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Abstract- CoFeB/MgO based magnetic tunnel junction (MTJ) was highlighted for its great potential on magnetic random 
access memory (MRAM) technology owing to tunable perpendicular magnetic anisotropy (PMA). We found significant 
enhancement of PMA by inserting additional MgO into the MTJ structure. The dual-MgO structure appeared to favor B 
diffusion but prevent capping-layer (Ta) penetration across the interface. This suppressed the dead-layer effect but promoted 
PMA as well as spin-polarization level, due to improved CoFeB/MgO crystallinity compared to the single-MgO structure. 
For the single-MgO, reducing CoFeB thickness promoted PMA but scarified spin-polarization inevitably. However, the 
dual-MgO could restore the spin-polarization by preferentially populating spin electrons into Fe/Co minority states. The 
dual-MgO displayed exclusive thickness-controlled natures in PMA, spin-polarization, dead-layer, and spin-dependent 

transport properties. These findings suggest that the dual-MgO structure is promising for tailoring the CoFeB/MgO’s 
physical properties in MRAM technology. 
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I. INTRODUCTION 

 

CoFeB/MgO perpendicular magnetic tunnel junction 

(MTJ) has been widely used for realizing the terra-

bit-level integration of magnetic random access 

memory (MRAM) cells. As conventional memory 

technologies are approaching scaling limits, the needs 

in MRAM technology are in high demand. The 

CoFeB/MgO interface is the key component of MTJ 

with the ability to enable excellent tunneling 

magneto-resistance (TMR) and strong perpendicular 

magnetic anisotropy (PMA). Thus, engineering the 
CoFeB/MgO interface[1], [2] has been a 

straightforward approach to achieve controllable 

PMA and TMR. Several groups have used dual MgO 

barrier magnetic tunnel junctions (DMTJs) [3]-[5] 

which displayed a smaller current density for 

magnetization switching compared to single barrier 

MTJs (SMTJs), due to an enhanced perpendicular 

magnetic anisotropy (PMA). 

 

However, the origin of DMTJ’s enhanced PMA 

remains elusive. We believe that this has to do with 
the effects of additional CoFeB/MgO interface 

compared to the SMTJ. We also noticed that, in this 

field although many characterization tools have been 

used to visualize the atomic structure, chemical state, 

and magnetic arrangement at the interface, the charge 

carrier behaviors related to above issues are less 

understood. Synchrotron x-rays provide unique 

capabilities for the studies of element-specific band-

filling information and local spin configurations, key 

to understanding the electronic origins of complex 

magnetic behaviors within extremely confined 

heterostructures. In this work we combined several 
synchrotron techniques with microstructural 

characterizations and transport measurements to 

explore the disparity in PMA between SMTJ and 

DMTJ. We elucidate the physical origin regulating 

the enhanced PMA in DMTJs, by exclusively 

isolating the effects of the dual-MgO on the MTJ 

structure. 

 

II. EXPERIMENTAL 

 

Stacks consisting of Ta (30 Å)/Co20Fe60B20 (t = 11, 

12, and 13Å)/MgO (11 Å)/Ta (100 Å)/Si were 

deposited in a custom vacuum chamber with a base 

pressure of 10−9 Torr. These samples are defined as 
single barrier half MTJ (denoted SHMTJ). SHMTJ(t) 

corresponds to a specific CoFeBthickness (t) in the 

structure. The stacks were subjected to annealing at 

300°C for 30 min. With identical growth 

conditions,stacks consisting of Ta (30 Å)/MgO (11 

Å)/Co20Fe60B20 (t = 11, 12, and 13Å)/MgO (11 Å)/Ta 

(100 Å)/Si were deposited.These are defined as dual 

barrier halfMTJ (DHMTJ).  

