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Abstract. Interfacial Dzyaloshinskii–Moriya interaction (IDMI) is crucial for stabilizing skyrmions and chiral domain
walls, which are expected to play key roles in the development of advanced spintronics-based devices. Using Brillouin
light scattering spectroscopy, we have directly measured the W-layer thickness-dependent IDMI in technologically
important W(t)/CoFeB/SiO2 heterostructures in the range 1 nm B t B 7 nm. Due to the presence of IDMI, a pronounced
asymmetry is observed in the peak intensity, frequency and linewidth of the spin-wave spectra in the Damon-Eshbach
geometry. Our study reveals that IDMI energy density increases monotonically for 1 nm B t B 5 nm, beyond which it
decreases sharply, while its sign always remains negative. This remarkable variation of IDMI energy density is explained
in the light of the thickness-dependent structural phase transition of W.
Keywords. Interfacial Dzyaloshinskii–Moriya interaction; Brillouin light scattering; asymmetric spin-wave dispersion;
structural phase transition.

1.

Introduction

Interfacial Dzyaloshinskii–Moriya interaction (IDMI) has
triggered extensive scientific interest in recent times due to
its intriguing fundamental physics and huge potential of
technological applications in the magnetic recording
industry. Antisymmetric exchange interaction, namely
IDMI, originates due to the breaking of structural inversion
symmetry at the interface of nonmagnetic metal (NM)
possessing strong spin-orbit coupling and ferromagnet (FM)
[1–4]. The striking effects of the IDMI are to modify the
magnetic order, thus resulting in noncollinear spin configuration and stabilization of the exotic magnetic phases such
as skyrmion lattice, spin spiral and chiral domain wall
[5–9]. Moreover, it may lead to soliton-like domain wall
motion, which can delay the Walker breakdown and
increase domain wall velocities even in the precessional
regime. For application in energy efficient, ultra-dense
magnetic memory and information processing devices [10],
prominent device concepts based on spin Hall effect
[11–13], perpendicular magnetic anisotropy [14,15], Rashba
effect [16,17], spin pumping effect [18,19] and IDMI
This article is part of the special issue on ‘Quantum materials and
devices’.

