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Future generations of magnetic random access memory demand magnetic tunnel junctions that 12 

can provide simultaneously high magnetoresistance, strong retention, low switching energy and 13 

small cell size below 10nm. Here we study perpendicular magnetic tunnel junctions with 14 

composite free layers where multiple ferromagnet/nonmagnet interfaces can contribute to the 15 

thermal stability. Different nonmagnetic materials (MgO, Ta, Mo) have been employed as the 16 

coupling layers in these multi-interface free layers. The evolution of junction properties under 17 

different annealing conditions is investigated. A strong dependence of tunneling 18 

magnetoresistance on the thickness of the first CoFeB layer has been observed. In junctions 19 

where Mo and MgO are used as coupling layers, large tunneling magnetoresistance above 20 

200% has been achieved after 400°C annealing. 21 
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Magnetic tunnel junction with perpendicular magnetic anisotropy (pMTJ) is one of the leading 32 

candidates for non-volatile magnetic random-access memories (MRAM).1,2 Ideally, MRAM cells 33 

made of pMTJ should exhibit high tunneling magnetoresistance (TMR >200%), be thermally 34 

stable at room temperature (>10 years), occupy only a small footprint (< 10 nm), and operate 35 

with minimum energy consumption by spin-transfer torques (STT),3,4 spin orbit torques (SOT),5 36 

voltage controlled magnetic anisotropy (VCMA),6,7 or other methods.8–10 In particular when the 37 

recording layer of a pMTJ is a single ferromagnetic (FM) layer with interfacial PMA, the areal 38 

perpendicular energy density is usually 1-2 mJ/m2, which cannot provide enough retention 39 

when the junction size is below 10 nm.11–14 Generally, three types of pMTJ are under 40 

investigation to solve this problem. In the first type, FMs with bulk perpendicular magnetic 41 

anisotropy, such as FePd,15,16 or MnGa,17 alloys are employed, where the thermal stability 42 

factor (Δ) can be increased by increasing the thickness of the FM layer. However, the TMR in 43 

these junctions are typically lower than that of CoFeB/MgO due to the lack of coherent 44 

tunneling effect.18 In the second approach, shape anisotropy is employed to promote the out-45 

of-plane easy axis in junctions where the thickness of the CoFeB free layer is much larger than 46 

the lateral dimension of the junction.19 A pMTJ smaller than 3 nm has been successfully 47 

achieved with this approach and STT switching has been demonstrated.20 This method, 48 

however, requires a thick free layer, which may lead to difficulties in obtaining fast switching 49 

and device fabrication.  In the third method, multiple CoFeB/non-magnet(NM) interfaces are 50 

used to enhance the overall PMA of the free layer, where both the CoFeB and NM are limited to 51 

very thin thickness (~1nm). Significant increases of Δ and switching efficiency have been 52 

realized when the single CoFeB free layer was replaced by a CoFeB/NM/CoFeB/MgO composite 53 

free layer.21–24 Further modification of stack structure was used to increase the coupling and 54 

thermal stability of the free layer.25,26 For example, the performance of the pMTJs with a quad-55 

interface free layer has been shown to be substantially enhanced compared to that of double-56 

interface.27 57 

In this work, we investigated the transport properties in pMTJs with multi-interface free layers 58 

(MIFL), where different NM materials, such as MgO, Ta, and Mo, have been employed as the 59 

coupling layers to enhance the TMR. The perpendicular magnetic anisotropy, interlayer 60 

magnetic coupling and magnetoresistance can be controlled by varying the FM thickness, NM 61 

thickness and post-growth thermal annealing treatment. As a result, a TMR ratio as high as 62 

212% have been achieved in junctions with MIFLs where three CoFeB layers are coupled 63 

through Mo and MgO, which to the best of our knowledge is the highest TMR in this type of 64 

pMTJs.  65 

The films in this work were fabricated in a 12-source UHV sputtering system (AJA International) 66 

with a base pressure of 10-7 Pa (10-9 Torr). The structure of the MTJ films is Si/SiO2/Ta(12 67 

nm)/Ru(15 nm)/Ta(10 nm)/Mo (0.75 nm)/Co20Fe60B20(1 nm)/MgO(1.5-3.5 nm)/MIFL/Mo (1.9 68 

nm)/Ta(10 nm)/Ru(20 nm). Different MIFL film compositions have been synthesized as detailed 69 

below. Circular pMTJs with diameters ranging from 2 µm to 100 µm were patterned by 70 

conventional microfabrication process involving photolithography and ion beam etching, and 71 
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subsequently annealed under varying conditions to be described below. Detailed information 72 

on sample fabrication and characterization can be found in our previous publications.8,12,14,28,29  73 

