribution. To test this, we have performed
angular remanent magnetization (ARM) measurements, by
measuring the remanent magnetization (Mr) after saturation
at different in-plane angles. Figure 2(a) shows the normalized
ARM curve (Mr/Ms, where Ms is the magnetization at
saturation) for the Pt (3 nm)/CoFe (1.6 nm)/MgO (1.8 nm)
structure grown on Si. The shape of the ARM curve is not
perfectly isotropic but shows a slightly uniaxial character,
as confirmed also by VSM hysteresis loops [Fig. 2(c)]. This
uniaxial character is not unusual for sputtered films, and it
is most likely due to a residual magnetic field present during
growth, and it is not connected with the in-plane crystalline
anisotropy. In contrast, for the films grown on MgO, the ARM
curve [Fig. 2(b)] shows a clear fourfold symmetry with four
distinct maxima and minima. This indicates the presence of an
in-plane biaxial anisotropy with the easy axis at 45◦ with the
substrate edges, as expected in the case of epitaxial growth.
The fact that the ARM curve has a “butterfly” shape points
out the presence of a small uniaxial anisotropy, most likely
induced during growth, superimposed on the biaxial one [25].
This is confirmed also by the hysteresis loops in Fig. 2(d),
which shows that the two hard axes are inequivalent due to the
overlap of the uniaxial component.

In the case of the samples grown on Si, the VSM characteri-
zation revealed that thickest films (tCoFe > 1.2 nm) are in-plane
magnetized, while the thinner ones show a perpendicular
magnetic anisotropy as shown in Fig. 2(e), where the typical
perpendicular applied field hysteresis loop for 1.1 nm thick
film is presented. The effective demagnetizing field (Ha)
deduced from the linear part of the S-shaped hysteresis loops
[Fig. 3(a)] increases with CoFe thickness, suggesting an
interface contribution. Note that positive (negative) Ha values
refer to an in-plane (perpendicular to the plane) easy axis.
In contrast, regardless of the thickness, the films deposited
on MgO substrates are in-plane magnetized as indicated
on Fig. 2(f), where the typical perpendicular applied field

FIG. 2. (a) Angular remanent curve (ARM) for the Pt/CoFe
(1.6 nm)/MgO sample showing a weak uniaxial character and (c)
hysteresis loops measured along the easy (EA) and hard (HA)
magnetization axis. (b) ARM curve for the MgO/CoFe (1.2 nm)/Pt
sample indicating the presence of biaxial magnetic anisotropy
superimposed by weak uniaxial component and (d) hysteresis loops
along the easy (EA), hard (HA1), and hardest (HA2) magnetization
axis. Out-of-plane hysteresis loops for (e) Pt/CoFe (1.1 nm)/MgO
sample indicating the presence of perpendicular magnetic anisotropy
and for (f) MgO/CoFe (1 nm)/Pt sample showing the presence of
in-plane magnetic anisotropy.
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FIG. 3. Thickness dependences of (a) the effective perpendicular
anisotropy field for CoFe thin films grown on Si substrates and (b) the
saturation magnetic moment per unit area for CoFe thin films grown
on both MgO and Si substrates. Symbols refer to measurements and
solid lines are the linear fits. The effective perpendicular anisotropy
fields have been obtained from the hard axis hysteresis loops.
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hysteresis loop for 1 nm thick film is shown. This might be due
to the different degree of oxidation of the CoFe layer deposited
on MgO with respect to the CoFe layer on which MgO was
deposited [26,27], but also to the different surfaces (111) and
(001) of Pt in contact with CoFe [28] in the case of the films
grown on Si or MgO, respectively.