 

A transmission electron microscope (TEM) was used 

to probe the layer thickness and to confirm the [001]-
textured MgO. Spatially resolved electron energy-loss 

spectroscopy (EELS) and energy dispersive x-ray 

(EDX) wereemployed to detect compositional 

distribution across interface. Anomalous Hall effect 

(AHE, measured from a patternedHall-bar 

structurewith 20 ×200 µm2 in dimension) and 

magnetic hysteresis were analyzed using a physical 

property measurement system (PPMS). For 

synchrotron x-rays, core level x-ray photoelectron 

spectroscopy (XPS) spectra of Co 2p, Fe 2p, Mg 2p, 

and B 1s were taken. X-ray absorption spectra (XAS) 

and x-ray magnetic circular dichroism (XMCD) were 
collected over Co/Fe L2/L3-edges. Sum-rule 
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analyseswere operated over the XAS/XMCD spectra 

to obtain atomic spin (Sz) and orbital (Lz) moments. 
 

III. RESULTS & DISCUSSION 

 

Fig. 1(a) and (b) shows cross-sectional TEM images 

(figure in middle) of SHMTJ (t =13Å) and DHMTJ (t 

=13Å), respectively, along with EDX (figure on left) 

and EELS (figure on right) across interface. Inset 

figures of I. and II. demonstrate the fast and inverse 

Fourier transform (FFT & IFT) images, respectively, 

of the CoFeB/MgO interfaces for SHMTJ and 

DHMTJ. In both samples MgO barrier is [001] 

textured with a d-spacing of 2.1 (estimated from IFT). 
However, DHMTJ exhibits sharper interfaces, with 

better crystallized CoFeB and MgO compared to 

SHMTJ. In EDX, SHMTJ displays significant Ta 

diffusion penetrating to CoFeB, causing a poorer 

crystallinity of the CoFeB/MgO interface. In contrast, 

the top MgO layer prevents Ta diffusion well in 

DHMTJ. The crystallization process that occurs in the 

amorphous CoFeB layer is a very important factor 

enabling high quality MTJs. This process is mainly 

governed by B diffusion as a result of the low 

solubility of B atoms in the CoFe matrix [6]. It is 
known that B repelled from the CoFe phase that is 

heterogeneously nucleated at CoFeB/MgO interface 

diffuses into adjacent layer upon annealing[7]-[9]. 

From EELS we find that B diffuses more 

significantly in DHMTJ, which is responsible for the 

better crystallized CoFeB/MgO interface than 

SHMTJ. 

 

Fig. 2 (a), (b), (c) and (d) present core-level XPS 

spectra of Co 2p, Fe 2p, Mg 2p, and B 1s, 

respectively, for SHMTJ(t=13Å) and 

DHMTJ(t=13Å).The metallic states of Co and Fe are 
confirmed by the binding energies of Co 2p3/2(778.3 

eV)/Co 2p1/2(793.3 eV),andFe 2p3/2(707.0 eV)/Fe 

2p1/2(720.0 eV), respectively. Figure 2(c) also 

confirms the oxidized Mg 2pof the MgO layer.The 

nearly identical Co/Fe/MgO spectra of the two 

samples indicate their invariant states in SHMTJ and 

DHMTJ. However,in Fig. 2(d) the core-level B 1s 

spectrafeature an extra peak at 192.1 eV in addition 

tothe major peakof metallic B at 187.9 eV. The extra 

peak is assigned to BOx[10]. BOxis ascribed to the B 

diffusion into MgO during post-annealing process in 
which B bonded with excessive O ions generated 

upon the deposition of MgO[11]-[13]. By XPS-fitting 

we find BOx/metallic-B to be 0.45/0.55 in DHMTJ, 

but 0.35/0.65 in SHMTJ. This indicates a severer B 

diffusion into MgOin the case of DHMTJ than in 

SHMTJ, where B underwent a“two-way” diffusion 

from CoFeB to top and bottom MgO barriers. This is 

consistent with the EELS. 

 

Fig. 3(a) presents magnetic moment as a function of 

CoFeB thicknessfor SHMTJ and DHMTJ. The 

CoFeB moment (M) monotonically increases with 

increasing thickness (t); nevertheless,DHMTJ yields a 

larger moment than SHMTJ for a given CoFeB 
thickness. Besides, by extrapolating the M-t line a 

dead layer of ~5 Å is obtainedin DHMTJ, which is 

smaller than that of SHMTJ (~ 9Å). It is believed that 

the penetrated Ta magnetically isolates CoFeB and 

causes it to behave as a uni-axial, single-domain 

Stoner–Wohlfarth particle on MgO’s surface [14], 

which enabled the dead layer [15], [16]. This 

mechanismis schematically illustrated in Fig. 3 (b), 

which depicts a major-dead and a minor-alive CoFeB 

phase coexisting in SHMTJ; however, the alive 

CoFeB turns to be the major phaseupon the insertion 

of top MgO barrier.The role of the top MgO appears 
toblock exterior Ta diffusion but to strengthen 