 74 

Figure 1. Schematic representation of a pMTJ with multiple-interface free layer (MIFL) where a number 75 

of FM layers are coupled through NM layers to function as a single magnetic layer 76 

 77 

The schematic structure of a pMTJ with MIFL is shown in Figure 1.  Multiple FM layers are 78 

coupled through the NM layers to behave like a single free layer of the pMTJ. When FM layers 79 

are thin (≈1 nm), the hybridization of 3d orbitals of FM with the 2p orbitals of O,30 or with the 80 

5d orbitals of heavy metals,31,32 leads to the interfacial PMA. When properly designed, the PMA 81 

from each FM/NM interface can add up to each other therefore providing a sufficiently large ∆ 82 

for small pMTJ cells. The coupling between the FM layers can be either FM or AF, depending on 83 

the needs of a particular application, which can be controlled by the materials and thickness of 84 

the FM and NM layers, as well as post-fabrication processes such as thermal annealing. AF-85 

coupled FMs may provide technologically superior performance  as it has been predicted that 86 

the switching speed can be increased in AF-coupled FMs.33 This structure is similar to those 87 

used in perpendicular spin valves,34 and pMTJ,35 except now it combines FM with high spin-88 

polarization with multiple FM/NM interfaces that can provide at the same time a large TMR and 89 

strong retention after high temperature annealing at 400˚C or above. CoFeB alloys are a 90 

promising candidate for the first FM in the MIFL, owing to the symmetry-conserved tunneling 91 

effect at the Fe/MgO interface.18 However, for the other layers in the MIFL, a combination of 92 

different materials could be used to maximize the PMA and interlayer coupling. Ideally, for any 93 

pMTJ at a given lateral size, the number of FM layers and therefore the total number of 94 

interfaces (N) contributing to PMA energy density could be increased until the desired ∆ is 95 

reached.  96 

We first investigated MIFLs with MgO as the coupling layer. In addition to the larger TMR, the 97 

CoFeB/MgO interface also provides a strong interfacial PMA.36,37 Interlayer exchange coupling 98 

in epitaxial Fe/MgO structures has been observed previously, where AF coupling has been 99 

observed when the MgO thickness is less than 0.8nm.38,39 However, most of these studies were 100 

performed with thick Fe layers where the magnetic easy axis lies within the plane. For 101 
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sputtered MgO that is sandwiched between two perpendicularly magnetized Co layers, AF 102 

coupling was also found even when MgO was as thick as 1.3 nm.40 For the MIFL depicted in 103 

Figure 1, it is desirable to have a MgO coupling layer that is thick enough to support a strong 104 

coupling, but thin enough to contribute only minimal additional series resistance to the overall 105 

resistance of the pMTJ – which may be satisfied if current can conduct across pinholes within 106 

the thin MgO layer. The magnetic properties of the MIFL with MgO was first investigated in a 107 

sample with the structure of [CoFeB(0.75 nm)/MgO(0.8 nm)]3 by a vibrating sample 108 

magnetometer (VSM).  The film exhibits PMA as shown in Figure 2a, where an in-plane 109 

anisotropy field larger than 1 T (10 kOe) can be observed. The MH loops in the low field region 110 

is shown in Figure 2b, where the remanent magnetic moment is about 20 nA·m2 (20 µemu) 111 

which is about one-third of the saturation moment (60 nA·m2), indicating the three CoFeB 112 

layers are AF-coupled. 113 

                           114 

Figure 2. (a) Hysteresis loops of [CoFeB(0.75 nm)/MgO(0.8 nm)]x3 measured under different magnetic fields. (b) 115 
The same curves at the low-field region. (c) CoFeB thickness dependence of the TMR in pMTJs with MgO-MIFLs 116 
(Inset: schematic of MgO-MIFL). The samples were first annealed at 300°C for 10 min, then 400°C for another 10 117 
min. (d-f) representative TMR curves of the pMTJs after the 300°C annealing. The arrows in (d) show the 118 
representative magnetic field sweeping direction [purple (green) towards the positive(negative) field direction]. 119 
The red curve in (f) is the TMR of the same sample after the 400°C annealing.  120 

