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4.18.3. Magnetic Random Access Memory 

Magnetic Random Access Memory (MRAM) possesses a unique combination of 

attributes that provide considerable benefits over those available with conventional 

memory technology. Here we discuss the state-of-the-art of MRAM, from parts currently 

in production to development efforts underway. A promising future for MRAM is 

emerging as new write techniques for even higher-density and lower-power modes of 

operation are developed and optimized. While high density is highly desirable in any 

data-storage medium, MRAM differentiates itself from the magnetic data storage 

discussed in this chapter, since the primary focus is operation as a high-speed RAM 

with fast read and write times and extremely reliable performance coupled with 

nonvolatility that the magnetic nature of the storage element provides. MRAM provides 

a nonvolatile high-speed memory array that can be paired directly with a 

microprocessor, rather than a system for storing extensive volumes of information. 

 

Contemporary MRAM harks back to the early days of computer hardware when ferrite 

core memories1 were the primary memory array available for data storage. These 

arrays consisted of hand-wound toroidal elements with two perpendicular write lines 

that provided a cross point architecture for writing an individual element. When the 

superposition of fields provided by a simultaneous set of current pulses along each line 

was sufficient to switch the magnetization direction of the element, it was written into a 

new state. A destructive read was enabled through monitoring the inductive signal on a 

separate read line. To read the bit, an attempt to write it into a known state was made. 

The lack of an induced voltage pulse revealed that the bit was in that known state, while 



 

 

an inductive pulse revealed the other state. Magnetic memory has since evolved along 

with the discovery and utilization of new physical processes for sensing magnetic 

states, analogous to the evolution of sensing techniques for HDDs. 

 

The inductive read was replaced in AMR-based MRAM, which suffered from a lack of 

signal as compared with the base cell resistance.2 After the discovery of GMR in 1988 

revolutionized the hard-disk industry, utilization of the phenomenon was attempted for 

MRAM, but the intrinsically low resistance and improved yet still low signal of these 

elements made meshing with conventional CMOS circuits a significant challenge.3 The 

physical phenomenon for the return of a commercially competitive MRAM, the MTJ with 

high MR at room temperature, was first developed in 19954,5 and has since become the 

fundamental building block for MRAM technology. The first commercial MRAM product 

appeared approximately 10 years later. The family of parts currently produced by 

Everspin Technologies can be traced back to the first MRAM product: the 4 Mb 

MR2A16A, initially produced by Freescale Semiconductor. 

 

4.18.3.1. Comparison to Conventional Memories 

Settling on the MTJ as the fundamental construct for MRAM technology allows a 

detailed comparison with the conventional RAM technologies which utilize the 

manipulation of electronic charge for the storage of the memory state. The heart of a 

MTJ consists of two ferromagnetic layers placed on either side of an insulating tunnel 

barrier layer. Through the TMR effect, the resistance is determined by the relative 

orientation of the magnetization of these two ferromagnetic layers, and can take one of 

two stable values or memory states. As no power is required to maintain the relative 

magnetic orientation and the intrinsic speed for magnetic response is in the GHz range, 

the basis for a high-speed nonvolatile memory system is present. No known write-

induced wear-out mechanisms are present in the magnetic layers because the 

switching of the magnetic memory does not involve the physical movement of electrons 

or atoms, simply a reorientation of the magnetic moment in one of the ferromagnetic 



 

 

layers. Magnetic charge cannot leak from the storage layer and thus there is no need 

for a constant refresh as in dynamic RAM (DRAM). 

 

It then becomes clear that an advantageous combination of RAM characteristics is 

manifest in MRAM technology, lending itself to applications in both standalone and 

embedded memory. This combination is outlined in Table 1. The slow, high-power, and 

damaging write present in flash memory (105–107 write cycles) is avoided in a 

nonvolatile high-speed memory. While static RAM (SRAM) has fast read and write 

speeds, its volatile nature and relatively large cell size becomes expensive in large 

arrays, especially for embedded applications. DRAM’s requirement for a constant 

refresh can be problematic for device power consumption. MRAM provides an 

additional advantage: the division of labor between fast volatile and slow nonvolatile 

memory types does not have to be predetermined at manufacturing and multiple 

memories need not be employed with the associated inter-memory data transfers to 

work around the limitations of conventional memories. Memory roles may be 

dynamically adjusted if desired for improved performance in a product containing 

MRAM. 

