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Abstract  

The interfacial Dyzaloshinskii-Moria interaction (DMI) helps to stabilize chiral domain walls and magnetic 

skyrmions, which will facilitate new magnetic memories and spintronics logic devices.  The study of 

interfacial DMI in perpendicularly magnetized structurally asymmetric heavy metal (HM) / ferromagnetic 

(FM) multilayer systems is of high importance due to the formation of chiral magnetic textures in the 

presence of DMI. Here, we report the impact of the cobalt oxidation at the cobalt -aluminum oxide 

interface in  𝑃𝑡/𝐶𝑜/𝐴𝑙𝑂𝑥trilayer structure on the DMI by varying the post-growth annealing time and 

Aluminum thickness. For quantifying DMI, we employed magneto-optical imaging of asymmetric domain 

wall expansion, hysteresis loop shift, and spin-wave spectroscopy techniques. We further correlated the 

Cobalt oxidation with low-temperature Hall effect measurements and X-ray photoelectron 

spectroscopy. Our results emphasize the characterization of magnetic films for MRAM technologies 

semiconductor temperature process window, where magnetic interaction will be critical for device 

performance.  

1. Introduction 

The Dyzaloshinskii-Moria interaction (DMI)[1–3] is an antisymmetric exchange interaction between spins 

induced by broken inversion symmetry in magnetic materials either structurally or crystallographically. 

The DMI energy between any two neighboring spins 𝑺𝒊and 𝑺𝒋 can be written as 𝐻𝐷𝑀𝐼 (𝑺𝒊 × 𝑺𝒋), which 

causes non-collinear alignment of magnetic moments. The competition between DMI and Heisenberg 

interaction  (𝑺𝒊. 𝑺𝒋) leaves the spins in a chiral state rather than a ferromagnetic state, which leads to 

the formation of exquisite spin textures such as chiral domain walls (DWs)[4], skyrmions[5], and other 

topological spin textures[6,7].  

These topological properties of chiral spin textures have received considerable attention due to their 

possible applications in non-volatile spintronics devices [5,8–10] such as racetrack memories [10,11]. In 

addition, they can be driven at a very high speed with a low-charge current using spin-orbit torques 

(SOT) and Zhang-Li spin-transfer torque [4,12–16]. In recent years, efforts were made to study current-

induced chiral DW motion [4], skyrmion dynamics [8,17,18]as well as to study the role of DMI in 

controlling the size of a skyrmion [19].  



An important class of material systems to optimize the DMI is the heavy metal (HM)/ferromagnetic 

(FM)/Oxide multilayer (ML) system with a perpendicular magnetic anisotropy (PMA)[20–24], where a 

strong spin-orbit interaction in the HM layer modifies the DMI. Moreover, the FM layer’s oxidation alters 

the PMA, which has been extensively studied previously[25–27]. However, the effect of oxidation of the 

FM on DMI has not been understood thoroughly.  Quantification of the DMI in these ML systems has 

great importance to accelerate the realization of spintronics applications based on chiral spin textures. 

In this article, we control and quantify the DMI in a 𝑃𝑡/𝐶𝑜/𝐴𝑙𝑂𝑥  trilayer system by varying the 

Aluminum thickness, oxidation strength, annealing time, and the substrate. After growing the multilayer 

films with a magnetron sputtering technique, we use asymmetric domain wall (DW) expansion using 

polar Magneto-optical Kerr microscopy (MOKE) [28–31]. We fabricate micron-scale Hall-bar structures 

and determine magnetic anisotropy and DMI effect on hysteresis curves. As a third method, we employ 

Brillouin Light Spectroscopy techniques for the quantification of the DMI constant. Moreover, the 

enhancement of DMI is due to the different  𝐶𝑜𝑂𝑥 content at the interface as evidenced by results from 

the X-ray photoelectron spectroscopy (XPS) and low-temperature anomalous Hall effect (LT-AHE) 

measurement technique.  