Next, pMTJs with MIFLs of the structure of CoFeB (1.2 nm - 1.7 nm)/ MgO (0.9 nm)/CoFeB (1.3 121 

nm) were fabricated. These pMTJs are denoted as N=4 because the total PMA originates from 122 
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three CoFeB/MgO interfaces and one CoFeB/Mo interface (recall the capping layers are 123 

Mo/Ta/Ru). Since the first CoFeB in the MIFL is the one contributing to both TMR and PMA, it is 124 

critical to study the thickness dependence of this layer. The TMR of these junctions after 125 

annealing at 300°C for 10 min is plotted in Figure 2c. The TMR is about 45% when CoFeB is 1.25 126 

nm thick (Figure 2d), which increases to more than 100% when CoFeB is 1.45 nm thick. Further 127 

increase of CoFeB thickness beyond this point leads to a slight decrease of TMR (Figure 2f). 128 

Note MTJs located on the edge of the wafer were not included due to poor pattering as a result 129 

of edge bead formation. The TMR is, however, reduced across the entire thickness series when 130 

the same pMTJs were annealed again (after testing at RT)at 400°C for 10 min. A number of 131 

processes simultaneously occur during the annealing process, most importantly the formation 132 

of the CoFe(001)/MgO(001) epitaxial structure with the B diffusing out of CoFeB, and the 133 

reduction of interfacial oxidation which eventually leads to proper hybridization of Oxygen 2p 134 

orbitals and Fe/Co 3d orbitals that is required for a strong PMA.  Typically the parallel state 135 

resistance (RP) of the junction momentarily drops at the beginning of the annealing, resulting 136 

from the initial establishment of the highly conductive ∆1 channel, followed by a steady 137 

increase due to the gradual deterioration of that channel when other atomic species inevitably 138 

diffuse into the barrier.41,42 Despite the increase of RP, the TMR may continue to increase at 139 

400°C for up to a few hours of annealing, provided that increases in the anti-parallel state 140 

resistance (RAP) due to the reduction of the Δ2 and Δ5 conduction channels outpaces of the 141 

increase of RP.41,43 The comparison of the TMR curves from the same junction after annealing at 142 

300°C and 400°C is presented in Figure 2f. In addition to the increase of RP, we note that RAP is 143 

decreased as shown by the red TMR curve. The decrease of RAP in Figure 2f is accompanied by 144 

the disappearance of the sharp switching in the TMR curve, which is likely due to the reduction 145 

of PMA of the MIFL, instead of a more transport-intrinsic reason that is usually only expected 146 

when the annealing is much longer.41 The reduction of PMA might be a result of Boron 147 

aggregation at the CoFeB/MgO interface in the absence of any “Boron-absorbing” layer 148 

adjacent to the CoFeB layer.  149 

Next, we investigated pMTJs with the MIFL of the structure of CoFeB (1.2 nm-1.7 nm)/ Ta(1 150 

nm)/CoFeB (1 nm)/MgO (0.8 nm), which is denoted by N=4 with Ta in Figure 3 since now there 151 

are two CoFeB/MgO interfaces and two CoFeB/Ta interfaces that each contribute to PMA. This 152 

structure is similar to what was used previously,21–24 except here we chose the Ta at 1nm.  153 

Maximum AF-coupling was observed in Co/Ta superlattices when Ta is near 0.7nm.44 For 154 

CoFeB/Ta/CoFeB, a sizable AF coupling was obtained when the thickness of Ta is around 1nm,45 155 

which is in agreement with our VSM results shown in Figures 3a and 3b. After the 300°C 156 

annealing for 10 min, maximal TMR of 135 % was obtained as shown in Figure 3c, which is 157 

considerably better in those shown in Figure 2. Reasonably high TMR (> 100 %) is present in 158 

pMTJs across a wide range of CoFeB thickness. A representative TMR curve under this 159 

annealing condition is shown in Figure 3d, with sharp transitions between states and a clear AP 160 

state.  This improved TMR behavior is likely related to the fact that the Ta coupling layer more 161 

readily absorbs Boron diffusing out from the CoFeB layer, compared to a MgO coupling layer. 162 
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Subsequent annealing of these pMTJs at 400°C for 10 min substantially increased the maximum 163 

