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Abstract—“A STT-RAM cell encodes information in 

magnetization direction through a magnetic tunnel junction 

(MTJ). STT-RAM offers advantages over current memory 

technologies with its virtually unlimited endurance, low current 

draw, and small cell size. A barrier to the success of STT-RAM is 

the unpredictable resistance of the ferromagnetic layers in MTJs 

and the particular shape anisotropy of the ferromagnetic layers. 

Additionally, STT-RAM is prone to writing errors due to the 

relationship between an MTJ’s operating temperature and its 

thermal stability. However, realizing the potential of STT-RAM 

could lead to a new era of instant-ON technologies, as well as 

great improvements to battery live and computational speed of 

current devices. 

 
Index Terms—Spintronics, STT-RAM, MTJ 

I. INTRODUCTION 

S improvements to modern electronics approach 

fundamental limits, alternative types of CMOS devices 

are becoming  more commonly researched. This paper will 

discuss the current state of research into spin-transfer torque 

random access memory (STT-RAM), a type of spintronic 

device that shows promise as a scalable memory technology.  

The term spintronics is a portmanteau of spin-transport-

electronics. To explain, in contrast to electronic devices that 

use the charge of electrons to encode data, spintronic devices 

take advantage of the intrinsic angular momentum of an 

electron spin to encode data [1]. STT-RAM is a likely 

candidate to replace static RAM (SRAM) and dynamic RAM 

(DRAM) technologies due to its low current draw, high 

endurance and small size. In this context, endurance is defined 

by the number of read/write cycles a memory cell can go 

through before degradation begins to occur. 

This paper will review the current research and evaluate the 

prospects of STT-RAM for future consumer applications. 

Section 2 provides background on ferromagnetism and 

electron spins, in addition to general overviews of current 

memory technologies to place STT-RAM in context. Section 3 

discusses STT-RAM memory cell design and functionality, 

with a subsections regarding MRAM and MTJ cells. Section 4 

describes the advantages of STT-RAM over other 

contemporary memory technologies. Section 5 discusses 
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current challenges STT-RAM must overcome to achieve 

widespread usage and the current research around those 

challenges. 

II. BACKGROUND 

A. Theoretical Advantages of Spintronics 

Most modern electronics must rely on a quantity of charge 

to encode the logic state of a given bit. Because of this, current 

must flow in order to switch a transistor’s state, resulting in an 

unavoidable I
2
R power dissipation. In comparison, spin is a 

pseudovector, with fixed magnitude and variable direction. 

This is potentially useful, since a bit could be changed simply 

by flipping the spins of the electrons in the device using a 

magnetic field [1]. Since no electrons are moving, no current 

is flowing, so the energy dissipation can be significantly 

reduced. This opportunity for reduction in power dissipation is 

the main reason that spintronic devices can be up to 60% more 

energy efficient than DRAM devices [2]. Additionally, spin 

couples weakly with phonons and the split spin levels are not 

broadened by ~kbT. Because of this phonon coupling effect, 

electrons can maintain their spins in non-equilibrium 

conditions for sufficiently long times to enable spin-based 

non-volatile memory [1], [3]. 

B. Ferromagnetism 

Ferromagnetic materials have magnetoresistance (MR), the 

variance in resistance due to magnetization, based the shape of 

material domains. These materials also have a natural 

magnetic field in the absence of an applied field. The materials 

used to make the free and reference layers of an MTJ are each 

ferromagnetic, the most common being a cobalt alloy. These 

materials can maintain state through hysteresis, meaning a 

layer will maintain its magnetization direction for some time, 

even after the applied field is removed. This duration is 

dependent on the MR of the material and the strength of the 

applied magnetic field.  

C. Current Memory Technologies 

DRAM and SRAM are both used in current technologies as 

memory storage. A DRAM cell is comprised of a single 

MOSFET with a capacitor and must be refreshed constantly as 

the capacitor leaks and the DRAM cell “forgets” what state it 

is holding. However, since DRAM is a MOSFET with a 

capacitor, it has good memory per chip ratio. An SRAM cell is 

comprised of a form of flip-flop that holds each bit of 

memory. This memory cell requires 4-6 transistors, but does 

not need to be refreshed. Because of this, SRAM is much 

faster than DRAM but requires more chip space. Designers 
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currently have to balance the fast, stable memory that SRAM 

offers, versus the fast and less resilient, but smaller footprint 

of the DRAM. 