2. Experimental details 

The multilayers (MLs) 𝑇𝑎(10)/𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(𝑡)/𝑃𝑡(6.7) were grown on thermally oxidized 

silicon and sapphire substrates, where the numbers in the bracket represent their thickness in nm. The 

base pressure of the system is less than 10−6 Pa and the growth pressure are maintained at 267 mPa. In 

these MLs, Tantalum is used to have a smooth surface for the succeeding deposition, Platinum is a 

heavy metal having high spin-orbit coupling, and Aluminum was introduced to suffice the condition of 

structural inversion symmetry breaking for the enhancement of DMI. The aluminum layer was oxidized 

with Oxygen plasma for 15 seconds with the pressure maintained at 2.7 Pa and 44-Watt RF power. The 

top Pt layer acts as a capping layer to prevent further oxidation of the aluminum layer. We post-

annealed the films at 350 C for varying time intervals in the growth chamber. Following the growth and 

overnight cooling, we characterize the un-patterned films using MOKE microscope and vibrating sample 

magnetometry (VSM) for saturation magnetization and magnetic anisotropy values. Next, we use the 

ferromagnetic resonance technique to measure the damping parameter and magnetic inhomogeneity, 

the spectroscopic g-factor, and anisotropy. For the hysteresis loop shift measurement, the samples were 

patterned in the 27-µm Hall bar devices and the current density applied across the devices for the DMI 

measurement was ~1010 𝐴/𝑚2 .The hall resistance was measured as a function of the out-off plane 

(OOP) magnetic field 𝐻𝑧. The interfacial DMIs are quantified by using the domain wall expansion method 

in the creep regime by using polar MOKE microscopy, hysteresis loop shift (HLS) method, and BLS 

measurement techniques. The layered structure of the stacks was ensured by JEOL JEM-2100 

transmission electron microscopy (TEM) operating at 200 kV and different chemical environments of 

material in MLs were investigated by using XPS and LT-AHE measurement techniques. For XPS 

measurements, the surface composition was measured for as-grown and sputtered films to study the Co 

oxidation at the 𝐶𝑜/𝐴𝑙𝑂𝑥 interface. All samples were sputtered with 𝐴𝑟+at 6.65x10-3 Pa. Sputter times 

were varied depending on the thickness of each sample.  

3. Results and Discussion 

a. Magnetic characterization 



The square hysteresis curves were measured by sweeping the 𝐻𝑧 field (Fig. 1(a)), which confirms the 

strong PMA nature of our samples. The saturation magnetizations (𝑀𝑠) of the samples were derived 

from the magnetic hysteresis loops (presented in the supplementary material Fig.S1) measured by using 

VSM[32]. The anisotropy fields (𝐻𝑘) were extracted from the magnetoresistance curve of the IP 

hysteresis loops [31] by applying a low DC of the order of  1 𝑚𝐴. The effective anisotropy fields (𝐾𝑒𝑓𝑓) 

depends on the 𝑀𝑠 and  𝐻𝑘, and calculated from the  relation 𝐾𝑒𝑓𝑓 =
1

2
 µ0𝑀𝑠𝐻𝑘 [31,33,34]. The 

variation of areal magnetization  (𝑀𝑠𝑡)  and 𝐾𝑒𝑓𝑓  both lie within the range of less than 25% of their 

average value for all the samples, as illustrated by Fig. 1(b). This variation of the magnetic parameters 

with annealing time is an indication of a change in cobalt concentration in some extent due to diffusion 

of oxygen at ferromagnet-metal interface.  

Fig. 1. (a) Normalized hysteresis loops obtained from anomalous hall effect measurements for the 

samples varying Al thickness (𝑡𝐴𝑙), annealing time, and substrate. (b) Areal magnetization (red) and 

effective anisotropy energy (blue) as a function of annealing time.   