TMR to above 180 % as shown in Figure 3f, which is noticeably higher than previous reports.21–164 
24 However, the TMR starts to fall off after the CoFeB thickness exceeds 1.5 nm and exhibits 165 

large fluctuations when CoFeB is thicker than 1.6nm. This reduction in the TMR is attributed to 166 

the loss of the AP state as shown in Figure 3g. Usually, the strength and sign of the interlayer 167 

coupling is sensitively depended on the thickness of the FM and NM layers.40,46 Here another 168 

complexity is involved, which is the PMA of MIFL. Due to the relatively small formation energy 169 

between Ta and Fe, it is known that the PMA of MgO/CoFeB/Ta is not stable when annealed at 170 

400°C,12 which leads to the deterioration of PMA of the MIFL stack. Further annealing of these 171 

pMTJs at 500°C leads to a dramatic reduction of TMR to nearly zero, consistent with previous 172 

studies.12 173 

                174 

Figure 3. (a) Hysteresis loops of MgO/ CoFeB/Ta(1nm)/CoFeB/MgO measured on different magnetic fields. (b) The 175 
same curves at low field-region. (c) CoFeB thickness dependence of the TMR in pMTJs with Ta-MIFLs (Inset: 176 
schematic of Ta-MIFL). The samples were successive annealed at each temperature for 10 min. (d) TMR curve of 177 
the 1.5 nm sample after the 300°C annealing. (e-g) TMR curves of three pMTJs after the 400°C annealing. (h) TMR 178 
of the 1.5 nm sample after the 500°C annealing.  179 

It has been shown that pMTJs with Mo as the heavy metal layer exhibited much higher TMR 180 

than that of Ta12,14,47. Therefore, MIFLs with Mo as the coupling layer may provide larger TMR 181 

as well. Another benefit of Mo is that its interlayer exchange coupling energy is larger 182 

compared to that of Ta.44 It was also shown that Mo can substantially enhance damping.48 183 

pMTJs with three CoFeB layers in the MIFL have been fabricated. The MIFL stack structure is 184 

CoFeB (1.2 nm-1.7 nm)/Mo (0.9 nm)/ CoFeB (1 nm)/MgO(0.9 nm)/ CoFeB (1.3 nm). These 185 
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samples are denoted as N=6 with Mo as plotted in Figure 4. The VSM results show the strong 186 

AF coupling for Mo(0.9nm) are presented in Figures 4a and 4b. The TMR ratios of the samples 187 

after annealing at 300°C for 10 min (red curve) are presented in Figure 4c. The maximum TMR 188 

in pMTJs with Mo-MIFL is similar to that of Ta-MIFL under this annealing condition. However, 189 

the TMR starts to decay in pMTJs with Mo-MIFL when CoFeB is thicker than 1.5 nm. By 190 

comparison, the TMR with Ta-MIFL gains a slight increase over 1.5 nm to 1.6 nm under the 191 

same annealing condition as shown in Figure 3c. This feature of Mo-MIFL becomes more 192 

pronounced after the annealing at 400°C for 10 min as shown in the black curve of Figure 4c, 193 

where TMR drops sharply when CoFeB is thicker than 1.4 nm. When the pMTJs are annealed at 194 

400°C for one hour, the overall TMR has been increased (blue curve), with maximum TMR 195 

reaching 212 % as shown in Figure 4e, which is even higher than the TMR in pMTJs we obtained 196 

previously with a single CoFeB layer as the free layer.14 However, TMR quickly drops when 197 

CoFeB thickness exceeds 1.42 nm. The reduction of TMR is again related to the disappearance 198 

of the AP state as shown in the Figure 4f, which is likely due to the loss of PMA of the MIFL. 199 

These results highlight the very sensitive dependence of TMR on the first CoFeB layer thickness 200 

in the MIFL. The AF coupling peak with Mo varies in different reports, ranging from 0.5 nm,44 to 201 

0.8 nm.49 In another series of pMTJ where the Mo in the MIFL is slightly thicker (1 nm), a more 202 

pronounced AF coupling of the free layer can be seen as shown in the inset of Figure 4c. The 203 

free layer switching fields are obviously not symmetric about the zero magnetic field, which is a 204 

signature of the AF coupling of the CoFeB in the MIFL. The behavior of these pMTJs is plotted in 205 

the green curve in Figure 4c. Interestingly, the range of CoFeB thicknesses where high TMR 206 

ratio is observed is extended by nearly 0.1 nm, as evident from the shift of the green curve 207 

relative to the black one.  208 
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                        209 