 

Table 1.  

Comparison of MRAM with conventional memory technologies. MRAM offers a 

combination of benefits not found in other technologies 

  

  



 

 

 

These values are from the 2013 ITRS roadmap6. 

 

 Toggle 

MRAM 

ST-

MRAM 

Flash 

(NAND) 

Flash      

(NOR) 

DRAM SRAM 

Read Time  

 

<10 ns 35 ns 15 ns 100 μs <10 ns 0.2 ns 

Projected 

Read time 

<10 ns <10 ns 8 ns 100 μs <10 ns 70 ps 

Program Time <10 ns 35 ns 1/0.1 ms 1μs/10ms <10 ns 0.2 ns 

Projected 

Program Time 

<10 ns <1 ns 1/0.1 ms 1μs/10ms <10 ns 70 ps 

Endurance >1e15 >1e12 1e4 1e5 1e16 1e16 

Projected 

Endurance 

>1e15 >1e15 5e3 1e5 >1e16 >1e16 

Nonvolitility Yes Yes Yes Yes No No 

 

 

4.18.3.2. Magnetic Tunnel Junctions for MRAM Read 

The read mechanism is similar for all MTJ-based MRAM technologies. Figure 6(a) 

shows the resistance versus applied field curve for a 0.6 μm × 1.2 μm MTJ. The 

magnetic field is applied along the bit easy (long) axis. When the field exceeds the 

switching field of the bit, the bit-free layer reverses state. The magnetization direction of 

the fixed reference layer is held through AF coupling to a pinned layer and does not 

respond. Due to the magnetic hysteresis, the free layer will stay in its current state in 

the absence of an applied field. The data state is stored until a magnetic field greater 

than the switching field is applied in the opposite direction, and hence the bit requires 

no external power source for data retention. It is this magnetic hysteresis that forms the 

basis for the nonvolatility of MRAM. The resistance difference stems from the fact that a 

spin-polarized electrical current originating from one FM is tunnel-injected into the other. 

Appealing to the two-band model for ferromagnetic polarization (Figure 3), when both 



 

 

ferromagnetic electrodes are aligned parallel to one another (Figure 6(c)), there is a 

better overlap for electron tunneling: spin-up (down) electrons in the source electrode 

tunnel into available states in the spin-up (down) band in the destination electrode, and 

a high current or low resistance results. The transmission probability for tunneling 

systems is related to the product of the DOS available for electron occupation for 

source and destination electrodes. Hence, in the parallel case shown in Figure 6(c), the 

high conductance spin-down to spin-down tunneling channel (bold arrow) results in a 

low resistance as the large DOS contributed by the d-bands dominates the tunneling 

current. When the ferromagnetic electrodes are aligned antiparallel, (Figure 6(b)) spin-

down states in one electrode must tunnel into spin-up states in the other. The 

transmission probability is then related to the product of a small number (spin-up DOS) 

and large number (spin-down DOS), and hence a high resistance results. The TMR is 

thus maximal for strongly polarized materials which have a vanishingly small DOS for 

one spin channel. 

 

Figure 6. Tunneling magnetoresistance hysteresis loop. A low-resistance state arises 

when magnetization is parallel in both electrodes, leading to matching of densities of 



 

 

states on either side of the tunnel barrier. (a-b) Modified from Akerman et al. Magnetic 

tunnel junction based magnetoresistive random access memory in.7 

 

The situation described above is a simplification of the tunneling process, as surface 

states, impurities in the tunnel barrier and electrodes, details of the electrode or barrier 

interface, and the electronic structure of the barrier itself8 all work in concert to 

determine both the sign and magnitude of the MR. This is clearly evident in the high MR 

present in magnesium oxide (MgO) tunnel barriers, theoretically predicted in 20019,10 

and then experimentally demonstrated in 2004.11,12 Here, the electronic structure of 

MgO serves as a spin filter when coupled with the appropriate ferromagnetic electrodes, 

and this system has yielded MR values of ~600%.13 However, another important 

manifestation of these real properties is the decrease of the MR with increasing voltage 

bias across the tunnel junction. As a circuit will necessarily apply a finite bias across the 

tunnel junction, the actual MR that may be utilized for MRAM design will be less than 

the values from the ideal cases usually mentioned in literature. Additionally, high-

temperature operation will further reduce the available MR as the polarization of the 

ferromagnetic electrodes is reduced as their Curie points are approached. 