Next, we utilized ferromagnetic resonance (FMR) spectroscopy to measure the damping parameter and 

magnetic inhomogeneity in perpendicular geometry, the spectroscopic g-factor, and anisotropy. Our 

FMR spectrometer consists of a broadband (1-70 GHz) vector network analyzer to apply RF field via a 

coplanar waveguide (CPW) and measure the S12 parameter under a perpendicular magnetic field up to 

2 Tesla. The field homogeneity over the sample volume is better than 0.1% and the field was measured 

with a Hall probe continuously. The samples are directly placed on the CPW upside-down after coating 

with a thin polymethyl methacrylate (PMMA) to prevent shorting. The schematic of the sample 

placement is shown in Fig. 2(c) inset.  

Fig. 2 shows examples of measured transmission parameter S12 for sample 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) 

as the magnetic field is swept through the resonances. The ferromagnetic resonance can be described 

by the complex susceptibility (Hres) obtained from the Landau-Lifshitz equation [35,36]. For the out-of-

plane magnetic field geometry, (Hres) is given by 

𝜒(𝐻𝑟𝑒𝑠) =
𝑀𝑒𝑓𝑓(𝐻𝑟𝑒𝑠−𝑀𝑒𝑓𝑓)

(𝐻𝑟𝑒𝑠−𝑀𝑒𝑓𝑓)
2

−𝐻𝑒𝑓𝑓
2 −𝑖Δ𝐻 (𝐻𝑟𝑒𝑠−𝑀𝑒𝑓𝑓)

,     (1)  



where Hres is the resonance field, H is the linewidth, 𝐻𝑒𝑓𝑓 = 2 𝜋𝑓/(𝛾𝜇0), 𝑀𝑒𝑓𝑓 = 𝑀𝑠 –  
2𝐾𝑒𝑓𝑓

𝜇0𝑀𝑠
 is the  

effective magnetization, f is the frequency of microwave, 𝛾 = 𝑔𝜇𝐵/ℏ is the gyromagnetic ratio, ℏ is the 

reduced Planck’s constant. Fig. 2(a) and (b) show examples of the spectra of multiple frequencies. We 

simultaneously fit the real and imaginary parts of Eq. (1) to determine Hres and H. The fitted curves are 

also shown in Fig 2(a) and (b). The resonance field and frequency are related to each other by the Kittle 

equation  

𝑓(𝐻𝑟𝑒𝑠) =
𝑔𝜇0𝜇𝐵

2𝜋ℏ
(𝐻𝑟𝑒𝑠 − 𝑀𝑒𝑓𝑓).      (2) 

We fit Eq. (2) with the obtained 𝐻𝑟𝑒𝑠 fields and show the curves in Fig. 2(c). We find that Meff= -0.413  

0.01 T and g = 2.144  0.037. The wide error bars associated with the determination of the g-factor may 

be due to our extremely small magnetic film thickness, high damping, and large linewidth for all 

frequencies which results in a low signal-to-noise ratio. 

In the framework of the Landau-Lifshitz equation, the linewidth linearly depends on the microwave 

frequency and the phenomenological damping parameter  by  

Δ𝐻 =
4𝜋𝛼

𝛾𝜇0
𝑓 + Δ𝐻0,       (3) 

where Δ𝐻0 is the inhomogeneous broadening. By using Eq. (3), as shown in Fig.S4, we determined 

=0.169  0.015 and 𝜇0Δ𝐻0= 0.003  0.02 T. Because of the large damping and spin-pumping into the Pt 

layer, Δ𝐻0 determination was not precise. 

