SCIENTIFIC REPLIRTS

Direct Observation of Interfacial
Dzyaloshinskii-Moriya Interaction
from Asymmetric Spin-wave

I Propagation in W/CoFeB/SiO,
ot Heterostructures Down to Sub-
nanometer CoFeB Thickness

© Avinash Kumar Chaurasiya, Chandrima Banerjee, Santanu Pan, Sourav Sahoo,
© Samiran Choudhury, Jaivardhan Sinha & Anjan Barman

Interfacial Dzyaloshinskii-Moriya interaction (IDMI) is important for its roles in stabilizing the
skyrmionic lattice as well as soliton-like domain wall motion leading towards new generation spintronic
devices. However, achievement and detection of IDMI is often hindered by various spurious effects.

. Here, we demonstrate the occurrence of IDMI originating primarily from W/CoFeB interface in

© technologically important W/CoFeB/SiO, heterostructures using Brillouin light scattering technique.

. Due to the presence of IDMI, we observe asymmetry in the peak frequency and linewidth of the spin-

: wave spectra in the Damon-Eshbach (DE) geometry at finite k wave-vectors. The DMI constant is found

. toscale as the inverse of CoFeB thickness, over the whole studied thickness range, confirming the
presence of IDMI in our system without any extrinsic effects. Importantly, the W/CoFeB interface shows
no degradation down to sub-nanometer CoFeB thickness, which would be useful for devices that aim to
use pronounced interface effects.

The Dzyaloshinskii-Moriya interaction (DMI)"* has drawn significant interest due to its fundamental nature and
application potential in next generation memory devices. The DMI can be classified into two classes, namely, bulk
and interfacial, depending on the type of inversion symmetry breaking>*. Bulk DMI is determined by the detailed
symmetry of the lattice structure and it has been studied mostly for B20 structures such as MnSi, etc**. Due to
the complexity of the nature of symmetry at the interface, it is quite non-trivial to get insight into interfacial DMI.
: In last few years remarkable progress on fundamental and technological front in the field of spintronics has
. been made by utilizing ferromagnetic thin film with structure inversion asymmetry. For applications in magnetic
. memory devices, emerging device concepts based on domain wall motion®* and skyrmionic lattice* have been
. proposed, which aim to use heavy metal (HM)/ultrathin ferromagnet (FM)/oxide heterostructures. In such het-
erostructures, due to the strong spin-orbit interaction in HM layer, perpendicular magnetic anisotropy®'?, Rashba
effect!™2, spin Hall effect'®>!4, and interfacial Dzyaloshinskii-Moriya interaction (IDMI)'® are manifested. Strong
IDMI is the key to stabilize the skyrmionic lattice which has significant technological application potential in
ultra-dense information storage. Furthermore, IDMI may lead to soliton like domain wall (DW) motion, which
. can extend Walker breakdown field, stabilizes chiral magnetic order and increases DW velocities even in the
. precessional regime'®.
: The direct precise quantitative estimation of IDMI constant and its scaling behavior with ferromagnetic layer
thickness variation are crucial for understanding the origin of IDMI in HM/FM/oxide heterostructures. Recent
studies have applied Brillouin light scattering (BLS)'”!8 technique for such investigations'*-2!. In this technique,
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the wave-vector (k) of the spin-wave is uniquely defined by the wavelength and incident/scattering angle of the
laser beam. The advantage of using BLS is that it can detect propagating spin-wave excitation simultaneously at
+k and —k wave-vectors (Stokes and anti-Stokes process)'®?2. The imprint of IDMI in BLS technique is mani-
fested as an asymmetry in the spin-wave dispersion relation for nonreciprocal propagation of Damon-Eshbach
(DE) spin-waves'®?*. In FM thin films with broken inversion symmetry, different surface anisotropy on both sides
of film results in slight change in spin-wave frequency upon reversal of propagation direction?. Recent theoret-
ical calculations have shown that the difference in frequency due to asymmetric surface pinning is an order of
magnitude smaller than that resulting due to IDMI®. Furthermore, the symmetric conventional exchange inter-
action (known as Heisenberg exchange interaction) produces quadratic dispersion, an even function of the wave
number, while the antisymmetric DM exchange is characterized by an odd linear functional dependence?®*-?. The
experiments manifesting these effects have been mostly confined to the thin film stacks that essentially contain
Pt next to the ferromagnetic layer?*?*>?*3. As the Pt/FM layer interface usually gives rise to significant interface
anisotropy as well as interfacial DMI, isolation of both the contributions to the asymmetric spin-wave dispersion
in such system is nontrivial. Furthermore, a recent study investigated the ferromagnetic layer thickness depend-
ence of IDMI in Pt/CoFeB/AlOx and found a decrease in IDMI constant below CoFeB thickness of 1.6 nm mainly
due to degradation of interface®. For application of effects originating from interface, it is essential to reduce the
thickness of the CoFeB layer: thinner magnetic layer will likely have more pronounced interface effects. Apart
from the ferromagnetic layer, underlayer plays a key role in improved interfacial properties in HM/FM/oxide
stack. Hence, search for alternative thin film structures with different HM adjacent layer with FM layer with large
IDMI originating primarily from interface is the need of the moment in spintronics research. An important thin
film heterosturcture CoFeB/SiO, with W underlayer, due to large spin Hall angle of W?!, has significant applica-
tion potential in recently discovered three terminal devices". The advantage of the use of W instead of Pt in mag-
netic recording industry will be its cost effectiveness. Moreover, the choice of W helps to avoid the complication
of induced magnetic moment in Pt which makes it difficult to identify the origin of IDMI.