Moving beyond the experimental demonstration of the MTJ stack into a commercial 

memory product requires a detailed consideration of the distributions of the individual bit 

resistances at bias and operation temperature. For integration with CMOS elements, a 

~1 kΩ bit resistance is desired, requiring an extremely thin MgO tunnel barrier of ∼1 nm. 

The tunnel barrier resistance is exponentially dependent upon its thickness, and 

exquisite control of barrier uniformity is needed. Despite this challenge, it is possible to 

achieve good uniformity and repeatability in resistance, with a demonstrated distribution 

width (σ) of ~ 5 %.14  

 

 

The tunnel barrier in toggle MRAM is formed through the plasma oxidation of a 

sputtered metal film. This level of uniformity was achieved using an Al thickness 

uniformity of 0.5% and meticulous matching of the oxidation process uniformity with that 



 

 

of the Al metal. While the wafer-level uniformity is important, even more crucial to 

MRAM operation is the uniformity across the array. In operation, reference cells are 

utilized to determine the midpoint between the high and low resistance states of the 

bits, and variation across the array can cause an erroneous bit state determination. This 

is best understood by referring to Figure 7(a). The midpoint generated by the reference 

cell is compared to the resistance of the queried bit, and bits that fall on the low end of 

the high-resistance (AP state) distribution or the high end of the P-state resistance 

distribution may be read out incorrectly if insufficient separation is present between the 

two distributions. A separation of 6σ from the reference or 12σ between states is the 

minimum required for operation of a 4 Mb memory. Additional separation creates more 

margin between the 6σ tails and the reference (ΔRuse), allowing higher speed and 

operation temperature. 

 

Figure 

7. (a) Hypothetical resistance distributions for high- and low-resistance states. The 

mean for each state must be at least 6σ from the reference (12σ separation) for error-

free read out; (b) Optimized tunnel barrier material showing 23σ separation. (a) 

Modified from Akerman et al. (2004) Magnetic tunnel junction based magnetoresistive 

random access memory in Magnetoelectronics (Johnson M ed.) p 241. Elsevier, San 

Diego. 



 

 

 

As the resistance of the bit is proportional to its area, variations in etch and 

photolithography both factor into the final bit resistance distributions. Process damage 

or re-deposited veils creating a low resistance shorting path will contribute as well. 

However, it is the short-range resistance variations that play the largest role in 

determining the distribution width. The extremely thin dielectric layer utilized may have 

variations in thickness on a sub-nm size scale, due both to the roughness from 

underlayers propagating upward, and to the intrinsic barrier roughness. Minimizing this 

barrier roughness is important, because it produces local thin regions where tunneling 

may preferentially take place, that is, local tunneling hot spots.15 If the size scale for 

variation of these hot spots is comparable with the size of the bit, statistical variations in 

both the strength and the number of hot spots each bit encloses will contribute to the 

resistance distribution width. The deposition of an Al metal layer followed by oxidation 

helps with intrinsic barrier roughness, and underlayer roughness is largely mitigated 

through addition of texturing layers. Figure 7(b) shows the resistance distributions for an 

optimized material stack and patterning process in a 4 Mb toggle MRAM array. The 

separation between distributions is 23σ. 

In addition to contributing to the resistance distributions, if one considers the propensity 

of current to flow predominately through these hot spots, it is clear that they determine 

the device reliability. Over time, continued exposure to the voltages utilized for the read 

operation and exposure to high temperatures lead to two main failure mechanisms: 

time-dependent dielectric breakdown (TDDB) and drift of the bit resistance. Dielectric 

breakdown is a sudden, dramatic decrease in the bit resistance, a manifestation of a 

short in the tunnel barrier layer. Resistance drift causes a gradual reduction of the 

junction resistance over time and leads to a decrease in the separation between the 

high and low states. Studies16,17 utilizing temperature and stress voltage to accelerate 

both mechanisms have shown that MRAM product reliability is well beyond industrial 

and automotive requirements.18 

 



 

 