[20,21] have been proposed. The IDMI in FM/heavy
metal (HM) is usually stronger than the bulk DMI in
non-centrosymmetric chiral magnets [22]. A key to ultra-dense
magnetic memory device is to stabilize sub-hundred nm
skyrmion with superior stability utilizing the IDMI and
drive them by means of spin current [23,24]. The superior
stability of skyrmion is supposed to be intricately related
with the interfacial roughness, and in turn, magnetic
inhomogeneity in FM thin film heterostructures [25].
In general, the determination of IDMI energy density in a
number of studies have been performed using asymmetric
domain wall motion or bubble expansion, spin polarized
scanning tunnelling microscopy, spin-polarized low-energy
electron microscope as well as synchrotron-based X-ray
scattering [26–28]. In recent times, the direct observation of
IDMI using Brillouin light scattering (BLS) technique has
been reported in various combination of HM/FM/oxide
heterostructures [29–34]. The BLS technique uses a welldefined wave vector of the spin wave (SW) characterized by
the incident angle and the wavelength of the laser beam used
in the experiment. Additionally, simultaneous detection of
Stokes and anti-Stokes peaks for propagating SW excitations
at higher wave vectors makes BLS an unambiguous and
precise technique to quantify the DMI energy density. A
precise estimation of DMI is extremely crucial for
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controlling the size of the skyrmion and ultimately realizing
the energy efficient information processing. Several earlier
reports have focused on the variation of the DMI energy
density on the FM layer thickness and DMI energy density
have been found to scale with the inverse of the FM layer
thickness, thereby, reflecting its pure interfacial origin in
such heterostructures [30,31,34,35]. Furthermore, a few
studies have also attempted to investigate the influence of
HM layer thickness on DMI, and reported strikingly different dependence in terms of the DMI strength and sign on the
choice of the HM layer [20]. In case of Pt and Ta underlayer,
in the ultrathin regime (less than about 3 nm), the DMI
increases with the increase in the thickness and subsequently
saturates above certain thickness [35,36]. Unlike this, Hf and
W underlayers exhibit no saturation in the DMI constant in
such thickness regime. It is worth mentioning here that W
possess the largest reported spin Hall angle [37] and interfacial spin transparency [38] amongst the HMs and possess
great potential in pure spin current-based spin-orbitronic
devices. Moreover, W exhibits thickness-dependent phase
transition (from high-resistive b-phase to low-resistive aphase) depending on the sputter deposition condition
[39–42]. Despite these interesting properties associated with
W, only a limited number of studies have attempted to
understand the origin and mechanisms that govern the
strength of IDMI in W-based FM thin film heterostructures
as a function of W layer thickness [43]. It is thus imperative
to investigate the effect of the structural phase transition of
W on IDMI in W-based HM/FM/oxide heterostructures.
Here, we report on the experimental study of underlayer thickness-dependent IDMI in W/Co20Fe60B20/SiO2
heterostructures using BLS technique. The choice of
Co20Fe60B20 (CoFeB hereafter) is essentially driven by its
importance in exhibiting significantly high tunnel magnetoresistance value at room temperature and its potential
application in spin-orbit torque magnetoresistive random
access memory device. Imprint of IDMI in these
heterostructures is observed as asymmetry in the frequency,
linewidth and peak intensity of the magnetostatic surface SW,
while this asymmetry increases with SW wave vector. Using
an analytical expression for the asymmetric dispersion of SW,
the experimental data is modelled to extract the DMI constant. Remarkably, the DMI constant shows a large value of
*0.38 mJ m–2 for the 5-nm-thick W layer, which corresponds to the b-rich mixed b ? a phase.
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Watt, whereas the SiO2 was grown using rf power of 60 Watt
at 13.56 MHz [31]. The rate of deposition was kept as 0.2–0.3
Å s–1 for W, CoFeB and SiO2. It is important to mention here
that there was no substrate annealing prior to or during the
deposition. Uniformity of the thicknesses of the samples were
ensured by rotating the substrate by 10 rpm during the
deposition. The pure W films were characterized using
grazing incidence X-ray diffraction and four-probe resistivity
measurement to identify the thickness-dependent phase
transition in W. The detailed information of the structural
characterization can be found elsewhere [37]. Under the
above-mentioned deposition conditions in our sputtering
system, the b-rich phase along with small trace of a-phase of
W occurs for t B 5 nm, while for t [ 5 nm the a-rich phase
dominates. We refer these phases simply as b-phase (t B 5
nm) and a-phase (t [ 5 nm) for convenience. There also exist
other reports regarding the phase transition in W occurring in
the similar thickness regime [20,41]. The surface roughness
of W layer measured by atomic force microscope was found
to be in the range of 0.14–0.23 nm, as reported earlier [36].
Saturation magnetization of these samples were extracted
using vibrating sample magnetometry (VSM).
BLS relies upon the inelastic scattering of incident photons
from the magnons and it provides a sensitive probe to detect
SWs. Details of the BLS set up used for investigating these
samples can be found elsewhere [44,45]. Recently, direct
measurement of IDMI using BLS has been demonstrated
[29–34]. When the static magnetization of a magnetic thin
film is in the plane of the film and perpendicular to the
transferred SW wave vector (Damon-Eshbach (DE) geometry), the DMI induces an asymmetry in the SW dispersion
relation [46]. BLS study of these films was performed using a
(3?3) pass tandem Fabry Pérot interferometer. Back-scattered geometry was used along with the provision of wave
vector selectivity to investigate the SW dispersion relation. In
order to achieve the wave vector selectivity, the sample was
rotated in the vertical plane, thereby, allowing access to
various angles of incidence of laser on the sample. At larger
incidence angles, the spectra were obtained after counting
photons for several hours (typically 5–6 h). It assured
acquisition of well-defined spectra where the peak position
could be estimated with an accuracy of *0.05 GHz. The
experiment was performed in the DE geometry under the
application of an in-plane magnetic field of *0.1 T (unless
specified), which ensured that the magnetization of the
CoFeB layer remained saturated in the plane of the film.

Experimental
3.