Here, we report the presence of pure IDMI in W/CoFeB/SiO, heterostructure using BLS spectroscopy for
varying thickness values of the CoFeB layer down to 0.85 nm. We study the influence of the IDMI on spin-wave
properties, in particular, by investigating the asymmetry in the spin-wave dispersion relation for DE mode with
respect to counter propagating directions. Using analytical expressions for asymmetric dispersion of spin-wave,
the experimental data are modeled to extract the IDMI constant. Detailed analysis of linewidth reveals that the
lifetime of the magnons is also asymmetric with respect to propagation along +k and —k directions. Most sig-
nificantly, we find that the IDMI constant varies inversely with the CoFeB thickness down to CoFeB thickness of
0.85nm, indicating the presence of an almost pure IDMI and absence of other spurious effects contributing to the
asymmetric propagation of spin-waves.

Results
Magnetic characteristics of the thin films. Magnetic heterostructures consisting of Substrate/2 W/t
Co,gFeqoBy/2 SiO, (digits represent thickness in nm, subsequently in the manuscript digit is mentioned to indi-
cate thickness) are studied (see methods for details). The BLS experiment was performed in DE'®*2 geometry
under the application of an in-plane magnetic field up to £0.22 T/, For the in-plane applied field the magneti-
zation is saturated in the plane of the film. The schematic of the general film stack and BLS experimental geometry
is shown in Fig. 1(a). The coordinate convention, the incident light, spin-wave propagation, and applied field
directions are indicated. Using Lorentzian function we fit the Stokes and anti-Stokes peaks in the BLS spectra to
extract the peak frequency and linewidth i.e., full width at half maximum. Figure 1(b) shows the magnetization
hysteresis loop measured by Vibrating Sample Magnetometer (VSM) at room temperature for the film stack Sub/2
W/1 CoFeB/2 SiO, for magnetic field applied within the sample plane thus indicating in-plane easy-axis. The esti-
mated saturation magnetization from the hysteresis loop is 1100 kA/m. All the films have in-plane magnetization
as indicated by VSM measurement. We estimate the effective anisotropy (Kgzr) of the film by calculating the areal
difference between the out of plane and in-plane magnetization hysteresis loop. In Fig. 1(c) we show the plot of
Kpppt vs. t and use a linear fit to obtain the interface anisotropy (as determined by the intercept on the y-axis).
A nearly zero intercept on the y-axis indicates that interface anisotropy is almost negligible in these film stacks.
Shown in Fig. 2(a) are the typical BLS spectra measured for zero wave-vector (k= 0, corresponding to uniform
precession mode) at various in-plane applied magnetic fields. The field values are mentioned above each spectra.
We use Kittel equation (Eq. (1)) to fit the increase in frequency with the increase in field for different thicknesses
of CoFeB (c.f, Fig. 2(b), CoFeB thickness value is mentioned in each plot).