Flash memory is a non-volatile technology commonly seen 

in flash drives and solid-state drives. A basic flash memory 

cell is a storage transistor with a control gate and a floating 

gate, insulated from the rest of the transistor by an oxide layer. 

The bit logic of the memory cell is determined by changing 

the level of charge in the floating gate which subsequently 

changes the stored data yet requires low power. However, the 

endurance of flash memory is low, because the oxide layer 

degrades with high numbers of read/write cycles. 

III. STT-RAM DEVICE SPECIFICATIONS 

STT-RAM is the successor to MRAM technology, given the 

similarities the two technologies share surrounding the use of 

MTJs to encode data. However, the way information is stored 

in the MTJ is different enough to warrant an introduction to 

both MTJ and MRAM technologies to the reader. 

A. MTJ 

An MTJ consists of two thin ferromagnetic layers on either 

side of an oxide barrier that allows electron tunneling [4]. The 

tunneling frequency, and thus the resistance, of an MTJ 

depends on the relative magnetization of the upper and lower 

layers. The free layer of an MTJ can be directionally 

magnetized by an applied current while the reference layer is 

pinned in a constant magnetization direction by its coupling to 

a fixed magnetic directional plate. When the magnetization 

directions of these two layers are parallel, the MTJ has a low 

resistance. Fig. 2 shows the layers of a cobalt alloy MTJ. 

When the layers are magnetized in opposite directions, the 

MTJ has high resistance as shown in by Fig. 3.  

 

 
  
Fig. 2.  Representation of an MTJ, where the vertical arrow is in the direction 

of the write current. The antiferromagnet (AFM) serves as a fixed magnetic 
directional plane for the reference layer to be bound to. The MgO creates the 

oxide barrier between the reference and free layer. The direction of the 

reference layer is coupled to the AFM through the Ru inter layer. Adapted 
from [5]. 

 

 
Fig. 3.  High and low resistance states of a cobalt-alloy MTJ based on relative 

directions of magnetization in the upper and lower layers. By changing the 

directional magnetization of the free layer, binary 0 and 1 states can be 
encoded as the low and high resistance states of an MTJ. Adapted from [6]. 

 

B. Magnetic Random Access Memory 

MRAM was first developed in the 1980s to replace bulky 

radiation-hard memories [7] and was the first technology to 

use magnetic elements as storage. The core concept of MRAM 

is the use of magnetization direction to encode a binary value, 

while using MR for information readout [1]. MRAM cells are 

comprised of anisotropic magnetoresistive (AMR) layers 

separated by a nonmagnetic spacer. The upper AMR layer is a 

ferromagnetic layer in which magnetic polarity can be 

changed through polarized current, while the lower reference 

layer is a permanent magnetic material that serves as the stable 

magnetic orientation. The direction of magnetization in the 

AMR layers can be changed by magnetic hysteresis, and the 

MR of a single cell can be read as the angle between the 

direction of magnetization and the current flow in the AMR. 

The MR ratio is a metric used to determine the effectiveness 

of the AMR. With higher MR ratios, the resistance of 

ferromagnetic layer will have larger resistance changes based 

on the difference in angle of magnetization and current flow, 

resulting in clear read signals when probed. The NiFe and 

NiFeCo alloys had an MR ratio of about 2%, which required 

many cells to be wired in series to achieve reliable data 

readout [1].  

Additional research in MRAM cells uses the same concept 

of changing magnetic polarity of upper and lower addressable 

layers to develop Giant Magnetoresistance (GMR), Pseudo-

Spin Valves (PSV), and most recently, Magnetic Tunnel 

Junctions (MTJ) [8]. Each of these devices provides 

successive increases in the MR ratio, but are now all outdated. 

In lab environments, a crystalline MgO layer sandwiched 

between amorphous ferromagnetic layers has been found to 

increase the MR ratio by up to 230% at room temperature 

though consumer production MTJs have a MR ratio of ~40% 

[9]. 