Figure 4. (a) Hysteresis loops of MgO/ CoFeB/Mo(0.9nm)/CoFeB/MgO/CoFeB/Mo measured on different magnetic 210 
fields. (b) The same curves at low field-region.  (c) CoFeB thickness dependence of the TMR in pMTJs with Mo-211 
MIFLs (Inset: schematic of Mo-MIFL). The samples with Mo-0.9nm coupling layer were successive annealed at 212 
300°C for 10min (red dots), 400°C for 10min (black up-pointing triangles), then 400°C for another 50min (blue 213 
down-pointing triangles, where the total annealing time at 400°C is 60min). The green square data points are the 214 
TMR values of the samples with the Mo-1nm coupling layer, annealed at 400°C for 10min. The lines are for guiding 215 
eyes only. Inset shows the TMR curve of a pMTJ with the Mo-1nm coupling layer.  (d-f) Representative TMR curves 216 
of three pMTJ after the 400°C annealing for 60min.  (g) HRTEM image of the pMTJ with Mo-MIFL.  217 

The microstructure of pMTJ with Mo(0.6nm) -MIFL was investigated by TEM and is presented in 218 

Figure 4g. The MgO tunnel barrier exhibits good (001) crystalline structure throughout the 219 

specimen. The CoFeB reference layer beneath the MgO tunnel barrier and the first CoFeB in the 220 

MIFL show predominantly (001) texture, indicating successful solid-state-epitaxy from the MgO 221 

barrier outward during the 400˚C anneal. The successful recrystallization of the 222 

CoFeB/MgO/CoFeB complex is critical for the high TMR ratios observed within these pMTJs. The 223 

second and the third CoFeB layers in the MIFL, however, are only partially crystallized. The MgO 224 
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layer in the MIFL is mostly continuous and exhibits partial crystallization from the thermal 225 

processing. Note in MIFLs the amorphous second (and third) CoFeB and some pinholes in the 226 

MgO could potentially be advantageous, as they may help to reduce the Gilbert damping and 227 

the resistance-area product of the devices, respectively. Note for Ta-MIFL with N=6, the 228 

maximum TMR is only 180%, again demonstrating the advantage of Mo as a better HM layer.  229 

These results suggest the first CoFeB thickness must be precisely controlled in order to achieve 230 

the largest TMR in pMTJs with MIFL. Though the drop of TMR after a certain threshold 231 

thickness of the first CoFeB is a common feature observed in all three types of MIFLs in this 232 

study, the decay in pMTJs with Mo-MIFL is most pronounced. Obviously, this phenomenon is 233 

related to the reduced PMA of the first CoFeB layer when its thickness is getting larger. 234 

However the fast drop of TMR with Mo-MIFL cannot solely be explained by PMA, since PMA is 235 

usually stronger in pMTJs with Mo compared to those with Ta.12 The presence of interlayer 236 

coupling makes the situation more complicated, which can certainly have a large influence on 237 

the switching behavior of the CoFeB layers in the MIFL. In particular, the coupling strength may 238 

vary with the thickness of the FM layer, which in the Bruno model is due to the Fabry-Perot-239 

type interferences of the electron wave functions through multiple reflections in FM layers.46 240 

Meanwhile, the magnetic properties of the CoFeB itself at a given thickness is under constant 241 

change (such as crystallization and redistribution of O at the MgO/CoFeB interface) when 242 

annealed at different conditions, which will in turn impact the interlayer magnetic coupling.  A 243 

more detailed study is needed to understand the evolution of interlayer coupling in these 244 

pMTJs. The difference of the two sets of Mo-MIFL samples (0.9 nm vs 1 nm) also indicates the 245 

range of CoFeB thickness that gives rise to high TMR may be expanded if the AF coupling is 246 

enhanced.  247 

To conclude, we have developed pMTJs with MIFL that can potentially simultaneously afford 248 

high TMR, strong retention and efficient switching for MRAM cells that are scaled down to 249 

small dimensions. Different nonmagnetic materials have been explored as the coupling layer in 250 

the MIFL. The TMR of the pMTJ exhibits a strong dependence on the thickness of the first 251 

CoFeB layer. Large TMR above 200% has been achieved after 400˚C annealing in pMTJs where 252 

three CoFeB layers are incorporated in the MIFL.   253 
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