_ KT 12
S5 U M) M
Here, v=gy/h, gis the Lande g factor, H is the applied bias magnetic field and M, s the effective magnetization.
We use f1o=47 x 1077 N/m?* the vacuum permeability and determine g and Mg as fitting parameter. The best
fit to the data yields g=2.00 £ 0.05 for all the thicknesses of CoFeB measured here. Similar measurements of
frequency vs. bias magnetic field at k =0 were performed for all other samples and the modeling yields the M,
parameters as shown in Fig. 2(c) for various thickness of CoFeB. As expected we find that the M, ;shows small
variation as the CoFeB thickness is varied thus indicating negligible out of plane anisotropy.

It is important to mention here that observation of asymmetry in the magnon linewidth of the spin-wave spec-
tra is quite non-trivial. In order to observe such asymmetry a major pre-requisite is to select a sample which has
reasonably small linewidth. Thus, before measuring the detailed dispersion, the magnetic homogeneity of Sub/d
W/1 Co,gFegB,/2 SiO, is investigated as a function of d (data not shown here) by analyzing the linewidth of
corresponding BLS spectra at k =0 wave-vector. From this investigation we find that d =2 nm is the optimum W
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Figure 1. (a) Schematic of the film stack along with the BLS measurement geometry. (b) Magnetization
hysteresis loop for film stack 2 W/1 CoFeB/2 SiO, with magnetic field applied within the film plane. (c) The plot
of Kgpr.t as a function of CoFeB thickness along with the linear fit to estimate the interface anisotropy.

thickness where the linewidth (magnetic inhomogeneity) is reasonably small as well as the frequency asymmetry
is large. Thus, for further investigation of asymmetry in frequency vs wave-vector dispersion and asymmetry in
the magnon linewidth, we vary CoFeB thickness from 0.85nm to 3.0 nm by fixing the W underlayer thickness to
2nm.

Asymmetry in frequency versus wave-vector due to IDMI. In order to investigate the presence of
IDMI in these film stacks, we measured the frequency (f) vs. wave-vector (k) dispersion by switching the direc-
tion of the bias field at a fixed field strength of 0.1 T/p,. The wave-vector (k) is varied by changing the angle
of incidence of light w.r.t. the film plane. Figures 3(a-d) show the typical BLS spectra at a fixed wave-vector
k=2.04 x 107 rad/m for various thicknesses of CoFeB in 2 W/t CoFeB/2 SiO, stack. From these figures it can be
seen that for t= 3.0 nm, the peak frequencies for Stokes and anti-Stokes components are nearly the same when the
applied field direction is interchanged from +x (black line) to —x (red line). The difference between the frequen-
cies due to field reversal (Af) for both the Stokes and anti-Stokes lines increases continuously with the reduction
in CoFeB thickness as can be noticed in Fig. 3. The value of Af reaches a maximum of 0.5 GHz for t=0.85 nm.
Such a large difference in Afis unlikely to arise from the asymmetric surface pinning of the CoFeB layer in these
heterostructures. Moreover, no frequency asymmetry is found in the test sample (1 CoFeB/2 SiO, stack, see
methods) which does not have a W underlayer (data not shown). Note that asymmetry in the peak intensity is
consistently present at higher k values for each film stack with asymmetry more pronounced for films with W
underlayer in comparison to that without W.

