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A B S T R A C T

The development of advanced magnetic tunnel junctions with a footprint in the single-digit nanometer range
can be achieved using structures with an elongated and composite ferromagnetic free layer. Using the spin
drift-diffusion model, we investigated the back-hopping effect in ultra-scaled STT-MRAM devices. Unwanted
switching of the last layer of the structure has been identified as a possible cause of the back-hopping effect,
which leads to a writing error in the magnetization state of the free layer. To understand the switching of the
free layer, the torque acting on both parts of the composite free layer must be studied in detail. A reduction
in the size of MRAM components to increase the memory density may lead to back-hopping. Moreover, the
observed back-hopping effect can be exploited for the realization of multi-level cells. For this purpose, we
have carefully investigated the switching behavior of a device with several tunnel barrier interfaces and a few
nanometers in diameter, in particular the impact of changes in the material parameters.
1. Introduction

Spin-transfer torque magnetoresistive random access memory (STT-
MRAM) is one of the most promising candidates for nonvolatile mem-
ory technologies. In particular, STT-MRAM technology is attractive
for Computing-in-Memory concepts [1], embedded automotive sys-
tems [2], low-latency industrial applications [3], last-level cache for
microprocessors [4], and high-density MRAM arrays [5]. These di-
verse applications highlight the potential of STT-MRAM technology in
different fields and its versatility in meeting various requirements.

An STT-MRAM cell consists of several layers, including a CoFeB
reference layer (RL) and a free magnetic layer (FL) separated by an
MgO tunnel barrier (TB), which form a magnetic tunnel junction (MTJ).
To increase the perpendicular magnetic anisotropy, the FL, typically
composed of two CoFeB layers and a thin metal buffer, is interfaced
with a second MgO layer [6]. Elongating the FL and introducing
additional MgO layers allows to even further increase the perpendicular
anisotropy, while also reducing the cell diameter [7].

However, if the length of the FL falls below a certain threshold or at
higher current densities [8], we predict an undesired switching of the
FL section, which gives rise to the back-hopping effect. This effect leads
to a writing error in the magnetization state of the free layer, which
could be detrimental to the reliability of the memory. Nonetheless, this
effect can subsequently be exploited to realize multi-level cells (MLC)
by properly adjusting the polarization of the TB.
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∗ Corresponding author at: Christian Doppler Laboratory for Nonvolatile Magnetoresistive Memory and Logic, Gußhausstraße 27–29, Wien, A-1040, Austria.

E-mail address: bendra@iue.tuwien.ac.at (M. Bendra).

To further enhance memory density, a MLC based on more than
one MTJ is proposed [9]. However, the implementation of a MLC
requires careful tuning of the characteristics of each MTJ, leading to the
formation of multiple stable states [10]. Therefore, there is a need to
understand the magnetization dynamics of magnetic materials related
to the performance of MTJs in order to accurately design a MLC.

2. Micromagnetics model

We developed a modeling and simulation approach based on a fully
three-dimensional finite element method which accurately describes
the transport of charge and spin in nanometer-sized MTJs [11]. Our
approach includes all relevant physical phenomena responsible for the
proper functioning of ultra-scaled MRAM cells.

To extend the method to MTJs, we model the TB as a poor conduc-
tor with a local conductivity which depends on the relative orienta-
tion of the magnetization. We supplement the model with appropriate
boundary conditions for the spin current 𝐉𝐓𝐁𝐒 at the TB interfaces to
account for the dependence of the torque on the relative magnetization
orientation specific to MTJs [12]:

𝐉𝐓𝐁𝐂 = 𝐽0(𝑉 )(1 + 𝑃𝑅𝐿𝑃𝐹𝐿 ⋅ cos 𝜃) (1)
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Table 1
Simulation parameters.

Parameter Value

Gilbert damping, 𝛼 0.015
Gyromagnetic ratio, 𝛾 1.76 ⋅ 1011 rad

s T
Saturation magnetization, 𝑀𝑆 1.51 T
Exchange constant, A 1 ⋅ 10−11 J

m
Free layer length, 𝑡FL 𝑋 nm
Interface anisotropy, K𝑖 1.53mT
Uniaxial anisotropy constant, K K𝑖∕𝑡FL
Current spin polarization, 𝛽𝜎 0.7
Diffusion spin polarization, 𝛽𝐷 1.0
Electron diffusion coefficient, 𝐷𝑒 2 ⋅ 10−2 m2

s
Spin-flip length, 𝜆𝑠𝑓 10 nm
Exchange length, 𝜆𝐽 1 nm
Spin dephasing length, 𝜆𝜑 0.4 nm
Electrical resistance in the anti-parallel state, RAP 750 kΩ
Electrical resistance in the parallel state, RP 410 kΩ