interior B diffusion, leading to the enhanced/reduced 

moment/dead-layer of DHMTJ. Figure 3 (c) shows 

magnetic hysteresis (M-H) and anisotropy constant 

(Ku) with t-dependency. Both SHMTJ and DHMTJ 

display PMA, while PMA (i. e. Ku) is weakened 

while thickening the CoFeB. This is in agreement 

with previous studies for such thickness range [17]. 

We found that a larger Ku is yielded by DHMTJ than 

SHMTJ despite PMA weakening with the increase of 

CoFeB. Figure 3 (d) demonstrates temperature-
dependent coercive field (Hc) of 

SHMTJ/DHMTJ(t=11Å), of such 

thicknessSHMTJ/DHMTJ possess strongest PMA. 

The DHMTJ exhibitsmuch less temperature 

dependence than SHMTJ, which is associated with a 

better magnetic stability. 

 

Fig. 4 presents x-ray spectroscopy with x-ray data 

collected along the perpendicular direction of the 

films in order to associate it with PMA (i. e., z-

correlated symmetry in d-orbital occupation). We 

collected helicity-dependent Fe and Co XASwith t-
dependency, bydefiningμ(+) and μ(-) as XAS with 

positive and negative helicities. Theywere generated 

from circularly polarized x-rays, which are inversely 

proportional to the occupations of majority and 

minority spin states, respectively. The XMCD (below 

XAS spectra)originating from the difference in 

majority/minority occupation, indicates the level of 

spin polarization of the selected element. We find that 

for both SHMTJ (Fig. 4(a)) and DHMTJ (Fig. 4(b)), 

the minority states (μ(-) intensity) of Co and Fe 

increase by thickening CoFeB, yet the majority states 
(μ(+) intensity) are independent of the thickness 

change. Besides, both Fe and Co XMCD signals 

increase with increasing thickness, for both SHMTJ 

and DHMTJ. Thus, we understand that increasing the 

thickness (reducing broken symmetry) would 

enhance the spin-polarization, as well as the magnetic 

moment of the CoFeB, by 

preferentiallyextractingelectrons from the z-

correlated,3d minority states of two magnetic 

elements. 
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We found that XMCD (i. e. spin-polarization) andKu 

(i. e. PMA) undergo opposite dependencies with 
CoFeB thickness for both SHMTJ and DHMTJ. 

Thus, thinning CoFeB (increasing broken symmetry) 

equals filling electrons into the Fe/Co 3d minority 

states. This could promote PMA and reach the goal of 

a lower switching current, while unfortunately 

sacrifice the spin-polarization which may disfavor 

spin-tunneling. This is because that the z-correlated 

spin-polarized stateshareselectronic similarities with 

thespecifictunneling mechanism of the CoFeB/MgO. 

However, we find that when thinning CoFeB, the 

sacrificed spin-polarization can be restored by having 

additional MgO, and Fe is the major contributor to 
such compensation, as shown by Fig. 5(a). In Fig. 

5(b), XMCD sum-rule analysis confirms that Fe plays 

a dominate role in restoring the total atomic 

magnetization (morb + mspin) through 3d electronic 

occupation. Italso reveals that the Co/Fe spin-

orbitalcoupling at the interface (Fe-O/Co-O bonding) 

of DHMTJ induces a PMA stronger thanthat of 

SHMTJ. 