As MRAM technology is scaled to future technology nodes, the smaller size and denser 

packing of transistors and MTJ bits results in less precise transistor matching and 

increased parasitic contributions to read signal. A smaller MTJ bit results in a reduction 

in the number of hot spots enclosed and hence increase in the relative variation from bit 

to bit. In general, a widening of measured resistance distributions will be observed. The 

clearest avenue to overcome the detrimental effect on the distribution width is to 

increase the MR, resulting in improved resistance separation between the two 

distributions. The high MR values available with MgO tunnel barriers offer a clear 

advantage in this regard. As an example, despite an increase in resistance distribution 

width (σ:1.5%), the increase in MR when changing from AlOx to MgO yielded an 

increase in separation from 28σ to 49σ dramatically improving read access time.19,20  

 

  



 

 

4.18.3.3. Magnetic Random Access Memory Types 

MRAM can be broken into 2 main categories that differ in their write scheme.  The first 

type of MRAM to market was field switched MRAM, sometimes referred to as 

conventional MRAM.  The second main type of MRAM uses the spin-torque effect to 

switch the bits.  Spin-torque switched MRAM is often referred to as ST-MRAM or STT-

MRAM (spin-transfer-torque – MRAM) and more recently is sometimes also referred to 

as simply MRAM.  We will stick with the convention of ST-MRAM for the spin-torque 

variant.  Each of the two main categories of MRAM has two major subsets, which have 

been demonstrated in large arrays.   

 

Field switched MRAM was originally developed to operate in a fashion similar to that 

outlined for ferrite core memory: the superposition of two current pulses creates a field 

which is larger than the coercive field (Hc) of the bit causing a reversal of its magnetic 

orientation. However, each of the bits along the digit line experiences a reduced field 

(half-select) that, when combined with thermal fluctuations, may be sufficient to reverse 

bits that lie in the tails of Hc distributions of the memory array. Hence, careful control of 

the bit properties and details of the architecture are required. The half-select problem 

was eliminated through the write scheme employed in Savtchenko switching, commonly 

called toggle MRAM.21 This technique is in use in commercial MRAM today, and 

employs a free layer that consists of several magnetic layers, and a precise pulse timing 

sequence for the two current lines. In this case, the bit is still switched through the time-

dependent superposition of two magnetic fields, but the half-selected bits are stabilized 

against reversal. 

 

Scaling paths exist, for field-switched MRAM, but the cell size and power consumption 

may be further reduced by exploiting the spin transfer effect22-24. ST-MRAM is under 

development by number of companies and is now also in commercial production. The 

key benefits of field-switched MRAM are supplemented with the low-power, high-density 

architecture of ST-MRAM. Elimination of the bulky write lines required for field-induced 



 

 

switching reduces the process complexity and cell size, opening opportunities to 

significantly reduce cost and enabling dramatic increases in memory density. The highly 

efficient switching mode through direct transfer of angular momentum considerably 

lowers the power consumption as compared with the indirect field induced-switching 

mechanism employed in toggle MRAM. Spin-torque-switched MRAM can also be 

broken down into two categories.  In-plane ST-MRAM has the magnetic moment 

oriented in the plane of the bit for both the free and reference layers.  It has the 

advantage of working well with larger bit sizes, which allows for production on larger 

lithography nodes. Out-of-plane ST-MRAM has the magnetic moment oriented 

perpendicular to the bit plane for both the free and reference layers.  It has the 

advantage of improved write efficiency for a given energy barrier and can also be 

scaled to smaller bit sizes, and thus even higher memory densities. 

 

4.18.3.4. Conventional Field-Switched MRAM 

The fundamental cell for a field-switched MTJ is shown in Figure 8, consisting of an 

isolation transistor, current lines passing above and below the bit, and the MTJ itself. 

The isolation transistor is off for a current pulse to switch the bit, and on to read out the 

bit state. The MTJ consists of a fixed reference layer, generally SAF layer exchange 

coupled to a pinned layer, for which the magnetization is pinned in a particular direction, 

the tunnel barrier layer, and the free layer which can be switched between one of its two 

stable states in the presence of an applied field. These stable states are determined by 

the combination of shape anisotropy of the patterned bit and the intrinsic anisotropy of 

the ferromagnetic free layer. As an electrical current is applied through the bit and digit 

lines, the resultant field at the selected bit causes the free layer to reverse state and the 

bit to switch between the high- and low-resistance states. An important development to 

reduce the current required for switching was the introduction of a layer of highly 

permeable magnetic material along three sides of the bit and digit lines.25 The resultant 

magnetic flux changes from a circular pattern enveloping the write line to a focused 



 

 

region around the bit, reducing the current required for switching by at least a factor of 

2. 

