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Supplementary Information S1. The diffusion of the W capping layer 

To compare the degree of diffusion between capping layer materials, we performed X-ray 

photoemission spectroscopy (XPS) depth profile experiments. Figures S1(a), S1(b), and S1(c) 

present the composition depth profiles of MTJs as a function of the etching time for Pt-, Ta-, 

and W-capped MTJs, respectively. The step of etching time is 10 s. The film structures used in 

XPS experiments are the same as the MTJ devices described in the main text. Based on the 

obtained XPS spectra, we first determined the relative positions of each layer within MTJ films 

at which the XPS spectra of each layer’s element reach their peak intensities. For example, for 

the Pt-capped MTJ, we determined that the XPS spectra acquired after 40 s of etching represent 

the chemical states of the top CoFeB layer because the Co 3d and Fe 3d peaks reach their 

maximum intensities at this point. The dashed line and grey area on each graph represent the 

assumed centers of the capping and top CoFeB layers, respectively.  

Figure S1(d) presents the XPS spectra of Pt 4f peaks measured at the centers of the Pt 

capping and top CoFeB layers for the Pt-capped MTJ. Notably, the intensity of the Pt 4f peaks 

measured in the top CoFeB layer is comparable to that measured in the Pt capping layer. This 

indicates significant diffusion of Pt atoms into the top CoFeB layer, which is consistent with 

the observations of transmission electron microscopy (TEM) measurements [Figure 2 in the 

main text]. In contrast, for the Ta-capped MTJs [Figure S1(e)], the intensity of Ta 4f peaks 

measured in the top CoFeB layer is noticeably decreased compared to those measured in the 

Ta capping layers. This result indicates that the annealing-induced diffusion of Ta atoms into 

the top CoFeB layer is not significant, which is supported by the TEM results [Figure 3 in the 

main text]. Figure S1(f) shows the XPS spectra of W 4f peaks for the W-capped MTJ. This 

sample exhibits similar changes in XPS intensities as observed for the Ta-capped MTJ. These 

results suggest that maintaining the large TMR ratio of the Ta- and W-capped MTJs at high 

Tann’s is due to reduced diffusion of the capping layers. 

 

 

 

 

 



Figure S1. (a-c) The XPS depth profile of MTJ films with different capping layers of Pt (a), 

Ta (b), and W (c). (d-f) The XPS spectra measured in the capping and top CoFeB layers. (d) Pt 

4f peaks of Pt-capped MTJ films, (e) Ta 4f peaks of Ta-capped MTJ films, and (f) W 4f peaks 

of W-capped MTJ films. All films were annealed at 450℃. 
  



Supplementary Information S2. The diffusion of B atoms and crystallization of the 
CoFeB layers  

In order to elucidate the distribution of B before and after annealing, we conducted XPS 

depth profile experiments on both as-deposited and annealed (Tann of 450℃) samples. Note 

that we determined the position of each layer within the MTJ films as described on 

Supplementary Information 1. Figures S2(a,b) present the XPS spectra of B 1s measured in the 

capping and top-CoFeB layers. We observed a negligible B 1s peak intensity in the Pt capping 

both before and after annealing, indicating that the Pt capping layer cannot absorb B effectively. 

In contrast, for the Ta-capped MTJ film [Figure S2(c,d)], there are a significant increase 

(decrease) in the intensity of B 1s peak in the Ta (CoFeB) layer after annealing. This 

demonstrates that the Ta layer serves as an effective boron absorber during the annealing 

process, promoting the crystallization of the CoFeB layer and consequently enhancing the 

TMR ratio [1–3]. 

Next, we analyzed the microstructural changes of the CoFeB layer using bright-field STEM 

images of the as-deposited and annealed (Tann =450℃) MTJ films. Note that the same films as 

those shown in Figures 2 and 3 of the original manuscript. Figures S3(a) and S3(b) present the 

bright field STEM images of the Pt-capped MTJs before and after annealing at 450℃, 

respectively. While the IrMn, bottom CoFeB, and MgO layers are clearly distinguished in both 

films, it is difficult to observe microstructural changes in the top CoFeB layer due to significant 

intermixing with the Pt capping. However, it is found that the bottom CoFeB layer was partially 

crystallized after annealing in Figure S3(b). On the other hand, for the Ta-capped MTJs, it is 

clearly observed that the microstructure of the top CoFeB layer changes from an amorphous 

phase [Figure S3(c)] to a crystalline bcc phase [Figure S3(d)] upon annealing. These 

microstructural changes according to the capping layers are consistent with the differences in 

the annealing temperature dependence of the TMR ratio with different capping layers shown 

in Figures 1b and 3c. 
 

 
 
 
 
 
 



 

Figure S2. The B 1s XPS spectra measured in the capping and top CoFeB layers. (a, b) Pt-

capped MTJ before (a) and after (b) annealing, (c, d) Ta-capped MTJ before (c) and after (d) 

annealing. Tann = 450 ℃.  

  



 
Figure S3. The cross-sectional bright-field scanning transmission electron microscope images 

of (a) as-deposited and (b) annealed Pt-capped MTJ films, and (c) as-deposited and (d) 

annealed Ta-capped MTJ films. 
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