 

Fig. 6 (a) compares the AHE of the SHMTJ and 

DHMTJ (t =11Å). The DHMTJ yields a larger AHE 
value (denoted ΔRAHE) than SHMTJ upon field 

reversal. AHE arises from spontaneous 

magnetization, with majority and minority spins 

having opposite anomalous velocities due to spin-

orbital coupling that causes unbalanced electron 

concentration (i. e. spin-polarization) across 

transversal sides of the Hall bar. The larger ΔRAHE of 

DHMTJ, in comparison with SHMTJ, is due to the 

enhancements of magnetization and spin-polarized 

conduction band, in agreement with above 

macroscopic (Fig. 3) and microscopic (Fig.4) 

magnetic analyses. This concept is also supported by 
DHMTJ itself with t-dependency, as shown in the 

inset of Fig. 6(a). In Fig. 6(b) we summarize the 

relation between AHE and spin-polarizationof 

DHMTJ, with t-dependency, where the spin-

polarization is estimated by weighting the Co and 

Featomic contributions (Co=20%, Fe=60% with the 

Co20Fe60B20 formula) in XMCD analysis, and a 

consistent dependency with respect to CoFeB 

thickness is obtained. This suggests a thickness-

controlled nature of spin-dependent-transport/spin-

polarization/PMA of the structure. 
 

 
 

 

 
Fig. 1 Cross-section TEM images of (a) SHMTJ (b)DHMTJ, 

along with corresponding EDX (left) and EELS (right) 

scanning profiles across interface. EELS only shows the B 

distributions. Inset figures show the FFT (I.) and IFT (II.) 

imagesof the CoFeB/MgO interfaces selected from the yellow 

square areas (dashed lines). 
 

 
Fig. 2 Core level XPS spectra of (a) Co 2p (b) Fe 2p (c) Mg 2p 

and (d) B 1s recorded for SHMTJ and DHMTJ. For (d), the 

curve displayed by black square symbols (experimental data) 

matches perfectly with the sum curve, where a Shirley 

background (BG) is applied to the XPS spectral-fitting. 

 

 
Fig. 3 (a)Ms as a function of CoFeB thickness for SHMTJ (red 

balls) and DHMTJ (blue balls). Magnetic dead layer is 

determined by extrapolating the linear fitting line to the 

thickness axis. (b) Schematic Illustration describes the dead 

layer mechanism caused by Ta diffusion in SHMTJ and 

DHMTJ. (c) (main figure) dependence of the effective magnetic 
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anisotropy constant (Ku) on thickness, for SHMTJ and 

DHMTJ. The superimposed M-H curves correspond to 

SHMTJ (red curves) and DHMTJ (blue curves). (d) 

Temperature dependent Hc of CoFeB (t =11Å) for SHMTJ and 

DHMTJ. Data were measured along perpendicular direction of 

the films. 

 
Fig. 4 Thickness dependent Fe and Co L3-edge XAS 

(upper)/XMCD (lower) spectra for (a) SHMTJ and (b) 

DHMTJ. Dashed (defined asμ(+)) and solid lines (defined asμ(-

)) correspond to positive and negative x-ray helicities, 

respectively. The helicity-dependent (i. e., spin-dependent) 

photon-excitation process generated from the left and right 

circularly polarized x-rays is illustrated in the inset of (a). 

 

 
Fig. 5 (a) Comparison for Fe/Co L3-edge XMCD with respect to 

the CoFeB thickness for SHMTJ and DHMTJ. (b) Comparison 

for the total atomic magnetic moment of Fe/Co (estimated from 

XMCD sum-rule analysis) for SHMTJ and DHMTJ. 
 

 
Fig. 6 (a) Anomalous Hall resistance (RAHE) measured at 300K 

for SHMTJ and DHMTJ (CoFeB =11Å). Inset shows thickness-

dependent RAHE of DHMTJ. (b) RAHE (red symbols, with unit 

read from left-axis)/spin-polarization (blue symbols, with unit 

read from right-axis) versus CoFeB thickness for DHMTJ, 

where the spin-polarization was estimated from composition-

weighted (Co = 20% and Fe=60%) XMCD sum rule analysis. 

 

IV. CONCLUSION 

 

In summary, we have investigated the physical origin 

of the enhanced PMA of DHMTJ in relation to the 

dual-MgO effects, and correlated it with interface, 

electronic and transport properties. The addition of 

the second MgO barrier improved the CoFeB/MgO 

crystallinity by favoring/disfavoring B/Ta diffusion. 

This lead to the improvements of those physical 
characteristics (i .e., PMA, magnetization, spin-

polarization, suppressed dead-layer, etc.) important to 

MRAM technology. The study gives substantial 

evidences that the dual-MgO structure is promising 

for MRAM technology. 
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