Figure 3(b) shows the CoFe thickness dependences of the
saturation magnetic moment per unit area for the films grown
on Si and MgO substrates. These thickness dependences of the
magnetic moment are used to determine the magnetization at
saturation (Ms) and the magnetic dead layer thickness (td): the
slope gives the saturation magnetization, while the horizontal
axis intercept gives the extent of the dead layer, which might
form due to intermixing and oxidation of the CoFe during
MgO layer deposition. The thickness of the magnetic dead
layer and magnetization at saturation are found to be 0.6 nm
(0.17 nm) and 1356 ± 70 emu/cm3 (1602 ± 70 emu cm−3) for
the Pt/CoFe (CoFe/Pt) system. The larger magnetic dead layer
for the Pt/CoFe system is most likely due to an enhanced
oxidation of the CoFe layer when MgO is deposited on top
[27]. Moreover, the increase of Ms for the CoFe/Pt system
is most probably connected to the lower magnetic dead layer
thickness and to the improved crystalline quality of the CoFe
films grown on MgO, as mentioned above. In the following, the
BLS measurements were performed with the magnetization
saturated in the film plane (along the substrate edge) under
magnetic fields much higher than −Ha (for spontaneously
perpendicularly magnetized samples) deduced from the VSM
hysteresis loops [Fig. 3(a)]. Figure 4(a) shows the typical
BLS spectra for the 1.2 nm (perpendicular magnetized) and
1.4 nm (in-plane magnetized) thick samples grown on Si for
ksw = 18.09 μm−1 (θinc = 50◦) and 4.10 μm−1 (θinc = 10◦).
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 (�F = FS − FAS), especially for higher values of ksw,
is revealed by the BLS spectra. This frequency mismatch is due
to the interfacial DMI, as demonstrated previously [17,23,24].
Since the inverse proportionality on the ferromagnetic layer
thickness is usually a signature of an interface effect, the
behavior of �F versus 1/tCoFe is presented in Fig. 4(b) for
ksw = 20.45 μm−1 (θinc = 60◦) and 11.81 μm−1 (θinc = 30◦).
It can be observed that �F increases with 1/tCoFe and
approaches zero when tCoFe tends to infinity, confirming the
interfacial origin of the DMI. The variation of the S and AS
frequency shifts versus ksw is shown in Fig. 4(c) for films
grown on Si (for clarity, the data for the 1 nm thick film are not
shown). The solid lines correspond to the fit for experimental
data using Eq. (1) to describe the DE mode dispersion [15,23],
taking into account the DMI contribution. For each sample,
two branches, referring to S (black color) and AS (red color)
lines, are presented. According to Eq. (1), the dispersion is
split into two branches corresponding to the frequency shift in
the Stokes FS and anti-Stokes FAS lines. Each one results from
two contributions. While the major one, being field dependent,
takes into account the dipole-dipole interactions linear in ksw

(in ultrathin films as ours) and a quadratic in ksw contribution
of the conventional isotropic exchange, the DMI contribution,
linear in ksw, is described by a smaller addition whose sign
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FIG. 4. (a) BLS spectra measured for Pt/CoFe (1.2 nm and
1.4 nm)/MgO films, grown on Si, at two different applied field
values and at two characteristic light incidence angles corresponding
to ksw = 18.09 and 4.10 μm−1. Symbols refer to the experimental
data, and solid lines are the Lorentzian fits. Fits corresponding to
negative applied fields (blue lines) are presented for clarity and
direct comparison of the S and AS frequencies. (b) Thickness
dependence of the frequency difference �F , of Pt/CoFe(tCoFe)/MgO
films, grown on Si, for two characteristic light incidence angles
corresponding to ksw = 20.45 and 11.81 μm−1. Symbols refer to
experimental data, and straight solid lines are used for eye guides.
(c) Measured SW dispersion for Pt/CoFe(tCoFe)/MgO films, grown
on Si. Symbols show the experimental BLS data for AS (red) and
S frequencies (black). Solid lines represent the model described
by Eq. (1) with effective DMI constants Deff presented in (b) and
magnetic parameters given in the text.
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depends on whether one is interested in the S or AS frequency shift. Importantly, if FS is lower than FAS, then the resulting DMI
constant is negative for positive applied magnetic field.

F = F0 + FDMI = μ0
γ

2π

√[
H + Jk2

sw
+ P (kswtFM)Ms

][
H + Jk2

sw
− P (kswtFM)Ms

] + Meff ± γ

πMs
Deffksw, (1)

where H is the in-plane applied field, tFM is the ferromagnetic
layer thickness, γ is the gyromagnetic coefficient [γ /(2π ) =
13.996g GHz T−1, where g is the Landé factor], μ0 is the
permeability of vacuum, J = 2Aex

μ0Ms
with Aex is the exchange

stiffness constant, Hk is the perpendicular uniaxial anisotropy
field, μ0Meff = μ0(Ms − Hk) = μ0Ha = μ0Ms − 2K⊥

Ms
is the

effective magnetization. The coefficient P (kswtFM) = 1 −
1−exp(−kswtFM)

kswtFM
, describing dipolar interactions, reduces in thin

films (kswtFM � 1) to a simple P (kswtFM) = kswtFM
2 , which

makes this term linear in kswtFM. It should be noticed that,
in our case, kswtFM ≈ 0.02.