The full fvs. k dispersion for two different thickness values of CoFeB (#=0.85nm and 1.0 nm) are shown
in Fig. 4(a,b). The experimentally obtained f values are shown using symbols in the figure. From the plots it is
evident that at finite k, the spin-wave frequencies propagating along two opposite directions differ significantly
and this asymmetry increases with increase in the value of k. The results shown in Fig. 4(a,b) are modeled by
using a modified dispersion relation for DE mode given by Eq. 212!, which takes into account of the shift in the
frequency arising due to IDML

w = wy+ Wpy

py iy [Ho + JK* + E(L)M)[Hy — Hy + JK* + Mg — €(KL)M — ]2\4—7Dk o
N

Here, g, H, 11, and M, carries the same meaning as used before in Eq. 1, J=2A/pu,M, the SW stiffness, A the
exchange constant, D the IDMI constant, Hy = 2K/ oM, the uniaxial anisotropy field (K the uniaxial
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Figure 2. (a) Representative BLS spectra measured for the 2 W/1 CoFeB/2 SiO, film stack for various in-plane
applied magnetic fields at k =0. Digits mentioned above each spectrum correspond to the magnetic field values
in T/p,. (b) Plot of frequency versus magnetic field for 2 W/t CoFeB/2 SiO, film stack at various t. The value of

tis mentioned in each panel. Symbols represent the experimentally measured data point whereas solid curve is

the fit using standard Kittel equation. (c) Variation of M,gas a function of inverse of CoFeB thickness.
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Figure 3. (a-d) BLS spectra measured at wave-vector k= 2.04 x 107 rad/m for the 2 W/t CoFeB/2 SiO, film for
two counter propagating directions. The spectrum corresponding to particular thickness of CoFeB is indicated
by mentioning thickness value in each panel.

anisotropy) and & (kL) =1 — (1 — exp | — kL|)/|kL|, where L is the thickness of ferromagnetic film. The theoretical
fit using Eq. 2 is shown by solid curves in Fig. 4(a,b). For t=0.85nm (Fig. 4(a)), using g=2.0 from Kittel fit (as
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Figure 4. Frequency vs. wave-vector dispersion curves for (a) 2W/0.85 CoFeB/2 SiO, and (b) 2 W/1 CoFeB/2
SiO, films. Symbols represent the experimental data points; red solid curves show the fit to the data points
using Eq. 2. The blue dashed curves show the dispersion curves in the absence of IDMI. Plot of Afvs. k for

(c) 2 W/0.85 CoFeB/2 SiO, and (d) 2 W/1 CoFeB/2 SiO, films. Here, solid lines represent the linear fit to the
experimental data using Eq. 3 to estimate the DMI constant. The error bar in Afis shown by considering the
error from the fitting of the spin-wave spectra.

shown in Fig. 2) and M, = 1030kA/m from VSM (Kittel fit in Fig. 2 also yield similar value), the fitted experi-
mental data yields A =20+ 2 pJ/m, K, = (1.0240.05) x 10° J/m’ and D =0.25 £ 0.02 mJ/m?> The fitted value of
A nearly agrees with the literature value. Following similar modeling, for t=1.0nm (Fig. 4(b)), these parameters
are g=2.0, M;=1100kA/m, K, =1.45 x 10° J/m? and D=0.21+0.02 mJ/m?. As a matter of comparison we have
added the symmetric dispersion as dashed curves in Fig. 4(a,b). These were generated using the standard disper-
sion relation for DE mode without considering IDMI i.e., by setting wp,,= 0 in Eq. (2).

The interfacial DMI energy density can also be determined from the frequency difference (Af) between
spin-waves with opposite (+k and —k) wave-vectors as given by Eq. 3121,

Tl — ) — _ 2
Af (k) = [w(=k) — w(k)]/27 7TMSDk )

In this case the estimation of D is primarily determined by the experimentally measured quantities Af, k and M,.
Figure 4(c,d) show the variation of Afwith k, as obtained from measurements from samples with t=0.85nm and
1.0 nm, respectively. The slope of the linear fit to the data points for the sample with t=0.85 nm gives D=0.25m]/
m?, whereas for the sample with = 1.0 nm we obtain D= 0.21 mJ/m? from the fit. Thus, the value of D is found
to be consistent from two types of modeling of the experimental data. The observed increase in the D with the
decrease in CoFeB thickness indicates the signature of an interfacial DMI at the W/CoFeB interface.