The thin film heterostructures Sub/W(t)/CoFeB (1 nm)/SiO2
(2 nm), with 1 nm B t B 7 nm were deposited using dc/rf
magnetron sputtering on Si (100) wafer coated with 100-nmthick SiO2 at the room temperature. The base pressure of the
deposition chamber was better than 2 9 10–7 Torr. CoFeB,
SiO2 and W were grown in Ar gas atmosphere of 1 mTorr
pressure. CoFeB and W were grown using dc power of 28

Results and discussion

The schematic of the experimental geometry is shown in
figure 1, where the incident light, applied magnetic field and
SW propagation directions are indicated. The Stokes and
the anti-Stokes peaks in the BLS spectra are fitted using
Lorentzian function to extract the peak frequency and
linewidth, i.e., the full-width at half-maximum. To precisely
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taken at various in-plane bias magnetic field (H) values at
k & 0 for Sub/W(3 nm)/CoFeB(1 nm)/SiO2(2 nm). It is
evident that SW frequency increases with the increase in
bias magnetic field. In figure 2b, variation of SW frequency
with bias magnetic field has been fitted with Kittel formula
given by equation (1).
l c pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f ¼ 0
ðH ðH þ Meff ÞÞ
ð1Þ
2p

Figure 1. Schematic of the BLS measurement geometry. The
angle between the sample normal and incident laser beam is
denoted by h, and the scattering cone angle is denoted by /. kS and
kAS represent the two counter-propagating directions of SWs.

determine the static magnetic parameters of the samples, we
performed the bias magnetic field dependence of the SW
frequency. Figure 2a shows the representative BLS spectra

Here, c ¼ glB /
h, g is the Lande g-factor and Meff is the
effective magnetization. We used l0 = 4p 9 10–7 N A–2
the vacuum permeability and determined g and Meff as
fitting parameters. From the fit, we obtained g as 2.0 and
Meff as 1150 kA m–1 for the sample with t = 3 nm. The
value of Meff is found to be close to the value of saturation
magnetization, Ms obtained from VSM measurement, which
ensures that the interface anisotropy is negligible in our
samples. This methodology for the estimation of Meff is
consistent with the existing literature [30,47]. In figure 2c,
the variation of Ms extracted from VSM as well as BLS has
been plotted for all samples. Apart from the interface anisotropy, magnetic inhomogeneity originating from interfacial roughness is crucial to understand in these
heterostructures. For uniform precession mode (k & 0), the
qualitative and quantitative information of magnetic inhomogeneity can be inferred from the analysis of linewidth of
the BLS spectra. In figure 3a, the anti-Stokes peak of BLS

Figure 2. (a) Representative BLS spectra measured for Sub/W(3 nm)/CoFeB(1 nm)/SiO2(2 nm)
film stack for various in-plane bias magnetic fields at k & 0. Digits mentioned above each spectrum
correspond to the magnetic field values in T. (b) Plot of frequency vs. magnetic field for the same
stack. Symbols represent the experimental data points, whereas red curve is the fit using Kittel formula
(given as equation (1)). (c) Variation of magnetization (Meff from BLS measurement and Ms from
VSM measurement) as a function of W layer thickness (t).
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Figure 3. (a) Representative BLS spectra measured for W(t)/CoFeB(1 nm)/SiO2(2 nm) at an
in-plane magnetic field of 0.1 T and k & 0. The value of t is indicated in each panel. (b) Variations of
linewidth (square symbol) and frequency (circular symbol) of the BLS peaks as a function of W
thickness (t) are shown together. Solid lines are guide to the eye.