We define the interfacial DMI constant as Ds = tFMDeff .
From this, the frequency difference can be inferred to be

�F = FS − FAS = 2γ

πMs
Deffksw = 2γ

πMs

Ds

tFM
ksw. (2)

Visually, the two dispersion branches in Fig. 4(c) demon-
strate close linear behavior. Let us estimate the influence of
each physical mechanism on it. Thus, the dipolar contribution,
scaling with P (kswtFM) and hence linear in ksw, does not exceed
200 MHz, which makes them practically negligible. At the
same time, the frequency variation due to the conventional
exchange can be as high as 0.5 GHz. However, both abovemen-
tioned mechanisms do not influence the difference between
the S and AS frequency asymmetry �F . This is not the case
of the asymmetric surface anisotropy, whose contribution to
�F should not be overlooked [29]. In this regard, Eq. (1)
does not take it into account and must be thus considered
approximate. More sophisticated numerical analysis, using the
surface anisotropy constant (evaluated below), estimates the
error associated with this anisotropy as not exceeding 3 MHz,
which is explained by ultralow thickness of the CoFe layer. In
other words, it is absolutely negligible.

Figure 5(a) shows the ksw dependence of �F for CoFe
thin films grown on both substrates, where a clear linear
behavior can be observed. Note the negative (positive) sign
of �F for films grown on Si (MgO) substrates, suggesting
that the Pt buffer (capping) layer induces a negative (positive)
DMI effective constant. This sign inversion with respect to
the stack order confirms the interfacial origin of the DMI and
is consistent with the three-site indirect exchange mechanism
[30,31] proposed previously. In fact, Fert proposed in 1990 a
mechanism of interaction between two spins of neighboring
atoms A1, A2 of the FM at the interface with the HM layer [31].
The mechanism involves the nearest atom B of HM [Figs. 5(b)
and 5(c)]. The interaction energy reads E = D12.(S1 × S2)
with D12 = Dw, where D is a scalar, S1 is the spin of A1, S2

is the spin of A2 and w is the unit vector along the direction
A1 B × A2 B. Therefore, the direction of D12 is determined
by the cross product of A1 B and A2 B. Thus, it depends
on whether HM is used as a capping layer or as a buffer
layer: Dcapping

12 = −Dbuffer
12 . Consequently, the observed DMI

constants should be of opposite signs for CoFe/Pt and Pt/CoFe
stacks, as we have experimentally observed.

In more detail, the change of sign can be explained through
the propagating SWs as follows. The vector w can be defined
by the relation w = u × n, where u is the unit vector from A1

to A2, and n is the interface normal from FM to HM. If D

is positive (negative) [Figs. 5(b) and 5(c)], then E is minimal
when (S1 × S2) lies along −w (along w). It means that this
energy favors a precession around −w (around w).

Let us consider SWs in the ferromagnetic layer of the
abovementioned stacks submitted to an in-plane saturating
field H . Let us assume that the SW propagates along the
in-plane direction u perpendicular to the external field. If D is
positive (negative), then E favors the magnetization precession
around n × u (around u × n). As this magnetization preces-
sion occurs around H , the interaction with HM facilitates or
hinders the precession depending on whether H and n × u
are parallel or antiparallel. This is the reason why two SWs
propagating in two opposite directions (u or u′ = −u) present
different frequencies when one interface involves HM: if the
interaction with HM acts in the same way as the external field
for a SW propagating in the direction u, then its frequency
is higher than that of the SW propagating in the opposite
direction. The same argument applies for the stacking order
effect (n or n′ = −n): if the interaction with a HM top layer
reinforces the effect of the external field, then the interaction
with a bottom layer acts conversely. This behavior is illustrated
in Figs. 5(b) and 5(c) for negative D.

The frequency difference mismatch between Pt/CoFe/MgO
and its reversed structure [shown in Fig. 5(a)] might be caused
by several factors: the quality of the interface with Pt (yielding
different absolute value of Ds induced by Pt capping and
buffer layer), the saturation magnetization Ms and effective
FM thickness (different magnetic dead layer thickness), as
explicitly indicated by Eq. (2). Moreover, since the DMI is
an interface effect [32], its strength is also expected to be
influenced by the different surfaces (111) and (001) with
different packings of Pt in contact with the ferromagnetic
material. Therefore, for systematic comparison between the
two sets of samples, Ds should be determined. From the
slopes of the ksw dependences of �F , the effective DMI
constants have been extracted using Eq. (2) with γ /(2π ) =
30.35 GHz T−1, Aex = 25 pJ m−1, Ms = 1356 emu cm−3 (for
Pt buffered) and Ms = 1602 emu cm−3 (for Pt capped samples)
deduced from the fit of BLS data shown in Fig. 4(c) and
the VSM measurements, respectively. The evolution of the
obtained values of Deff as function of the inverse of the CoFe
films nominal thickness are shown in Fig. 6(a) where a linear
behavior can be observed, as predicted theoretically. Note
the deviation from the linearity, in the case of Pt capped
systems, as the CoFe thickness approaches 0.8 nm, most
probably due to the interface degradation. The linear fit of the
experimental values of Deff allows determination of a unique
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FIG. 5. (a) Wave vector (ksw) dependence of the experimen-
tal frequency difference �F (symbols) Pt/CoFe(tCoFe)/MgO and
MgO/CoFe(tCoFe)/Pt grown on Si and MgO substrates, respectively.
Solid lines refer to linear fit using Eq. (2) and magnetic parameter in
the text. Illustration of the stack order dependence of the DMI constant
sign for negative D in heterostructure composed of two ferromagnetic