Ferromagnetic layer thickness dependence of DMI constant. In order to confirm that the observed
asymmetry in the SW dispersion is induced purely by an IDMI at the W/CoFeB interface and not due to interface
anisotropy at the asymmetric interface, we investigate the SW dispersion of samples with higher thicknesses of
CoFeB. For this purpose, we discuss below the dependence of Afand D on the thickness of the CoFeB layer.
Displayed in Fig. 5(a,b) are the variation of Afand D with the inverse of CoFeB thickness.

It is important to note from these plots that both Afand D increases almost linearly with the decrease in the
thickness of CoFeB and the nature of increase for both Afand D are more or less the same. Linear fit is used to fit
both CoFeB thickness dependence of Afand D*. The apparent linear scaling of D with inverse of CoFeB thick-
ness indicates that the asymmetry in the spin-wave dispersion originates primarily from the interfacial DMI. The
asymmetry in Af engendered due to interface anisotropy is known to scale as inverse square of ferromagnetic
layer thickness®%. We thus exclude the possibility of any contribution from interface anisotropy on the observed
Af. A remarkable feature to notice here is that neither Afnor D start to deviate from the linear behavior with 1/¢
down to t=0.85nm, thus ensuring that the W/CoFeB interface does not degrade down to such small thickness
values. In earlier studies, a sudden decrease was observed in Afand D below ~1.6 nm of CoFeB thickness in Pt/
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Figure 5. (a) Variation of asymmetry in the frequency and (b) Variation of DMI constant with the inverse of
CoFeB thickness. The error bar in Afis shown by considering the error from the fitting of spectra as well as the
instrumental resolution to determine the peak frequency and for D it is shown by taking into account the error
in estimation of M, as well as Af. The linear fits to the data in both the cases are shown using red solid lines.
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Figure 6. Linewidth of the spinwave spectra as a function of wave-vector for 2 W/1 CoFeB/2 SiO, at a bias
field of 0.1 T/p,. Experimental linewidth data are denoted by symbols. Error bars show standard deviation of
the spectral linewidth obtained using Lorentzian function. The solid red line represents the fitted curve using
equation (4). Blue dashed line is the same without considering the DMI in the film stack.

CoFeB and this was explained by considering its origin in degradation of interface?®. Non-degradation of W/
CoFeB interface down to such small thickness is potentially very useful for the applications that aim to use DMI
arising purely from interfacial origin such as fast domain wall velocity based spintronics devices.

Asymmetry in magnon linewidth due to IDMI.  Another manifestation of the presence of the inter-
facial DMI in the HM/FM/oxide heterostructures is an asymmetry in the dispersion of magnon lifetime with
wave-vector k*. In order to get an insight into this asymmetry, we studied the variation in the linewidth of the
spin-wave spectra with k. For that purpose, we performed a deconvolution of the linewdith for removing the
contribution of the instrumental linewidth**.

Figure 6 displays the variation of linewidth i.e., in magnon lifetime with k at an applied magnetic field 0.1 T/p,
for Sub/2 W/1 CoFeB/2 SiO,. Linewidth for spin-wave propagating in +k direction is smaller than the same for
spin-wave propagating in —k direction, which indicates longer lifetime of magnon propagating in +k direction
(c.f. Fig. 1(a)). The best fit to experimental variation of linewidth with wave-vector (as shown by continuous line
in Fig. 6 is obtained using Eq. (4)".

wpp (k)
Wo(k)

1+

% — aypy(Hy + JK — Hyl2 + My/2)

4)

where I' is the linewidth of the spin-wave spectra and other symbols denote same quantities as described earlier.
We use g=2.0, M,;=1100kA/m, K, = 1.45 x 10° J/m?® and D = 0.21 mJ/m? and keep the damping coefficient «
as fitting parameter. The best fit to the experimental data is obtained for av=0.033 £ 0.002. Thus, Eq. 4 describes
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qualitatively the asymmetry in the linewidth due to the presence of DMI at the W/CoFeB interface. Figure 6 sig-
nifies that by using the same parameters as for fitting the dispersion curves in Fig. 4 we obtain a reasonably good
fit for the linewidth of the spinwave spectra (magnon lifetime). Despite of the presence of significant error bar as
accounted from the fit (due to relatively small IDMI value in comparison to the Pt based heterostructures), the
observed asymmetry in the dispersion of magnon lifetime with wave-vector (c.f. Fig. 6) reconfirms the presence
of IDMI primarily originating from W/CoFeB interface in the W/CoFeB/SiO, film stacks.