 

Fig. 2. Ferromagnetic resonance spectrometry results for 1 hour annealed  𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) 

film. (a) and (b) show the real and imaginary parts of S12 parameter, respectively. (c) shows the 

resonance field vs microwave frequency and the linear fit. 

b. DMI Characterization 

We used polar MOKE microscopy to adopt the method of asymmetric DW expansion in the presence of 

the in-plane field (𝐻𝑥) for the quantification of DMI. The DW motion was studied in a creep regime 

where the velocities of domain walls (DWs) are slow and easy to capture by our MOKE microscopy 

following millisecond magnetic field pulses. The velocity in this regime depends exponentially on the 𝐻𝑧 



field [3], i.e., ln[𝑣] ∝ 𝐻𝑧
−

1

4 as shown in  Fig.S3(a) of the supplementary material for the sample 

𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑜𝑥(2.5) annealed for four different time intervals at 350 C. For the study of DW 

dynamics in attendance of 𝐻𝑥, we saturated our sample by applying a relatively high 𝜇0𝐻𝑧  = 35 𝑚𝑇 

fields. Then, the DWs were nucleated by the opposite 𝐻𝑧 field pulse which was acting as the reference 

image for measuring the distance of DWs expansion. During the experiment, the sample was at the 

center of magnetic pole pieces of the electromagnet to eliminate other stray fields and was aligned 

horizontally to make sure that there was no 𝐻𝑧 component of the in-plane magnetic field as it could 

influence the DW motion exponentially. Such alignment was tested by applying high  𝜇0𝐻𝑥 350 𝑚𝑇  in 

the absence of 𝐻𝑧 field and found no expansion of DWs. The reference DWs were expanded in the creep 

regime by the 0.3 𝑠 𝑡𝑜 2 𝑠 𝐻𝑧 field pulses under various 𝐻𝑥. The DW expansions are symmetric at   

𝜇0𝐻𝑥 = 0 𝑚𝑇   as seen in Fig. 3 (a) and (d). However, the right and left side DWs expansion are 

asymmetric under non-zero 𝐻𝑥 field as shown in Fig. 3 (b), (c), (e), and (f). Our explanation for this 

asymmetry is that the DWs in our magnetic thin films are Neel rather than Bloch type.   

In addition, for these thin films which have strong PMA and DMI, the spins at the center of DWs are 

aligned in a specific direction by the chirality, and an effective magnetic field becomes important 

referred to as the DMI field (𝐻𝑑𝑚𝑖). This field along with 𝐻𝑥  has a significant role in the determination 

of the DW’s surface energy and their velocities of expansion [3]. When the DWs expanded due to the 𝐻𝑧 

pulse, are further subjected to 𝐻𝑥 their configuration will be broken, and then down-up (DU) & up-down 

(UD) DWs acquire different velocities along the direction of 𝐻𝑥 as illustrated by the right edge velocity   

(𝑣) − 𝐻𝑥 plots in Fig. 4 (a)-(d). We note that DU (Figure 4 - red data points) and UD ( Figure 4 - black 

data points) DWs have minimum velocities for the specific non-zero value of 𝐻𝑥 , at which point 𝐻𝑥 

balances the effective DMI field  𝐻𝑑𝑚𝑖 [3,29,37].  The extracted 𝐻𝑑𝑚𝑖 fields are used to calculate  DMI 

constant (D) from  the relation; 𝐻𝐷𝑀𝐼 =
𝐷

𝜇0𝑀𝑠

√𝐾𝑒𝑓𝑓
𝐴

⁄     , where  A is the exchange stiffness constant 

and its value was taken to be 16 𝑝𝐽/𝑚 [3,38]. The 𝐻𝑑𝑚𝑖 (red data set) and 𝐷 (blue data set) are plotted 

as function of annealing time for the different set of samples as given in Fig. 5 (b).  Although there are 

few drawbacks[39,40], we observed a good agreement with the additional DMI measurements on most 

films.  