value of the surface DMI constant: Ds = −2.26 pJ m−1 and
Ds = 1.56 pJ m−1 for Pt/CoFe films and the reversed system,
respectively. The Ds value for Pt/CoFe films is higher than
that of Pt/Co/AlOx ultrathin films [17]. This would make the
studied structures especially attractive for DW chirality en-
gineering [33]. The apparent difference between the absolute
values of Ds incites one to interpret the measured values of
Deff in another way. To estimate precisely Ds and the perpen-
dicular anisotropy constant, the thickness of the dead layer
should also be considered. First, let us consider the extracted
effective magnetizations from the BLS measurements shown
in Fig. 6(b) as a function of 1/(tCoFe − td) for Pt/CoFe films.
It can be seen that Meff follows a piecewise linear variation
characterized by two regimes with a nominal critical CoFe
thickness of 1.2 nm. Therefore, for each regime, the effective
perpendicular anisotropy term K⊥ could be phenomenolog-
ically separated in a volume and interfaces contributions
and approximately obeys the relation K⊥ = Kv⊥ + Ks⊥

tCoFe−td
.

This allows us to derive the perpendicular surface anisotropy
constants of K⊥s = 1.18 mJ m−2 and K⊥s = 0.62 mJ m−2 for
thicker (tCoFe � 1.2 nm: regime I) and thinner samples (tCoFe �
1.2 nm: regime II), respectively. The extrapolation of 4πMeff

when 1/(tCoFe − td ) tends to zero allows one to derive the
perpendicular volume anisotropy constants: K⊥v = −4.4 ×
105 J m−3 and K⊥v = 4.6 × 105 J m−3 for thicker (tCoFe �
1.2 nm) and thinner samples (tCoFe � 1.2 nm), respectively.
The surface (volume) anisotropies are in agreement with the
ones deduced from the static measurements Ks = 1.19 mJ m−2

(K⊥v = −4.8 × 105 J m−3) and 0.63 mJ m−2 (K⊥v = 3.2 ×
105 J m−3) for thicker and thinner samples, respectively, shown
on Fig. 6(c), where the effective surface energy Keff(tCoFe −
td) = K⊥s + (K⊥v − 2πM2

s )(tCoFe − td) is plotted versus the
effective thickness (tCoFe − td). The static effective perpendic-
ular magnetic anisotropy constant Keff was determined from
Ha [shown on Fig. 3(a)], using the relation Keff = −HaMs/2.
These two regimes may be related to a degradation of the
interfaces for the thinner CoFe films, as it will be discussed
below.

Let us now come back to the effective DMI constant.
Interestingly, this thickness dependence deviates from the
previous linear behavior when plotted versus the inverse of
the corrected thickness of CoFe [1/(tCoFe − td)]. Similar to the
thickness dependence of the perpendicular anisotropy (Fig. 6),
two regimes [above and below CoFe thickness of 1.2 nm (1 nm)

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
atoms A1 and A2 of spin S1 and S2 and HM atom B (here Pt) used as (b)
buffer or (c) capping layer. The direction of D12 is determined by the
cross product of A1 B and A2 B (D12//A1 B × A2 B), and therefore,
the DMI constant sign depends on the stack order. Spin-waves (S and
AS modes) propagating in two opposite directions (u or u′ = −u)
present different frequencies when one interface involves HM: (b)
the interaction with HM reduces the effect of external field for a SW
propagating in the direction u (S mode), and its frequency is lower
than that of the SW propagating in the opposite direction (AS mode).
(c) The interaction with HM acts in the same way as the external field
for a SW propagating in the direction u (S mode), and its frequency
is higher than that of the SW propagating in the opposite direction
(AS mode).
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FIG. 6. Thickness dependence of (a) the effective DMI constants
extracted from fits of Fig. 5(a). Solid lines refer to the linear fit for
both systems (Pt/CoFe/MgO and its reversed structure). Thickness
dependence of (b) the effective magnetization (4πMeff ) extracted
from the fit of BLS measurements and (c) the effective perpendicular
surface anisotropy energy of Pt/CoFe(tCoFe)/MgO grown on Si
substrate. Solid red (blue) lines are the linear fits corresponding to
tCoFe � 1.2 nm (tCoFe � 1.2 nm), respectively.