Discussion

In summary, we have investigated both qualitatively and quantitatively the pure interfacial DMI in W/CoFeB/
SiO, using BLS technique. The detailed study of magnetostatic surface spin-wave properties shows that the inter-
facial DMI leads to nonreciprocal spin-wave propagation, i.e., different properties for spin-waves propagating
in opposite directions. In Damon-Eshbach geometry, by interchanging the magnetic field direction we observe
asymmetry in the peak frequency, peak intensity and magnon lifetime. Furthermore, we showed that the IDMI
constant scales as the inverse of CoFeB thickness down to 0.85nm, indicating its origin as purely interfacial.
The W/CoFeB interface shows almost negligible degradation down to sub-nanometer CoFeB thickness, which is
highly desirable for technological applications those aim to use interface effect, in particular IDMI. Our investi-
gation will be important for understanding the spin-wave dynamics as well as stabilizing DMI assisted skyrmion,
soliton like domain wall motion, in CoFeB with W underlayer, which is known to have a large spin Hall angle.

Methods

The thin film heterostructure Sub/d W/1 Co,yFe¢,B,y/2 SiO, with d=1, 2, 3, 4, 5nm and Sub/2 W/t Co,,Feq,B,/2
SiO, with =0.85, 1.0, 1.5, 2.0 and 3.0 nm (digits indicate thickness in nm) were deposited by dc/rf magnetron
sputtering in Si (100) wafers coated with 100 nm SiO,. Purpose of varying W underlayer thickness was to select
optimum W thickness, which results in significantly reduced magnetic inhomogeneity*>* in the film stack. The
base pressure of the deposition chamber was better than 2 x 1077 Torr. CoFeB and W were grown using dc power
of 28 Watt whereas the SiO, was grown using rf power of 60 Watt at 13.56 MHz. All thin films were grown in Ar
gas atmosphere of 1 mTorr pressure. Sputtering deposition condition (in particular the Ar deposition pressure
and power) was optimized carefully to obtain the thin films in few nanometer and sub nanometer regime. A film
stack Sub/1 Co,oFeqoB,o/2 SiO, without W layer adjacent to CoFeB was used for reference measurement.

BLS study is performed using a Sandercock-type six pass tandem Fabry Perot interferometer””. Conventional
back scattered geometry is used along with the provision of wave-vector selectivity to investigate the spin-wave
dispersion relation. To obtain the wave-vector selectivity, the sample is rotated in vertical plane thus allowing
access to various angles of incidence of laser on the sample. Details of the BLS set up can be found elsewhere®¢3,
For the larger incidence angles, the spectra were obtained after counting photons for several hours. It ensured
that well defined spectra are obtained where the peak position can be estimated with accuracy of ~0.1 GHz. We
use free spectral range of (FSR) 50 GHz and a 2° multi-channel analyser. The frequency resolution is determined
by estimating FSR/2° (0.1 GHz) for the Stokes and anti-Stokes peaks of the BLS spectra??. The instrumental
linewidth of our setup is ~0.3 GHz as obtained from the analysis of the elastic peak® obtained in our experiment.