 

 

Figure 8. Field-Switched MRAM bit cell. Current applied along the bit and digit line with 

the isolation transistor off cause the free layer (double-headed arrow) in the MTJ stack 

to reverse, storing a 1 or 0 state. The isolation transistor is turned on and a current is 

passed from the top line through the transistor to read the state. 

 

Early MRAM used a field generated along the bit hard axis to lower the field threshold 

for switching, simultaneously with a field applied along the easy axis to switch the bit 

into the desired state. Referring to Figure 9, this process can be understood by looking 

at the influences of the individual fields on the bit-free layer. Figure 9(a) shows the bit in 

one of its stable states in the absence of any applied field. In Figure 9(b), a field is 

applied along the hard (short) axis of the bit, which causes the magnetization as 

represented by the arrow to tilt along this axis. In Figure 9(c), a field is additionally 

applied along the easy axis of the bit, pointing to the left. In Figure 9(d), both fields are 

removed, and the bit is oriented in its reversed stable state. In practice, both fields are 

applied simultaneously, but the effect of the hard axis field to lower the barrier for 

magnetization reversal is the same. The border between switching and nonswitching 

behavior can be represented in a plot of the hard axis field against the easy axis field, 



 

 

known as a switching astroid. This is shown in Figure 9(e) for high-speed switching 

pulses for a 0.6 × 1.2−μm2 bit. The operating region to switch a single bit is then the 

area outside of the astroid. 

 

Figure 9. Illustration of 

conventional MRAM switching procedure and switching astroid for simultaneous 

application of hard and easy axis fields. (e) Modified from Akerman et al. (2004) 

Magnetic tunnel junction based magnetoresistive random access memory in 

Magnetoelectronics (Johnson M. ed.) p 245. Elsevier, San Diego. 

 

In the cross point architecture, (Figure 10) as current is applied down each of the digit 

and bit lines, each bit along the lines is exposed to one component of the field utilized to 

switch the selected device. Similar to the resistance distributions mentioned earlier, 

there are bits on the high end of the switching distribution as well as the low end. While 

in an ideal environment bits with only the hard axis field applied (half-selected bits) will 

not switch, thermal noise can cause a low number of such bits to reverse. For a bit lying 

on the low end of the switching distribution, the easy axis field combined with thermal 

fluctuations may be sufficient to cause reversal. Therefore, the field must be high 

enough to switch the bits with the highest switching fields, yet low enough that those 

half-selected bits do not undergo unintended reversal. Practically, this means that the 

switching current must be 6σ above the mean, and the half-select must be 6σ below the 

switching mean. Again, reducing the tunnel barrier roughness plays an important role in 

reducing switching distributions through reduced coupling. Figure 11 shows a section of 



 

 

the switching astroid for a 256 kb array with cross point architecture, demonstrating the 

significant challenge involved. The small operating window for a single array allows for 

diminishing process variation and continues to shrink as the array size is increased. The 

small window for bit and digit line currents would require careful die-by-die tuning of the 

programming currents. An adaptation of the cross point architecture is to utilize a 

segmented write line,26 whereby a reduced set of bits are exposed to a very strong hard 

axis field, has been recently shown to be scalable to Mb-size memory arrays.27 A small 

easy axis field is then required to write all of the half-selected bits at once into their 

desired state. Since the easy axis field is small, no half-select problem is present for this 

longer bit line. However, this approach reduces the array efficiency over that of cross 

point architecture, and is subject to programming errors from external fields. 

 

Figure 10. Bits along the bit and digit line experience a 

partial half-select field, which may be sufficient to disturb bits low in the switching 

distribution. 



 

 

Figure 11. The switching astroid for a 256 kb 

conventional MRAM array. Due to half-select disturbs, very small operating region is 

present, requiring precise tuning of the bit and digit line currents on a die by die basis. 

Subramanian CK, et al. (2004) Design aspects of a 4 Mbit 0.18 μm ITIMTJ toggle 

MRAM memory, Integrated Circuit Design and Technology, IEEE. 

4.18.3.5. Toggle-Switched Magnetic Random Access Memory 

A unique switching mode invented by Savtchenko9 relying on specific pulse sequence 

coupled with particular free-layer structure and bit orientation allows the density of the 

cross point architecture while eliminating the half-select problem inherent in 

conventional MRAM, enabling the successful commercialization of the MRAM product. 

