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ARTICLE INFO ABSTRACT

Keywords: This paper focuses on Monte Carlo Simulations (MCS) to investigate the effects of variations in molecular ex-

MTJ change coupling strengths and nature between the magnetic molecules and ferromagnetic electrodes in cross-
:MM . junction-shaped magnetic tunnel junction (MTJ) based molecular spintronics devices (MTJMSD). To encom-
pintronics

pass a wide range of futuristic molecular spintronics devices, we systematically studied the effect of a magnetic
molecule analog coupling with two ferromagnetic electrodes. We studied three cases when molecules estab-
lished: (i) Ferromagnetic couplings with two ferromagnetic electrodes, (ii) Antiferromagnetic couplings with two
electrodes, and (iii) Ferromagnetic coupling with one electrode and antiferromagnetic coupling with another
electrode. We varied the strength and nature of exchange coupling to study the temporal and spatial propagation
of molecular coupling impact on two ferromagnetic electrodes. Our results showed that in the cases when mo-
lecular coupling strength was ~ 10% of the ferromagnetic electrode’s Curie temperature, then 16 molecular
analogs could influence the magnetic properties of 2,500 atoms above room temperature. This theoretical study
is directly in agreement with the experimental observation of ~ 10,000 Single Molecular Magnet (SMM)
channels controlling the magnetic and transport properties of microscopic cross-junction-shaped MTJ testbed

Ferromagnetism
Tunnel barrier
Exchange coupling

above room temperature.

1. Introduction

Molecular spintronics devices (MSDs) are a potential candidate for
futuristic advanced memory devices and computational technologies,
including quantum computation [1-3]. Utilizing the spin property of
electrons by placing molecular bridges between metal leads open a wide
range of opportunities to observe and discover novel phenomena and
device mechanisms. Molecules are also endowed with low spin scat-
tering advantages. Molecules can exhibit low hyperfine splitting and
Zeeman effects [4-7]. Molecular spintronics devices can consume
significantly less power and lead to the next generation of memory and
computational devices [8].

In previous studies, molecules were bonded to two conducting
electrodes by several methods [9,10]. These methods imposed chal-
lenges in including a wide range of metal electrodes, including ferro-
magnetic electrodes needed for MSDs fabrication. Researchers have
employed a break junction or nanogap junction approach to connect
ferromagnetic electrodes to the molecules [11]. Few studies have
focused on sandwiching molecules between ferromagnetic electrodes
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[12]. However, a defect-free monolayer formation for molecular device
realization is strongly dependent on metal substrate type. Several review
papers have extensively discussed the limitations of the conventional
molecular device fabrication approaches [13]. Magnetic tunnel
junction-based molecular spintronic devices (MTJMSDs) were designed
and tested to address significant MSD fabrication challenges [14].
MTJMSDs have a multilayer-shaped structure in which two layers of
ferromagnetic (FM) electrodes are separated by a ~ 2 nm thick insulator,
a.k.a tunneling barrier (Fig. 1a) [14,15]. Magnetic molecules are cova-
lently bonded to two FM electrodes across the tunneling barrier
(Fig. 1b). Depending on the nature of ferromagnetic material, the
functional anchoring group, tether molecules, and the core of the
molecule, one can observe a wide range of molecular coupling strengths
and nature. For instance, if a paramagnetic molecule is connected to a
ferromagnetic nickel layer via anchoring functional groups, such as
sulfur, oxygen, -NH, —CN, etc., MTJMSD will produce different types of
the molecule -FM coupling. On the other hand, if tether molecules are
alkane (insulator), alkene (semiconductor), alkyne (conducting), the
strength of molecule-FM electrode coupling is expected to be quite
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Fig. 1. MTJMSD 3D-architecture (a) before and (b) after magnetic molecules
treatment (c) magnetic molecule composition (d) bare MTJ’s MFM image (e)
MTJMSD MFM image after making molecular attachment (f) 3D MTJMSD Ising
model analogues to MTJMSD in panel (b). (g) 3D Ising model describing inter-
and intra-atomic Heisenberg exchange coupling energies between FM elec-
trodes and magnetic molecules.
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different [16]. We have experimentally observed unprecedented para-
magnetic molecule induced exchange coupling impacting the micro-
scopic ferromagnetic electrodes with the MTJMSD device approach
[15,17-20]. For example, Fig. 1d shows a MTJ testbed before hosting
paramagnetic molecular channels in the manner shown in Fig. 1b. After
establishing molecular spin channel, MTJ started exhibiting remarkably
different magnetic contrast in the Magnetic Force Microscopy study
(Fig. 1e). More details about the other supporting experiments and MFM
experiments are published elsewhere [15,17-20].