References
1. Dzyaloshinskii, I. E. Thermodynamic theory of weak ferromagnetism in antiferromagnetic substances. Sov. Phys. JETP 5, 1259
(1957).
. Moriya, T. Anisotropic superexchange interaction and weak ferromagnetism. Phys. Rev. 120, 91 (1960).
. Muehlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science 323, 915 (2009).
. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nature Nanotech. 8, 152 (2013).
. Dmitrienko, V. E. et al. Measuring the Dzyaloshinskii-Moriya interaction in a weak ferromagnet. Nature Phys. 10, 202 (2014).
. Emori, S. et al. Current-driven dynamics of chiral ferromagnetic domain walls. Nature Mater. 12, 611 (2013).
Ryu, K. S., Thomas, L., Yang, S. H. & Parkin, S. Chiral spin torque at magnetic domain walls. Nature Nanotech. 8, 527 (2013).
. Thiaville, A. et al. Dynamics of Dzyaloshinskii domain walls in ultrathin magnetic films. E. Phys. Lett. 100, 57002 (2012).
. Ikeda, S. et al. A perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction. Nature Mater. 9, 721 (2010).
. Sinha, J. et al. Enhanced interface perpendicular magnetic anisotropy in Ta/CoFeB/MgO using nitrogen doped Ta underlayers. Appl.
Phys. Lett. 102, 242405 (2013).
11. Miron, I. M. et al. Current-driven spin torque induced by the Rashba effect in a ferromagnetic metal layer. Nature Mater. 9, 230
(2010).
12. Miron, I. M. et al. Fast current-induced domain-wall motion controlled by the Rashba effect. Nature Mater. 10, 419 (2011).
13. Liu, L. et al. Spin-torque switching with the giant spin Hall effect of tantalum. Science 336, 555 (2012).
14. Kim, J. et al. Layer thickness dependence of the current-induced effective field vector in Ta/CoFeB/MgO. Nature Mater. 12, 240
(2013).
15. Torrejon, J. et al. Interface control of the magnetic chirality in CoFeB/MgO heterostructures with heavy-metal underlayers. Nature
Commun. 5, 4655 (2014).
16. Yoshimura, Y. et al. Soliton-like magnetic domain wall motion induced by the interfacial Dzyaloshinskii-Moriya interaction. Nature
Phys. 12,157 (2016).
17. Grunberg, P. Light scattering from spin waves in thin films and layered magnetic structures. Top. Appl. Phys. 66, 303 (1989).
18. Hillebrands, B. In Modern techniques for characterizing magnetic materials, edited by Y. Zhu (Kluwer Academic, Boston, 2005).
19. Di, K. et al. Direct observation of the Dzyaloshinskii-Moriya interaction in a Pt/Co/Ni film. Phys. Rev. Lett. 114, 047201 (2015).
20. Di, K. et al. Asymmetric spin-wave dispersion due to Dzyaloshinskii-Moriya interaction in an ultrathin Pt/CoFeB film. Appl. Phys.
Lett. 106, 052403 (2015).
21. Belmeguenai, M. et al. Interfacial Dzyaloshinskii-Moriya interaction in perpendicularly magnetized Pt/Co/AlOx ultrathin films
measured by Brillouin light spectroscopy. Phys. Rev. B 91, 180405 (2015).
22. Barnas, J. & Grunberg, P. Spin-waves in exchange coupled epitaxial double layers. J. Magn. Mag. Mat. 82, 186 (1989).
23. Cho, J. et al. Thickness dependence of the interfacial Dzyaloshinskii-Moriya interaction in inversion symmetry broken systems.
Nature Commun. 6, 7635 (2015).
24. Hillebrands, B. Spin-wave calculations for multilayered structures. Phys. Rev. B 41, 530 (1990).

—

SCIENTIFICREPORTS | 6:32592 | DOI: 10.1038/srep32592 7



www.nature.com/scientificreports/

25. Nembach, H. T. et al. Linear relation between Heisenberg exchange and interfacial Dzyaloshinskii-Moriya interaction in metal films.
Nature Phys. 11, 825 (2015).

26. Stashkevich, A. A. et al. Experimental study of spin-wave dispersion in Py/Pt film structures in the presence of an interface
Dzyaloshinskii-Moriya interaction. Phys. Rev. B 91, 214409 (2015).

27. Moon, . H. et al. Spin-wave propagation in the presence of interfacial Dzyaloshinskii-Moriya interaction. Phys. Rev. B 88, 184404
(2013).

28. Kostylev, M. Interface boundary conditions for dynamic magnetization and spin wave dynamics in a ferromagnetic layer with the
interface Dzyaloshinskii-Moriya interaction. J. Appl. Phys. 115, 233902 (2014).