𝐉𝐓𝐁𝐒 = −
𝜇𝐵
𝑒

𝐉𝐓𝐁𝐂 ⋅ 𝐧
1 + 𝑃𝑅𝐿𝑃𝐹𝐿𝐦𝐑𝐋 ⋅𝐦𝐅𝐋

⋅

⋅[𝑃𝑅𝐿𝐦𝐑𝐋 + 𝑃𝐹𝐿𝐦𝐅𝐋 + 1∕2(𝑃 𝜂
𝑅𝐿𝑃𝑅𝐿 − 𝑃 𝜂

𝐹𝐿𝑃𝐹𝐿)𝐦𝐑𝐋 ×𝐦𝐅𝐋]
(2)

Eq. (1), portrays the correlation of the charge current density at the
interface, denoted as 𝐉𝐓𝐁𝐂 , with the RL and FL polarization parameters
and the angle between their respective magnetization vectors. It rep-
resents the charge current density at the interface as being directly
proportional to a voltage-dependent portion of the current density
𝐽0(𝑉 ). This product is further influenced by the cosine of the angle
between the magnetizations of RL and FL and their respective in-plane
Slonczewski polarization parameters 𝑃𝑅𝐿 and 𝑃𝐹𝐿. The boundary con-
dition, denoted as Eq. (2), is essential for properly evaluating the spin
current and the spin accumulation in the RL and the FL, respectively.
𝐧 is the interface normal, 𝐦𝐑𝐋(𝐅𝐋) is the magnetization of the RL and
FL, 𝑃𝑅𝐿(𝐹𝐿) are in-plane Slonczewski polarization parameters, 𝑃 𝜂

𝑅𝐿 and
𝑃 𝜂
𝐹𝐿 are out-of-plane polarization parameters, 𝜇𝐵 is the Bohr magneton,

and 𝑒 is the elementary charge.
By using (2), we describe the spin and charge transport coupled

to the magnetization in arbitrary stacks of MTJs and metallic spin
valves with a unified drift-diffusion approach. This approach provides
a proper analysis of the sequential switching of a FL consisting of
two ferromagnetic pieces FL1 and FL2 separated by a tunnel junction.
Overall, our approach can provide an accurate and comprehensive
understanding of the transport of spin and charge in MTJs, which can
aid in the development of advanced MRAM technology.

Fig. 1. A simplified mesh representation of an ultra-scaled MRAM cell. This composite
structure consists of a CoFeB (5)|MgO (0.9)|CoFeB (5)|MgO (0.9)|CoFeB (5)|MgO (0.9)
MTJ connected to normal metal contacts (50), where the numbers in parentheses
indicate the length of each layer in nanometers. The diameter is 2.3 nm. A bias of
1.5V is applied across the structure. The color coding is as follows: purple for the RL,
blue for the FL, orange for the TB, and yellow for the non-magnetic contacts (NM).
The green framed section denotes the FL segments for FL1 and FL2, with the length 𝑡FL.
2

Fig. 2. Magnetization trajectories for the switching from (a) AP to P and (b) P to AP
for different combinations of FL lengths. The polarization of the TB is 0.6, 0.5, and
0.2, in order from left to right in Fig. 1.

3. Results

The following sections report the results of switching simulations
performed in the structure depicted in Fig. 1. The parameters employed
are presented in Table 1 [7,13].

In Fig. 2 the magnetization trajectories for the switching from anti-
parallel (AP) to parallel (P) and from P to AP of an ultra-scaled MRAM
with symmetric FL configurations are displayed. The applied bias is
1.5V or −1.5V depending on the magnetization switching direction,
P to AP, or AP to P. Fig. 2(a) reports, that the successful switching of
the FL from AP to P is always obtained. Fig. 2(b) shows that successful
switching from P to AP is only obtained for a larger length 𝑡FL of 5 nm.

The differences in the response times of the cells are due to the
different uniaxial anisotropies which depend on the length of the layer.
A shorter layer possesses a reduced energy barrier separating the two
magnetization configurations, so that the speed of the response is
improved in the case of the shorter layer.