The basis for toggle switching originates from the introduction of a moment balanced 

SAF free layer. In the absence of an applied field, both moments will be coupled 

antiparallel to one another, with each moment lying along the long axis of the bit (Figure 

12(a)). Here, the blue arrow represents the magnetization of the layer nearest to the 

tunnel barrier. It is this magnetic layer which determines the bit cell resistance; due to 

the nature of tunneling, the interfacial polarization governs the bit-cell resistance. In the 

presence of an applied field greater than the spin flop field (Hsw) (Figure 12(b)) both 

moments will rotate orthogonal to the field (flop), each layer scissoring in the direction of 

the field.28 The bit is oriented at 45° to each current line, and hence application of a 

single pulse stabilizes the bit against reversal. 

 



 

 

Figure 12. 

Toggle switching sequence for SAF free layer. The initial current pulse causes the SAF 

free-layer magnetizations to scissor around the resultant field. They then rotate around 

the changing total field direction which is determined by the phase of the current pulses 

along the two current lines. As the resistance is determined by tunneling from the layer 

closet to the tunnel barrier, the bit resistance is changed as the SAF free layer is 

reversed. (a) Modified from Akerman et al. (2004) Magnetic tunnel junction based 

magnetoresistive random access memory in Magnetoelectronics (Johnson M ed.) p 

267. Elsevier, San Diego. 

 

In operation, the pulse sequence proceeds on to Figure 12(c), when the field induced 

by both current pulses is incident upon the selected bit. The scissored magnetization 

rotates about the applied field (now the sum of the two pulses), and then the first pulse 

is turned off, allowing the magnetization to further rotate along so that the magnetization 

is now scissored around the remaining field from the second pulse. After the removal of 

this pulse, the bit relaxes into its new stable state, reversed from the previous state. 

Another application of the same pulse sequence will rotate the bit with the same 



 

 

chirality, reversing the state again. This reversal symmetry requires a decision write 

whereby each bit must be pre-read to determine its state and then written if required. 

This reduces power consumption, as only about half of the time is a write sequence 

required, and requires only unipolar transistors, desirable for CMOS integration. An 

additional advantage of this innovative approach is that the balanced SAF layer which 

forms the basis for this toggle reversal is largely immune to interfering fields, as for 

fields below the flop field, the low magnetic moment results only in weak coupling of 

external fields into the magnetic state of the bit. Maintaining the precise moment 

balance between the two magnetic layers in the free layer again requires careful control 

of the deposition process to avoid moment imbalances that will interfere with the 

switching symmetry. 

Figure 13 shows the large operating window for a 4 Mb toggle MRAM. The yellow 

region is the 0% switching region, where the field is either too weak or in the incorrect 

direction for toggling. The purple region is the operating region above the transition to 

toggling for all the bits, where 100% of the bits are toggling properly. The transition 

between the two regions shows the switching field variation of the switching field for 

individual bits within the array. The dramatic improvement of the operating region over 

conventional MRAM is evident. 

 



 

 

 

Figure 13. Switching astroid for 4 Mb toggle MRAM array. A large operating region is 

present once the bit and digit line currents exceed the threshold values. The disturb 

mechanism has been eliminated. Subramanian CK, et al. (2004) Design aspects of a 4 

Mbit 0.18 μm ITIMTJ toggle MRAM memory, Integrated Circuit Design and Technology, 

IEEE. 

 

For MRAM to maintain its status as a competitive memory in future technology nodes, 

scalability of the essential parameters is crucial. The main factors influencing write 

scalability are the increased switching field required for small bit sizes, its generation, 

and thermal stability of the memory bits. As the bit width decreases, maintaining 

sufficient stability against thermal disturbances during the 10-year operation lifetime 

requires that the thickness of the ferromagnetic layers be increased and hence a 

switching field increase. However, as the feature size decreases, so do the bit and digit 

line widths and the interlayer dielectric separating them from the bit. The final result is 

that the field generated at the bit increases at the same rate as the required switching 

field, while sufficient thermal stability is generated for operation down to the 45 nm 

node. However, scaling past the 45 nm node is required to stay competitive and is one 

of the main reasons driving the switch to ST-MRAM 



 

 