29. Korner, H. S. et al. Interfacial Dzyaloshinskii-Moriya interaction studied by time-resolved scanning Kerr microscopy. Phy. Rev. B92,
220413 (2015).

30. Kim, N. H. et al. Improvement of the interfacial Dzyaloshinskii-Moriya interaction by introducing a Ta buffer layer. Appl. Phys. Lett.
107, 142408 (2015).

31. Pai, C. E et al. Spin transfer torque devices utilizing the giant spin Hall effect of tungsten. Appl. Phys. Lett. 101, 122404 (2012).

32. Hillebrands, B., Baumgart, P. & Guntherodt, G. Insitu Brillouin-scattering from surface anisotropy dominated Damon-Eshbach
modes in ultrathin epitaxial Fe(110) layers. Phys. Rev. B 36, 2450 (1987).

33. Zakeri, K., Zhang, Y., Chuang, T. H. & Kirschner, ]. Magnon lifetimes on the Fe(110) surface: The role of spin orbit coupling. Phys.
Rev. Lett. 108, 197205 (2012).

34. Oliver, W. E, Herbst, C. A., Lindsay, S. M. & Wolf, G. H. A general method for determination of Brillouin linewidths by correction
for instrumental effects and aperture broadening: Application to high-pressure diamond anvil cell experiments. Rev. Sci. Inst. 63,
1884 (1992).

35. Murayama, A., Hyomi, K., Eickmann, J. & Falco, C. M. Brillouin study of long-wavelength spin waves in quasimonatomic Co films
with uniaxial perpendicular magnetic anisotropy. Phys. Rev. B 61, 8984 (2000).

36. Sinha, J. et al. Improved magnetic damping in CoFeB|MgO with an N-doped Ta underlayer investigated using the Brillouin light
scattering technique. RSC Adv. 5, 57815 (2015).

37. Mock, R., Hillebrands, B. & Sandercock, R. Construction and performance of a Brillouin scattering set-up using a triple-pass
tandem Fabry-Perot interferometer. J. Phys. E-Sci. Inst. 20, 656 (1987).

38. Haldar, A., Banerjee, C., Laha, P. & Barman, A. Brillouin light scattering study of spin waves in NiFe/Co exchange spring bilayer
films. J. Appl. Phys. 115, 133901 (2014).

Acknowledgements

We acknowledge the financial assistance from Department of Science and Technology Govt. of India under grant
No. SR/NM/NS-09/2011 and S. N. Bose National Centre for Basic Sciences under project no. SNB/AB/12-13/96.
AK.C, S.S. and S.C. acknowledge S. N. Bose National Centre for Basic Sciences, A.K.C and S.P. acknowledge
DST-INSPIRE scheme and C.B. acknowledges CSIR for respective research fellowship.

Author Contributions

A.B. and J.S. planned the project. S.C. and J.S. prepared and characterized the samples. A.K.C., C.B. and S.S.
performed the BLS measurements. A.K.C,, J.S. and S.P. performed the data analysis. A.B. and J.S. wrote the
manuscript in consultation with all authors.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chaurasiya, A. K. et al. Direct Observation of Interfacial Dzyaloshinskii-Moriya
Interaction from Asymmetric Spin-wave Propagation in W/CoFeB/SiO2 Heterostructures Down to
Sub-nanometer CoFeB Thickness. Sci. Rep. 6, 32592; doi: 10.1038/srep32592 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:32592 | DOI: 10.1038/srep32592 8


http://creativecommons.org/licenses/by/4.0/

	Direct Observation of Interfacial Dzyaloshinskii-Moriya Interaction from Asymmetric Spin-wave Propagation in W/CoFeB/SiO2 Heterostructures Down to Sub-nanometer CoFeB Thickness
	Introduction
	Results
	Magnetic characteristics of the thin films
	Asymmetry in frequency versus wave-vector due to IDMI
	Ferromagnetic layer thickness dependence of DMI constant
	Asymmetry in magnon linewidth due to IDMI

	Discussion
	Methods
	Additional Information
	Acknowledgements
	References