Fig. 3.  Expansion of DWs driven by OOP magnetic field µ0𝐻𝑧 = 9.5 𝑚𝑇observed in Polar MOKE 

for 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑜𝑥(2.5)grown on 𝑆𝑖𝑂2/𝑆𝑖 substrate annealed for 4 hours at various in-plane (IP) 

magnetic fields. (a),(d) at µ0𝐻𝑥 = 0 𝑚𝑇 with 1 s pulse  (b) at µ0𝐻𝑥 = 85 𝑚𝑇with 2 s pulse (c) at µ0𝐻𝑥 =

−95 𝑚𝑇 with 600 ms pulse (e) at µ0𝐻𝑥 = 75 𝑚𝑇with 2 s pulse (f) at µ0𝐻𝑥 = −70 𝑚𝑇with 1 s pulse. All 

images were obtained after subtracting the background images. 



 

 Fig. 4. Right edge velocity of DWs as a function of in-plane field (Hx ) for 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑜𝑥(2.5) on a 

𝑆𝑖𝑂2/𝑆𝑖 substrate with (a) 1-hour (b) 2-hour (c) 3-hour (d) 4-hour annealing.  

Secondly, we adopted a current induced hysteresis loop shift method to quantify the DMI, which was 

developed by Pai et al. and his co-workers [41]. In this method, when an IP current () flows along the x-

direction through the heavy metal (i.e. Platinum), the electrons with opposite spins align in the top and 

bottom interface of thin film, and a spin current is generated along the z-direction. This spin current 

gives rise to Slonczewski-like SOT, which is responsible for the generation of an effective field (𝐻𝑧
𝑒𝑓𝑓

) 

along the z-direction as explained by the relation[4][42]:  𝐻𝑧
𝑒𝑓𝑓

  𝒎 (𝒛 𝑱𝒙) where 𝐽𝑥 is the magnitude 

of charge current density along x-direction. This effective field is equal and opposite to the DMI caused 

by DU and UD Neel DWs because of their antiparallel orientation of magnetic moments. However, in 

presence of  𝐻𝑥, the moments of chiral DWs tend to align along the direction 𝐻𝑥 that produces an 

opposite  𝐻𝑧
𝑒𝑓𝑓

  with an unequal magnitude. So there exist net positive (or negative) 𝐻𝑧
𝑒𝑓𝑓

 field 

depending on the direction of 𝐻𝑥  and in-plane DC current (). This net effective field is responsible for 

shifting of the hysteresis loop as seen in the Fig. 5 (b) and the measured shift can be taken as  𝐻𝑧
𝑒𝑓𝑓

 . In 

this plot, black data points and red data points represent the anomalous Hall resistance measurement as 

a function of 𝐻𝑧 field for positive (+15 mA) and negative (-15 mA) IP currents respectively with the bias 

field of 146 mT for 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) sample annealed for three hours. Moreover,  𝐻𝑧
𝑒𝑓𝑓

  

depends linearly with the current density as verified by the plot of 𝐻𝑧
𝑒𝑓𝑓

 as a function of  in presence of 

two equal and opposite IP biased fields given in Fig. 5 (c). While calculating loop shift, 𝐻𝑧
𝑒𝑓𝑓

, we were 



aware that DWs switching field could change due to IP current as well as Joule’s heating effect. The 

latter effect was eliminated by measuring  shift of center of hysteresis which was achieved by taking the 

average of the absolute values of switching fields for DU  (𝐻𝐷−𝑈
𝑠𝑤 ) and UD (𝐻𝑈−𝐷

𝑠𝑤 ) DWs[41,43]. Next, we 

measured the shift for several 𝐻𝑥 and found it saturates as 𝐻𝑥 increases, as the magnetizations of the 

DMI-induced Neel DWs aligned in the direction 𝐻𝑥 . This specific value of 𝐻𝑥 was taken as  𝐻𝑑𝑚𝑖  field as 

shown in the plot in Fig. 5 (d) and the hall bar devices for the measurement of DMI is given in the Fig. 5 

(a).  We found 𝜇0𝐻𝑑𝑚𝑖 = 131 and 123 ( 5) 𝑚𝑇 for the 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑜𝑥(2.5) samples annealed for 

3 and 4 hours, respectively. By using the same equation as used by the asymmetric domain wall 

expansion section, the D values were calculated to be 1.13  0.04 𝑚𝐽/𝑚2 and 1.06  0.03 𝑚𝐽/𝑚2 for 

the respective samples. 