 Current MRAM technology is centered on the use of MTJs. 

MRAM has the advantages associated with spin-based 

devices, including non-volatility, fast read/write speed 
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(<10ns), virtually unlimited programming endurance (>10
15

 

cycles) and zero standby power [3]. However, because of the 

way the MTJ is written within a MRAM, it requires many 

more connections than does the STT-RAM. Additionally, the 

required “write” current of an MRAM cell is inversely 

proportional to the size of the MTJ, meaning larger magnetic 

fields are required for writing to smaller cells. This is a 

significant roadblock in the development of MRAMs for 

mobile devices. Additionally, in order to write to a single 

MRAM cell, orthogonal current currents must be sent across 

the cell to create the required orthogonal magnetic field at the 

cross point. This results in many “half-selected” bits that are 

accidentally written [1]. 

C. STT-RAM Cell Structure 

STT-RAMs address the previously discussed problems 

associated with writing to traditional MRAM devices. Using a 

polarized current, STT-RAM only writes to the MTJ cells that 

need to be altered. A STT-RAM memory cell most commonly 

follows the one-transistor-one-MTJ model due to its 

simplicity. This model is visualized in Figure 3 [3].  

A MTJ can have a HI and LO state, which allows data 

encoding, as: 

 

if data is ‘0’: 𝑉𝐵𝐿,𝐿=𝐼𝑅∗(𝑅𝐿+𝑅𝑇𝑅)     [0] 

if data is ‘1’: 𝑉𝐵𝐿,𝐻=𝐼𝑅∗(𝑅𝐻+𝑅𝑇𝑅)     [1] 

 
 

 
Fig. 3.  The one-transistor-one-MTJ model (a), and schematic (b). Adapted 
from [3]. 

 

RH and RL are the HI and LO MTJ resistances caused by the 

state of the parallel ferromagnetic layers. IR is the read current. 

RTR is the resistance of the NMOS transistor. VBL,L and VBL,H 

are the voltages of the bit-line at LO and HI resistance states, 

respectively. To read an STT-RAM cell, the voltage across the 

MTJ is compared to a reference voltage that is defined such 

that: 

 

𝑀𝑎𝑥(𝑉𝐵𝐿,𝐿)< 𝑉𝑟𝑒𝑓<𝑀𝑖𝑛(𝑉𝐵𝐿,𝐻)          [3] 

D. Write current 

The STT-RAM uses a polarized current to write only to cells 

that need state changes instead of using an electric field. 

Smaller cell size requires less current to flip spins as there are 

fewer electrons. Thus the necessary write current is inversely 

proportional to the size of the MTJ, which significantly aides 

scaling. STT magnetization switching occurs due to a transfer 

of angular momentum between the spins within the local 

magnetic moment and electrons passing through the MTJ.   

When switching the magnetization directions of the 

Fig. 4. In AP to P switching (a), electrons flow from the pinned layer to the free layer and electrons spinning in the same 
direction as the magnetization of the pinned layer remain in the pinned. In P to AP switching (b), electrons flow from the 

free layer to the pinned layer and electrons with the same spin direction as the pinned layer remain, but those that have 

opposite spins are reflected at the oxide layer and injected into the free layer. Adapted from [4]. 
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ferromagnetic layers of an MTJ in a STT-RAM cell from 

parallel to anti-parallel (Fig 4 (a)), electrons flow from the 

pinned layer to the free layer.   Electrons spinning in the same 

direction as the magnetization of the pinned layer remain in 

the pinned layer and spin-polarizes the current. The spin-

polarized current exerts STT on the free layer, and when the 

amount of spin-polarized current exceeds a threshold value as 

defined in Appendix 1, the magnetization direction of the anti-

parallel layer switches. For parallel to anti-parallel switching 

(Fig 4 (b)), electrons flow from the free layer to the pinned 

layer. Electrons with the same spin as the pinned layer pass 

though, but electrons with opposite spins are reflected at the 

boundary of the oxide layer and injected into the free layer. 

The reflected electrons exert STT on the free layer and switch 

the layer’s magnetization direction when the current has 

passed the threshold [4].  