for Pt/CoFe (for CoFe/Pt)] with different slopes can be also
distinguished as shown in Fig. 7: a slower dependence for
tCoFe � 1.2 nm (tCoFe � 1 nm) is observed. Since both DMI
and perpendicular anisotropy shown by our samples have an
interfacial origin and since they present a similar thickness
variation with the same critical thickness, the two regimes are
most probably due to the degradation of the interface quality of
the thin ferromagnetic layer, as shown above. Similar behavior
has been observed for Pt/CoFeB/MgO systems [34]. By the
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FIG. 7. Thickness dependence of the effective DMI constants of
Pt/CoFe(tCoFe)/MgO grown on Si substrate and MgO/CoFe(tCoFe)/Pt
grown on MgO substrate. Red (blue) and black (olive) fits correspond
to tCoFe � 1.2 nm (tCoFe � 1.2 nm) and tCoFe � 1 nm (tCoFe � 1 nm)
for Pt/CoFe and its reversed structure, respectively.

linear fit of the data of Fig. 7 for tCoFe � 1.2 nm (red lines) in
the case of Pt/CoFe and for tCoFe � 1 nm (black lines) for the
reversed structure, Ds has been found to be −1.27 pJ m−1 and
1.32 pJ m−1 for Pt/CoFe and its reversed system, respectively.
These values are slightly lower than that of Pt/Co/AlOx

systems [17]. Taking into account the effective thickness, one
obtains nearly opposite values of Ds for Pt/CoFe and CoFe/Pt,
as expected from the model of Fert [31]. Consequently, a
vanishing of the frequency difference should occur for a
symmetric structure HM/FM/HM. Moreover, it has to be
mentioned that Ds can be overestimated when the nominal
and not the effective thickness is considered; an overestimation
could be misguiding for applications.

It is worth mentioning that �F measurements (not shown
here) for the magnetic applied field along the fourfold in-plane
magnetization easy axis (45◦ with respect to the sample edges)
of the films grown on MgO do not reveal a significant change
in the DMI compared to the above case where it is applied
along the fourfold hard axis.

The above obtained result allows classifying the investi-
gated bilayers in terms of their applicability for skyrmion stabi-
lization. According to recent theoretical predictions [35], there
exist two threshold values distinguishing conventional bub-
bles from skyrmions, namely Deff = 1.6 mJ m−2 for isolated
skymion and Deff = 2.1 mJ m−2 for skymion lattice ground
state. This means that our Pt/CoFe samples, for example,
fall into three major categories. First, the thickest sample
with magnetic thickness tCoFe − td = 1 nm (nominal thickness
1.6 nm) is not suitable for skyrmions. On the contrary, the
thinnest with tCoFe − td = 0.4 nm (nominal thickness 1.0 nm)
is capable of stabilizing arrays of skyrmions. All the rest are
good for individual skyrmions, but not for their arrays.

IV. CONCLUSIONS

CoFe films of various thicknesses (0.8 nm � tCoFe �
1.6 nm) were prepared by sputtering on MgO and Ta/Pt-
buffered Si/SiO2 substrates. In the case of MgO, the CoFe
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films have been capped with Pt. The VSM measurements
revealed that, for MgO substrates, the CoFe films are in-
plane magnetized over the investigated thickness range, while
in-plane or perpendicular magnetized films, depending on
the film thickness, were obtained for films grown on Si.
Brillouin light scattering has been used in the Damon-Eshbach
geometry to investigate the SWs nonreciprocity induced by
the interfacial DMI. It turned out that the DMI effective
constant sign depends on the stack order. The analysis of
BLS measurements allowed deriving a surface DMI and
perpendicular anisotropy constants. For the thickest samples
(less sensitive to the dead layer effect), the surface DMI con-
stants are nearly opposite: −1.27 pJ m−1 and 1.32 pJ m−1 for
Pt/CoFe and its reversed system, respectively. This makes these

bilayers attractive for stabilization of individual and collective
skyrmions.
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