 
Fig. 5. (a) Schematic for the hysteresis-shift DMI measurement for the under the 2-dimensional magnetic 

fields and picture of Hall bar device with 27 m channel width. (b) Normalized Hall resistance 

measurement in presence of bias field 146 mT with DC of +15 mA (red) and -15 mA (black) along the x-

direction. (c) Effective Hz field as a function of in-plane DC for the sample  𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) on 

SiO2/Si substrate annealed for 3 hours; blue and red symbols represent 𝐻𝑧
𝑒𝑓𝑓

in the presence of positive 

and negative fields respectively. (d) Effective Hall field along z-direction due to spin hall effect as a 

function of IP field. 

Finally, DMI of 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) stacks were studied using Brillouin Light Spectroscopy (BLS), 

where spin-wave (thermal magnons) frequencies are measured in ferromagnetic materials. In MLs with 

broken inversion symmetry at the interfaces, the DMI modifies the spin-wave dispersion relation and 



dispersion curves become asymmetric, known as non-reciprocal spin-wave dispersion, as illustrated by 

Fig. 6 (a) and (b). The frequency shift (∆𝑓) due to the DMI is given by [44]: 

 ∆𝑓 =
2𝑔 𝜇 𝐷 𝑘𝑥

ℎ 𝑀𝑠
   where g, 𝜇, ℎ, 𝑀𝑠, 𝑘𝑥  are an in-plane spectroscopic splitting factor, Bohr magneton, 

Planck’s constant, saturation magnetization, and the magnitude of spin waves vector along x-direction 

respectively. The detailed experimental techniques can be found in the reference [44]. The  ∆𝑓  of 

 𝑃𝑡/𝐶𝑜/𝐴𝑙𝑂𝑥(2.5 𝑛𝑚)/𝑃𝑡  stack for 1 hour and 4 hour annealed samples were measured to be 

5.7 × 10−12 × 10−2  GHz  and 4.9 × 10−1 2 × 10−2  GHz respectively. The corresponding DMI values 

calculated by using the above equation are 0.82  0.03 𝑚𝐽/𝑚2  and 0.62  0.03 𝑚𝐽/𝑚2 respectively. 

We note that the sample annealed for four hours shows larger full width at half maximum (FWHM) 

compared to the one annealed for one hour. The discrepancy between the FWHMs of Fig. 6 (a) and (b) 

curves can be attributed to the differences in surface roughness, damping, or spin pumping which can 

alter during a longer annealing process. 

 

Fig. 6.  Spin wave dispersion curves obtained from BLS measurement technique for (a) 1-hour (b) 4-hour 

annealed 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑜𝑥(2.5) sample. The black and red data points spectra were measured 

under the presence of a magnetic field with two opposite polarities.   

To summarize this section, the DMI constants (D) were accentuated up to around 1.13 𝑚𝐽/𝑚2  for  

𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(𝑡)  as agreed by all three measurement techniques as displayed in Fig. 7 though 

there are tiny deviations in their quantitatively measured values. The minimum value of D was recorded 

as low as 0.1 𝑚𝐽/𝑚2  from the study of field-driven DW dynamics. However, this D value is weaker than 

that of the BLS measurement result for the same sample. It might be due to the different approaches of 

probing the film in BLS and p-MOKE microscopy measurement techniques [30,45,46]. Initially, that non-

zero D is attributed to the symmetry breaking when the 𝐴𝑙𝑂𝑥 , which has very weak SOC and no 

contribution on the DMI on its own, is introduced on the symmetric  𝑃𝑡/𝐶𝑜/𝑃𝑡 .  In addition to that, 

several other interesting mechanisms are responsible for the variation of D due to the insertion of 𝐴𝑙𝑂𝑥. 