In Fig. 3 we report switching realizations where we modeled the
polarization of the TBs, such that the TB in the middle of the FL is
the higher one. In Fig. 3(a), all structures switch successfully except
for a FL length of 2 nm. Here, the magnetization develops a single
oscillation before reaching a stable state. This oscillation is due to
the weak anisotropy, and the torques from FL2 acting on FL1 being
more substantial than from RL, leading to an initial back-and-forth
switching before reaching the final state. In the AP configuration,
the pre-established direction for the voltage flow is negative, which
corresponds to the traditional ‘positive’ direction in terms of electron
flow. Thus, the electrons move in the opposite direction to the defined
voltage flow. In this AP setup the RL exerts a torque on FL1, driving it
in the positive 𝑥-direction to align it parallel with the RL. At the same
time FL2 exerts a torque on FL1 in the same direction, establishing an
antiparallel orientation with respect to FL2. The cumulative effect of
these torques precipitates the initial switching of FL . As this happens,
1
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Fig. 3. Magnetization trajectories for the switching from (a) AP to P and (b) P to AP
for different combinations of FL lengths, were we applied the same methodology as in
Fig. 1, but with increasing polarization of TB in the middle of the FL. The polarization
of the TB is 0.5, 0.9, and 0.2, in order from left to right in Fig. 1. In addition, the
symmetrical structure with 3 nm thick FLs has the best prerequisites for a MLC.

the torque applied from FL1 towards FL2 promotes parallel alignment
of the two magnetization vectors, maintaining FL2 in its original state.
However, upon the switch of FL1’s magnetization, the torque imposed
on FL2 undergoes a sign change, compelling it to switch subsequently
too.

Fig. 3(b) illustrates the back-hopping effect. The structure with 3 nm
ength shows continuous transitions between the sequence of states as
ong as the bias is applied. The sequential switching procedure of the
omposite FL is as follows: During the switching from the P to AP
onfiguration, the process evolves in an opposite manner. The torque
rom FL2 acting on FL1 opposes that from the RL. On the other hand,
he torque from FL1 acting on FL2 supports magnetization inversion,
rompting FL2 to switch initially. After FL2’s switch, the torques from
oth FL2 and the RL act on FL1 in the same direction, finalizing the
witching process.

As the bias is maintained, the magnetization of FL2 reverses due to
he higher polarization in the middle TB and the back-hopping effect
f FL2 occurs. The torques from the RL favor the anti-parallel state and
hose from FL2 favor the parallel state. However, due to the higher
olarization in the middle TB, the torques from FL2 are stronger than
hose from the RL, so FL1 flips, and the whole FL returns to the initial
onfiguration. This process repeats as long as the bias is maintained.

A higher polarization refers to the degree to which the electrons
assing through the tunnel barrier are polarized in terms of their spin
rientation. A higher TB polarization means that a larger fraction of
lectrons are spin-polarized, which in turn results in a higher spin
urrent passing through the barrier. The spin current is responsible for
he transfer of angular momentum from the electrons to the magnetic
oment of the FL, resulting in a torque which causes the magnetization

o switch direction.
Therefore, when the TB polarization is higher, a stronger spin

urrent is generated, which causes a stronger torque to act on the FL
egments (FL1 and FL2) than on the RL and FL1, as shown in Fig. 4.
his means that when the middle TB polarization is the highest, the
3

ack-hopping of the FL segments occurs more easily.
Fig. 4. The torque computed with the spin-current boundary condition (2) for an MTJ
with semi-infinite ferromagnetic layers. The magnetization is along 𝑥 in the RL and
the FL1, and along z in the FL2. The three curves represent x-, y-, and z-components
of the computed spin torque, along an axis going through the center of the structure.
Brown vectors report the magnetization direction in both ferromagnetic layers. Dotted
lines represent the polarization of the TB used in Fig. 2 and the solid line with markers
represents the polarization used in Fig. 3.

In Fig. 5 we report switching realizations with different duration of
the applied bias. By adjusting the duration of the bias pulse, we can re-
alize a multi-level cell with four distinctly different states. These states
of the FL are illustrated by the blue arrows and they follow the same
switching procedure as mentioned earlier. By properly modulating the
duration of the pulse, all four states can be addressed. A distinction
between the two intermediate states can be recognized by the fact that
the first state FL1 parallel to the RL and anti-parallel to FL2 has a lower
resistance than the state with FL1 anti-parallel to the RL and FL2.

4. Conclusion

The coupled spin and charge drift-diffusion approach is supple-
mented with appropriate boundary conditions for the spin current 𝐉𝐒
at the TB interfaces to account for the dependence of the torque on
the relative magnetization orientation specific to MTJs. This boundary
condition is key to describe the spin current and the spin accumulations
in the RL and FL. This gives the opportunity to describe the spin and
charge transport coupled to the magnetization in arbitrary stacks of
MTJs. We demonstrated an appearance of the back-hopping effect in
ultra-scaled STT-MRAM devices with a composite free layer. By proper
analysis of the back-hopping effect, we demonstrated the potential of
employing this effect to engineer devices as a multi-bit cells with four
different states.
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Fig. 5. Resistance trajectories for a symmetric structure with 3 nm thick FLs, switching from P to AP for different duration of the applied bias. The solid blue line represents the
resistance of the cell during the switching process and the red dashed line the duration and amplitude of the bias pulse. The arrows along the trajectories represent the state of
FL1 and FL2.
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