IV. ADVANTAGES OF STT-RAM DEVICES 

STT-RAM has the same advantages over current memory 

technology as MRAM, with the addition of lower write 

current and smaller cell size than MRAM. An MTJ in an 

MRAM device requires additional bypass lines, write-

word/read-word lines and other contacts in order to provide 

“write current” to the cells. This makes an MTJ cell in MRAM 

fairly bulky in comparison to STT-RAM devices, which use 

the three lines that an MTJ cell uses [10].  

Since STT-RAM only sends current to the cells that need to 

be written, writing current also scales proportionally with cell 

size. This means that STT-RAM cells could scale to less than 

20nm in the future, with ultimate size limits defined by 

thermal stability requirements discussed below. No current is 

required and only the spin of the electron is being changed, so 

spintronic devices have the potential for virtually unlimited 

endurance. Tests have shown that STT-RAM cells can 

undergo write/erase cycles greater than 10
15

—an upper limit 

has not yet been found. 

Because the STT-RAM is non-volatile; it may also replace 

flash memory in the future. Its structure is similar to those of 

current SRAM and DRAM memories, but it consumes much 

smaller chip area. STT-RAM could serve as an L2 cache 

replacement, allowing CPUs to have more memory at no cost 

to speed or power draw [11]. See Fig. 5 for a comparison of 

STT-RAM to contemporary memory technologies. 

Because STT-RAM requires very little voltage to “read” 

and “write”, using STT-RAM instead of DRAM in data center 

applications could reduce related power usage by up to 75%. 

Using STT-RAM in mobile technologies such as cell phones 

would greatly increase battery life and decrease standby 

power. This technology could enable a new era of instant-ON 

electronics, due to its nonvolatile and low power consumption 

capabilities [1]. As of August 1 2011, Samsung has purchased 

Grandis, a leading STT-RAM research company, for use in 

their future technologies [12]. STT-RAM will likely appear in 

future mobile applications due its potential ability to serve as a 

replacement to DRAM while decreasing both size and voltage 

requirements.  

V. CURRENT CHALLENGES 

A. Variability of MTJ resistance 

MTJ resistance is exponentially dependent on the thickness 

of the oxide layer between the two ferromagnetic layers. 

Fig. 5.  Comparison of STT-RAM to contemporary memory technologies, where F is a process independent metric that 

denotes the smallest feature size of a cell in a given process technology. Notice that STT-RAM is advantageous in every 

category displayed. Adapted from [1]. 
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Research [13] has shown that a difference in oxide layer 

thickness between 14Å  and 14.1Å results in an 8% increase 

of resistance. As a result, reliable STT-RAMs must account 

for wide variations in MTJ resistances. Additionally, because 

magnetoresistance depends on the anisotropy of the cell, even 

slight differences in the geometry of the cell will affect 

performance. This variability increases as the oxide layer thins 

due to MTJ cells scaling down, and is one of the key factors 

limiting STT-RAM adaptation. Patents have been issued for 

possible methods of manufacturing MTJs with predictable 

resistances [14], [15]. 

B. Thermal Stability 

The logic value of a STT-RAM cell corresponds to the 

magnetization direction of the electrons in the free layer of the 

MTJ. These electrons spins must be sufficiently stable to 

withstand thermal agitation-switching; the temperature must 

be low enough that the electrons in the free layer do not 

change spins. Additionally, thermal-induced MTJ switching 

variations occur purely randomly, and cannot be 

deterministically repeated. This is the major factor for errors 

in STT-RAM operation [16]. Possible solutions to this 

problem include raising the working temperature of the MTJ, 

and adding error correction circuits to the design. Current 

research is investigating how to create a statistical model for 

optimization of switching time and error rates of an STT-

RAM cell based on input MTJ and CMOS parameters in 

addition to geometry and material parameters [16]. 

Additionally since errors occur when the magnetization 

direction of the free layer is flipped, one can achieve a lower 

error rate through flip optimization of the STT-RAM device. 

This is motivated by the fact that switching a low resistance 

state in an MTJ “1” to a high resistance state “0” requires less 

switching current than switching from “0” to “1”. As a result, 

switching from “0” to “1” results in a higher write error rate. 