4.18.3.6. Spin-Torque Magnetic Random Access Memory 

Spin transfer switching – discussed in the previous section – first observed in GMR 

structures,10 and later in MTJs,29,30 provides an alternative method for switching the bit, 

and thereby a unique approach that mitigates some of the scaling challenges in MRAM 

for 45 nm and below. In ST-MRAM, bit reversal requires only passing a current directly 

through the tunnel barrier, and thus the lower current line and via for contact to the 

underlying CMOS are no longer necessary (see Figure 14). Cladding of the bit and digit 

line for field amplification is not required. The currents required for switching are 

substantially reduced, and both the read and write current paths share the same 

transistor. The spin transfer effect becomes more important as the bit decreases in 

size,10 and can form the dominant interaction for a spin-polarized tunneling current at bit 

sizes of ∼100 nm and below, leading to a favorable scaling. The result of these 

attributes is a low-power, dense MRAM with substantial simplification in the bit cell and 

fabrication process.  The bit cell and fabrication process is shared between the in-plane 

and out-of-plane variants of ST-MRAM.  

 

 

Figure 14. ST-MRAM bit cell. The isolation transistor is turned on and a current is 

passed from the top line through the transistor to read or write the state of the bit. 

 

 

However, ST-MRAM is not without its challenges, one of which is reducing the currents 

required for switching the bits. Approximating the magnetization in the free layer as a 



 

 

single direction (the macrospin model) lying in the film plane, the critical current to 

initiate spin transfer switching in zero temperature and field (relevant for high-speed 

reversal) is given by22,31,32 
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where the spin torque efficiency is g, and free-layer parameters: α is the Gilbert 

damping, Ms is the saturation magnetization , V  is the volume of the free layer, 𝐻𝑘
∥ is the 

in plane anisotropy, and 𝐻𝑘
⊥ is the perpendicular anisotropy. For the case of a bit where 

the single direction free layer magnetization points out of the film plane the zero 

temperature and applied field critical current is given by  
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For typical material parameters, the resultant critical current density is ~1 to 5 × 106 A 

cm−2. Size scaling for in-plane ST-MRAM is difficult below 40 nm it is difficult to achieve 

the desired energy barrier with a combination of in-plane crystalline anisotropy plus 

shape anisotropy.  Since the demagnetization component of the in-plane critical current 

can be partially compensated with perpendicular anisotropy, there are some 

advantages to the in-plane geometry for larger (~ 100 nm) bit sizes.  However, current 

efforts in MRAM are focused on perpendicular ST-MRAM in a large part due to the clear 

scaling path6.  In addition to scaling, perpendicular ST-MRAM is also less sensitive to 

shape non-uniformities because it does not rely on shape anisotropy to set the 

switching characteristics.  This is particularly advantageous at smaller bit sizes. 

 

Forming a tunnel barrier with sufficient transparency such that the application of a 

reasonable bias voltage (<1 V) across the memory element induces sufficient current 

density for ST switching requires ultrathin tunneling barriers with very low resistance–

area (RA) products (𝑅𝐴 < ~20 Ωμ𝑚2).  As the size of the bits is reduced, this RA 



 

 

product must also be reduced and most high density ST-MRAM nodes have targets at 

or below 10 Ωμm2.6 The application of the write voltage across the bit may cause a 

tunnel barrier failure in weaker bits, and read and write share the same path creating a 

mechanism for read disturbs. A battle must be waged on three fronts. The separation of 

the means and the widths of the distributions of the read, write, and breakdown 

voltages, all, must be carefully controlled with 12σ separation between each distribution 

(Figure 15). 

 

 

Figure 15. Critical separations for ST-MRAM. Read distribution must be separated by 

12σ from write and write distribution must be separated by 12σ from the breakdown 

distribution for successful ST-MRAM product. 

 

The distribution of required write voltages stems from differences in the magnetic 

volume or shape of the memory element to be switched, from variances in the 

patterning process, as well as differing amounts of magnetic disorder. The distribution in 

the required read voltages to successfully determine the state of the bit comes primarily 

from resistance and MR variations between bits, as well as differences in the 

resistances of the pass transistors. The distribution of breakdown voltages arises from 

defects that may be present at the interfaces or within the tunnel barrier, tunneling hot 

spots, and size differences of the memory elements. Apart from the clear need to 



 

 

maximize the breakdown voltages and minimize the write voltages (or critical currents), 

it is necessary that each of the distributions must be controlled. Additionally, the 

necessity for a low read voltage and low RA barrier requires an MTJ with very high MR 

for enough read separation to cope with the low read signal and resistance distributions 

inherent in the small patterned bits. The discovery of MgO as a tunneling barrier 

provides not only higher MR for improved read signal and spin torque efficiency, but 

also lower barrier height, allowing a thicker, more pinhole-free barrier to be fabricated 

than that of, AlOx for a given RA. 