First, the Co layer might be partially oxidized as it is in direct contact with 𝐴𝑙𝑂𝑥. The effective Co 

thickness is then reduced, which changes the DMI with the 𝑃𝑡 layer[31,47].  Second, the annealing time 

can alter the epitaxial relationship between the layers and the bottom 𝑃𝑡  layer. This might induce 

lattice strain at the interface, where the SOC is affected due to the lattice mismatch between top 𝐶𝑜 and 

𝐴𝑙𝑂𝑥 layers [48]. Moreover, a longer thermal annealing duration might improve the ordering of atoms at 

the Pt/Co interface giving rise to DMI,  since the DMI is susceptible to the atomic arrangement at the 



interfaces [49,50]. Therefore, the bottom  𝑃𝑡/𝐶𝑜 interface may also be partially responsible for the 

alteration of interfacial DMI. Finally, a large interfacial electric field induced by the interfacial oxidation, 

originating from the transfer of charge, surpasses the very small SOC [51] of the atoms at the 𝐶𝑜/𝐴𝑙𝑂𝑥 

interface  contribute for the  large  DMI [52]. In our case, the degree of oxidation of cobalt is changed as 

it was annealed for distinct time intervals leaving less cobalt in between  𝑃𝑡 and  𝐴𝑙𝑂𝑥 layers as 

confirmed by the XPS results that would be discussed in the material characterization section in detail. 

Thus, the enhancement in the DMI for the tri-layer system grown on the same substrate is due to the 

interface modification of the top  𝐶𝑜/𝐴𝑙𝑂𝑥 interface. On the other hand, for our same stacks grown on 

two different substrates (i.e. SiO2/Si and Al2O3), the DMI values differ by some magnitude that might be 

due to the different lattice mismatch between magnetic films and the substrates. Those lattice 

mismatches induce the discrete lattice strains that alters the anisotropy and DMI as well [53–55]. 

 

Fig. 7 (a) DMI field ( red) and DMI constant ( blue) as a function of annealing time; circles, squares, stars 

and diamonds symbols  represent 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5), 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.65), 𝑃𝑡(4)/

𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.3) grown on 𝑆𝑖𝑂2/𝑆𝑖 substrate and 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) grown on Al2O3 

substrate, respectively (b) D constants as a function of annealing time quantified by using MOKE 

microscopy (red data points), BLS (blue data points) and Hall shift measurement (green data points) 

techniques  for the sample 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5). 

c. Material characterization 

Following our magnetic characterization, we employed X-ray photoelectron spectroscopy (XPS) with  

𝐴𝑟+etching technique for the investigation of the chemical composition of our multilayer stack. The 

high-resolution spectra of Co 2p core-level state, from as-grown to 90 minutes etching time in every 15 

minutes time interval, for 1 hour and 3 hours annealed 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) heterostructures are 

included in the supplementary materials Fig. S2(a) and (b). All the as-grown samples do not show the 

signal of Co, this is because all samples have a protective thick Pt layer on top of it, but once this layer 

has been removed by 𝐴𝑟+ sputtering, the signal from cobalt starts to appear. Particularly, a peak 

centered around binding energy of 778.1 eV is clearly seen. This peak indicates the presence of metallic 

cobalt underneath the Pt capping layer.  