By favoring the write of “0s” over “1s”, there is a more 

reliable write rate [17]. 

C. Demagnetizing Fields 

Typically, films of the ferromagnetic materials used in other 

contexts naturally have their magnetizations oriented in the 

film plane to avoid surface magnetic poles. However, for 

MRAM and STT-RAM applications, it is desirable to force a 

magnetization that is perpendicular to the film plane because 

this allows the MTJ resistance to be decoupled from the 

anisotropic restrictions. Magnetizations perpendicular to the 

film plane creates a large demagnetizing field due to the 

surface magnetic poles. This demagnetizing field must be 

overcome before direction switching can occur and causes the 

STT-RAM “write” current to be higher than desirable. 

Current research has demonstrated that perpendicular MTJs 

(PMTJ) designs for STT-RAM have reduced the 

demagnetizing field (Figure 6). A PMTJ is a coupled bilayer 

with a thinner layer of high spin polarization factor, and a 

thicker layer with strong perpendicular magnetocrystalline 

anisotropy [18]. This creates an effective magnetic “field” 

resulting from the material’s crystalline structure that forces 

magnetization along a certain axis and cancels the 

demagnetizing field. Perpendicularly oriented magnetic 

domains within materials have been shown to behave 

independently of shape anisotropy, and can allow devices to 

be fabricated in circular disks, greatly simplifying the 

manufacturing process [19]. 

 

 
Fig. 6.  Perpendicular MTJ cell, the thinner ferromagnetic layer has a high 

spin polarization factor and the thicker layer has strong perpendicular 

magnetocrystalline anisotropy.  The two layers are interfaced through the 
tunnel barrier. [4]. 

VI. CONCLUSION 

STT-RAM is a promising type of non-volatile memory, and 

has potential applications in instant ON technology and data-

center power optimization. It has almost unlimited endurance 

in contrast to flash memory that can only be written a certain 

number of times before becoming unreliable. Additionally, as 

no charge moves in an STT-RAM cell, it takes very little 

power to “write” and “read” information. 

However, STT-RAM is currently not in production due to 

persistent challenges. Minute changes in the environment or in 

the production of a STT-RAM cell can cause large changes in 

the MTJ resistance as discussed. Additionally, as these cells 

are exceedingly small, they must be able to withstand ambient 

thermal disturbances, while allowing cells to accept “write” 

signals accurately. 

Ultimately, STT-RAM is extremely versatile as it can be 

treated as both SRAM and DRAM depending on the logic 

design. If the “write” current and production issues can be 

solved, it has the potential to introduce great changes in the 

present mobile industry and in other consumer electronics by 

enabling faster logic and longer battery life. 
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APPENDIX 

APPENDIX 1: MTJ SWITCHING THRESHOLD 

The Slonczewski equation for the switching current threshold 

𝐽𝑐𝑜 of a ferromagnetic material with a given anisotropy is 

defined by: 

 

𝐽𝑐𝑜≅
1

𝜂

2𝑎𝑒

ℏ
(𝑀𝑠𝑡)(2𝜋𝑀𝑒𝑓𝑓)            [4] 

 

Where the variables are defined by Table 1 below: 

 
TABLE I 
DEFINITION OF VARIABLES IN SLONCZEWSKI EQUATION 

Symbol Quantity 

Jco switching current threshold  
ƞ spin-torque efficiency 

α Gilbert damping parameter 

e electron charge 

ħ reduced Planck constant 

Ms saturation magnetization for free 

layer 
Hkperp characteristic field for out-of-

plane anisotropy from sources 

other than demagnetization 
Meff effective magnetization, defined 

by 4𝜋𝑀𝑒𝑓𝑓=4𝜋𝑀𝑠−𝐻𝑘𝑝𝑒𝑟𝑝 

Table 1. Definition of variables in Slonczewski equation for switching current 

threshold in both parallel and perpendicular STT-RAM devices. Adapted from 

[10]. 

 

Sophia R. Li is a Sophomore at Franklin W. Olin College of 

Engineering currently in the engineering program with a 

concentration in robotics.  

 
 

 