 

Equations 3 and 4 shows that there are a number of approaches to reduce the critical 

current. The second term in parenthesis draws attention to thin, low moment, low-

damping alloys with high polarization (for high-spin torque efficiency). However, there 

are a limited number of ferromagnetic materials that offer the simultaneous combination 

of some of these traits, the most widely utilized of which is CoFeB, especially when 

coupled with an MgO tunneling barrier. While CoFeB alloys can be made with low 

moment, the spin polarization tends to be reduced with the moment. Similarly, there are 

limits in how low the volume may be reduced before thermal stability problems begin to 

creep in. There are a number of alternative alloys e.g. the Heusler alloys33, with low 

disorder and hence low damping, but finding a combination with low Ms, high 

polarization, and high TMR when combined with a suitable tunnel barrier has proved 

elusive. 

 

The spin torque efficiency is closely related to the polarization of the tunnel current 

impinging upon or reflected back toward the free layer, with a maximum efficiency of 1 

for 100% polarization of incident electrons. Dramatic increases in polarization have 

been developed with the introduction of MgO tunnel barriers, but Ic reduction remains an 

important area of work.34,35 Additionally, while increasing MR is highly desirable for 

reading the bit state, the voltage bias applied across the tunnel barrier in the high 

resistance state will similarly be increased.  This could lead to great stress on the tunnel 

barrier in that state. 



 

 

 

In the macrospin model, spin torque reversal involves precessional motion of the 

magnetization with an out-of-plane component, due to the direction with which spin 

torque is applied. The final term in equation 3 contains the in-plane and out-of-plane 

anisotropies of the bit that must be overcome for reversal. For traditional thin films, the 

out-of-plane anisotropy, which comes from the demagnetization field, is much larger 

than the shape anisotropy and largely determines Ic. This enables a distinct approach 

for reduction: the introduction of either partial or complete perpendicular anisotropy in 

the free layer. This can be induced either through using multilayers of thin films to take 

advantage of the surface anisotropies e.g., Co/Ni and Co/Cu, 36,37 the use of ordered 

alloys,38 or the tuning of CoFeB thickness and seeding to take advantage of the strong 

surface anisotropy in CoFeB system.39-41 The induced anisotropy then subtracts from 

the Ms term as seen in equation 3. With a careful optimization, the magnetization may 

lie in-plane but the demagnetization contribution can be nearly removed. The difficulty in 

this approach is that two relatively large terms are subtracted to leave a small 

difference, which will likely exhibit a significant switching current distribution when the 

demagnetization contribution is reduced near zero. 

 

When the induced out-of-plane anisotropy is larger than Ms, as in Ref.42, the 

magnetization of the free layer lies entirely out-of-plane.  The critical current then 

follows that of equation 4. In this case, the shape anisotropy of the bit is then no longer 

important for preservation of the thermal stability and very small circular bits can be 

patterned. The lithographic challenges associated with defining a high aspect ratio bits 

at 100 nm size scales are then no longer relevant.  The finding of perpendicular 

CoFeB/MgO bits39,40 has led to a clear path for high density perpendicular based MRAM 

was established.   These results combined with better long term scaling prospects have 

lead the majority of industrial research efforts to focus on perpendicular ST-MRAM. 

 

 

 



 

 

4.18.3.7. Conclusion 

The unique combination of performance characteristics present in MRAM technology 

provide a high-speed nonvolatile memory with superior reliability characteristics, the 

ideal combination for numerous applications. Toggle MRAM is in volume production at 

Everspin, with parts currently available at up to 16 Mb-memory densities and numerous 

temperature ranges. A 64 Mb ST-MRAM is currently in production at Everspin and is 

commercially available as a buffer in Solid State Drives.43  The promise of extension 

into an ultradense, low-power regime with next generation ST-MRAM has placed it at 

the center of an active development effort. ST-MRAM is currently under development in 

a number of industrial research laboratories with demonstrations of many of the key 

requirements for ultradense applications having been made by Everspin, Global 

Foundries, IBM, Samsung, TDK, and Toshiba.44   
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