spectra at the wave vector k & 0 along with the Lorentzian
fit for Sub/W(t = 1, 3, 5 and 6 nm)/CoFeB(1 nm)/SiO2(2 nm) are shown. The peak frequency and linewidth extracted
from the fit are plotted as a function of t in figure 3b. It is
interesting to note that both the peak frequency and linewidth show maxima at t = 5 nm, beyond which they
decrease when the a-phase of W starts to dominate.
In order to investigate the presence of IDMI in these
samples, we measured the SW frequency (f) vs. wave vector
(k) dispersion by switching the direction of the bias magnetic field at a fixed field strength of 0.1 T. The wave vector
(k) was varied by changing the angle of incidence of the
laser beam with respect to the film plane. The left panels of
figure 4a show the typical BLS spectra and the Lorentzian
fit to the experimental data measured at a fixed wave vector,
k = 20.4 rad lm–1 at various values of t for two opposite
directions of bias magnetic field. Such application of bias
magnetic field allows to access positive and negative wave
vectors in the experiment. From these plots, it can be

x ¼ x0 þ xDM ¼ l0 c

and attenuation lengths of the DE mode with opposite wave
vectors (± k) results due to the presence of IDMI in these
heterostructures [48]. Moreover, the frequencies of Stokes
and anti-Stokes peaks interchange on reversing the direction
of the bias magnetic field. The value of Df reaches a maximum of 0.75 GHz for t = 5 nm. Interestingly, no frequency asymmetry is observed in the test sample (CoFeB
(1 nm)/SiO2(2 nm)) without W underlayer. This confirms
that the DMI in these heterostructures primarily originates
due to the W/CoFeB interface owing to the large spin-orbit
coupling strength of W. It is worth mentioning here that, in
the BLS spectra for all thicknesses of W, the Stokes frequency is found to be lower than the anti-Stokes frequency
for positively applied magnetic field. This suggests a negative sign of IDMI constant for all thicknesses of W [49].
For further analysis of DMI, full SW dispersion for the
sample with t = 5 nm is plotted in figure 4b, where symbols
represent the experimentally measured data points and red
solid curve is the fit using equation (2) below.

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2c
½H0 þ Jk2 þ nðkLÞMs ½H0  HU þ Jk2 þ Ms  nðkLÞMJ  
Dk
Ms

inferred that the difference between peak frequencies for
Stokes and anti-Stokes peaks (Df) increases monotonically
for 1 B t B 5 nm, beyond which Df decreases. It is worth
noting that the significantly large asymmetry in frequencies

ð2Þ

Here, g, H, l0 and Ms carry the same meaning as used
before in equation (1), J = 2A/l0Ms the SW stiffness, A the
exchange constant, D the IDMI constant, HU = 2Ku/l0Ms
the uniaxial anisotropy field (Ku the uniaxial anisotropy
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Figure 4. (a) BLS spectra measured at k = 20.4 rad lm–1 and H = 0.1 T in the W(t)/CoFeB(1 nm)/
SiO2(2 nm) heterostructure for two counter-propagating directions of SWs. The value of W thickness
(t) is mentioned in each spectrum. In t = 3 nm panel, pair of dashed vertical lines indicate the
frequency asymmetry. (b) Measured SW dispersion for W(5 nm)/CoFeB(1 nm)/SiO2(2 nm) films.
Symbols represent experimental data points and red solid curve is the fit using equation (2). Blue
dashed curve shows the symmetric SW dispersion in the absence of IDMI. (c) Variation of frequency
asymmetry (Df) as a function of k in the W(5 nm)/CoFeB(1 nm)/SiO2(2 nm) sample. Solid line is the
fit using equation (3).

constant) and n (kL) = 1 - (1-exp|–kL|)/|kL|, where L is the
thickness of the ferromagnetic film. For t = 5 nm (figure 4b), using g = 2.0 as obtained from the Kittel fit (as
shown in figure 2b) and Ms = 1200 kA m–1 from VSM
(Kittel fit in figure 2b also yields similar value), the fitted
experimental data yields A = 20 ± 2 pJ m–1, Ku= (1.18 ± 0.05) 9 105 J m–3 and D = 0.38 ± 0.02 mJ
m–2. The fitted value of A agrees well with the existing
literature value [46]. In order to show the clear asymmetry
in the SW dispersion curve, we have included the symmetric dispersion as dashed blue curve in figure 4b by
considering xDM = 0 in equation (2). In this figure, an
appreciable amount of frequency asymmetry at higher wave
vector can be noticed clearly. Furthermore, Df as a function
of k is shown in figure 4c for t = 5 nm, where the symbol
represents the magnitude of Df and red line is the linear fit
using equation (3).
Df ðkÞ ¼ ½xðkÞ  xðkÞ=2p ¼