To study the oxidation state of the Co at the 𝐶𝑜/𝐴𝑙𝑂𝑥 interface, we have analyzed the spectra (Fig 8) 

from the 75 minutes sputtered samples for the same 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(2.5) stack. In the plots, the 

high-resolution XPS spectra of the Co 2p region, for samples annealed for 1 hour (Fig. 8a) and 3 hours 

(Fig. 8b), have been deconvoluted using Gaussian fitting. Both spectra can be deconvoluted into four 

different sub-peaks: Metallic cobalt,  𝐶𝑜2+,  𝐶𝑜3+, and 𝐶𝑜 satellite. These peaks in both samples are 

centered at binding energies of 778.3 eV, 780.3 eV, 782.4 eV, and 785.0 eV, respectively. These results 

confirm the co-existence of 𝐶𝑜 and 𝐶𝑜𝑂𝑥 at the interface [43,56]. However, the area under these peaks 

varies for each sample, which is an indication of different concentrations of Co states depending on the 

annealing time. The estimated ratios of metallic 𝐶𝑜 and the oxide of 𝐶𝑜 were found to be 1:0.89 and 

1:1.35 with the annealing times 1 hour and 3 hours, respectively, which is evidence for the significant 

difference in oxygen content at the 𝐶𝑜 − 𝐴𝑙 interface of the discrete time-annealed sample. In addition, 

we performed the low temperature anomalous Hall effect (LT-AHE) measurement technique as 

presented in Fig 8(c) and more detailed plots in Fig.S3(b) of the supplementary material. We extracted 

the coercivities at the measured temperatures ranging from 15 K to 300 K. All of the four samples have 

relatively larger coercivities at low temperatures and  𝐻𝑐 is highest for the 3 hours annealed sample 

confirming the strong oxidation states due to the oxygen migration at the interface [57]. However, on 

increasing the annealing time further (i.e. for the four-hour annealed sample) the coercivity value began 

to reduce which might be attributed to the diffusion of oxygen away from the cobalt layer [25,26]. In 

addition, a cross-sectional view of our multilayer magnetic sample using transmission electron 

microscopy is displayed in Fig. 8 (d). The individual layers in our samples are easily distinguished and 

show clear modification at the Co and Al interface due to the annealing-induced diffusion of oxygen. 

Both XPS and LT-AHE results showed a very good agreement about the oxide concentration on the Co 

and Al interface and found that it was highest for the three-hour annealed sample. This physical 

characterization supports our claim about the impact of oxygen content on the interface for tuning the 

DMI as calculated and stated in the previous section for the 𝑃𝑡/𝐶𝑜/𝐴𝑙𝑂𝑥   tri-layers for different 

annealing time intervals and Al thicknesses were grown on the silicon wafer.  



Fig. 8. (a) and (b)The experimental and fitted XPS spectra of 𝐶𝑜 2p state for 𝑃𝑡(4)/𝐶𝑜(1.2)/𝐴𝑙𝑜𝑥(2.5) 

annealed for 1 hour and 3 hours respectively; (c) Coercive fields extracted from the hysteresis curves of 

low-temperature Hall measurement techniques Vs temperature. (d) TEM images for the same sample 

annealed at 1 hour. 

4. Conclusion 

In summary, we have shown that variation of the oxygen level at the cobalt-aluminum interface in a 

perpendicularly magnetized  𝑃𝑡(2)/𝐶𝑜(1.2)/𝐴𝑙𝑂𝑥(𝑡) trilayer structure can significantly affect the 

interfacial Dzyaloshinskii-Moria interaction. We measured the enhanced DMI constant from 

0.10  0.02 𝑚𝐽/𝑚2  to 1.13  0.04  𝑚𝐽/𝑚2 using comprehensive characterization methods including 

MOKE microscopy, Brillouin light spectroscopy, and hysteresis loop shift measurement technique for 

samples with different annealing times, Aluminum thickness, and the base substrate. Interestingly, we 

found little deviation in the values obtained from each approach for the specific samples, with the trend 

of incremental changes in the DMI remaining the same. This is due to the variation of oxygen content at 

the interface as illustrated by the results obtained from X-ray photoelectron microscopy, and low-

temperature hall effect measurement techniques. Our study is helpful for the optimization of material 

combination for designing ultrathin film for the stabilization of skyrmions by enhancing the DMI desired 

for use in Domain wall and racetrack memories. 
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