2c
Dk
pMS

ð3Þ

The slope of the linear fit gives the value of IDMI
constant, D. For the fit, we again use g = 2.0, Ms = 1200 kA
m–1, and obtained D as 0.38 ± 0.02 mJ m–2, which is
identical with the value obtained from the modelling of

asymmetric SW dispersion curve. Therefore, the Df vs. k
plot reconfirms the presence of IDMI in these heterostructures. In addition to the macroscopic DMI constant D, one
may also estimate the strength of DMI at the interface from
equation (4) as follows [30]
pﬃﬃﬃ
3
d;
ð4Þ
Dint ¼ D
a
where a is the lattice constant and d is the thickness of FM
layer. Considering a & 0.25 nm for CoFeB [35,50] and
d = 1 nm, Dint is estimated to be 2.3 ± 0.3 mJ m–2.
In order to explore the influence of structural phase of W
on Df and the corresponding DMI constant, the variation of
Df as a function of t at k = 20.4 rad lm–1 is plotted in
figure 5a. Note that Df increases monotonically and reaches
maximum at t = 5 nm and subsequently decreases at higher
t. Since the value of extracted IDMI energy density is
directly related with Df, identical trend of its variation with
t is observed in figure 5b. For visual clarity, the decrease in
the b-rich phase (increase in the a-rich phase) of W with
increase in the thickness of W is represented using blue
colour gradient.
It is interesting to note that the lattice parameter of
b-phase of W is larger than the lattice parameter for a-phase
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Figure 5. Variation of (a) asymmetry in the SW frequency (Df) and (b) DMI constant with the W
underlayer thickness (t). The error bars in Df are assigned by considering the errors from the
theoretical fit of the BLS spectra, while for D the errors in the estimation of Ms as well as Df have been
considered. Solid lines are guide to the eye. The blue colour gradient represents the transition from
b-rich to a-rich phase of W.

[43]. The difference in the lattice parameter will essentially
result in somewhat different positioning of large spin-orbit
coupling centre (W-atoms) adjacent to CoFeB layer. We
believe, the slightly different arrangement of W atoms in
different phases of W with respect to the Co or Fe atoms in
the CoFeB layer results in significantly different magnetic
inhomogeneity and IDMI. Further experimental and theoretical studies are needed to obtain in-depth insight into the
microscopic mechanism that is involved in governing the
strength of IDMI in the b-rich mixed (a?b)-phase. Our
results indicate that the IDMI mediated through spin-orbit
coupling effect of W is strongest in the b-rich mixed (a?b)phase. Besides, the detailed analysis of magnetic properties
indicates negligibly small amount of interface anisotropy
present in these film stacks. Furthermore, we observe
starkly different variation of IDMI constant in as-deposited
W/CoFeB/SiO2 as a function of W-layer thickness in the
sub-10 nm regime as opposed to the annealed W/CoFeB/
MgO stacks with perpendicular magnetic anisotropy [43].
However, it remains elusive whether such different variation of IDMI is related to the effect of annealing or the
choice of the oxide layer in these above-mentioned two
stacks [51]. These findings call for further in-depth study of
correlation between interface anisotropy, magnetic inhomogeneity and IDMI in W-based ferromagnetic thin film
heterostructures, where stabilization of skyrmions is
important from the device perspective.

4.

Conclusion

In summary, we have performed a detailed study of the
influence of W thickness on the strength of interfacial DMI
in W/CoFeB/SiO2 heterostructures using Brillouin light
scattering spectroscopy. Our study reveals that DMI
strength increases with the underlayer thickness in the b-W
region followed by a decrease as observed in a-phase of W.

For an optimized thickness of W (t = 5 nm) a reasonably
large DMI of *0.38 mJ m–2 is obtained. Qualitatively, it is
inferred that position of the large spin-orbit coupling centre
that depends on thickness-dependent structural phase transition of W plays crucial role in governing the magnetic
inhomogeneity and IDMI in these heterostructure. Such
understanding of variation of IDMI is crucial for precisely
controlling the skyrmion size in magnetic memory devices.
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