It is challenging to experimentally study all possible cases of
MTJMSDs that may arise when a magnetic molecule interacts with the
two FM electrodes. This paper utilizes Monte Carlo simulations (MCS)
[21,22] to investigate the effect of nature and strength of magnetic
coupling that a magnetic molecule may encounter while simultaneously
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bonded to two FM electrodes of a MTJ. We represented the magnetic
molecule coupling with two FM electrodes by Heisenberg exchange
parameters. By changing the exchange coupling parameters over a wide
range, we attempted to encompass a large variety of possible MSDs that
may be experimentally realized.

2. Methodology

Monte Carlo Simulation (MCS) was used to investigate the magnetic
properties of cross-junction-shaped MTJMSDs. Cross junction shape
MTJMSD possesses elongated FM electrodes enabling the outer-world
connection with the molecular junction site. MTJMSD model simu-
lated in this study was inspired by our prior continuous spin MCS study
explaining the experimental results on pillar shaped MTJMSD, i.e.,
without any elongated FM electrodes [15]. In prior work, we were un-
able to investigate the impact of large FM electrodes on the magnetic
molecule induced properties of MTJMSD. In previous research, organ-
ometallic molecular clusters (OMC) were attached to two FM electrodes
(Fig. 1(a—c)) and made antiferromagnetic coupling with one FM elec-
trode and ferromagnetic coupling with the other FM electrode [15,17].

The magnetic interaction between two FM electrodes is possible via
molecular channels. To avoid computational complications associated
with complex and transition metal-based molecules, we have repre-
sented molecule with a simple atomic shaped analog [15]; hereafter
referred to as molecule or molecular analog, in this manuscript. We
represented molecule-FM electrode coupling as the Heisenberg ex-
change coupling. For the practical temperature range, we kept thermal
energy (kT) to be 0.1. kT = 0.1 will be equivalent to 50-90°C, assuming
FM electrode Curie temperature in 500 to 900°C temperature range
[23]. The size of the MTJMSD Ising model in our MCS study is H x W x L
(=11 x 50 x 50), where H is the atomic height, W is the atomic width,
and L is the atomic length. The molecular plane is a 5 x 5 atomic square
with an empty interior inserted along the H dimension of the MTJ. The
molecular plane is located at the cross-junction of two five monolayers
thick and 50 atom long FM electrodes (Fig. 1f). To achieving the energy
equilibrium state, the system’s energy was minimized according to the
following equation:

?HSJ ¢))

i—lemol icR

Where S represents the spin of individual atoms of FM electrodes and
molecule in the form of a unit magnitude 3D vectors. Fig. 1g represents
the parameters associated with FM electrodes and FM-molecule in-
teractions. Ji, and Jg, are the Heisenberg exchange coupling strengths
for the left and right FM electrodes, respectively. J,,; and Jyr are the
Heisenberg exchange coupling strengths between the left FM electrode
and molecules and right FM electrodes and molecules, respectively
(Fig. 1g). To simulate a wide range of weak to strong ferromagnetic and
antiferromagnetic coupling possibilities between FM electrodes and
molecule, we varied the nature and strengths of J,;, and Jyg. Here, we
supposed that inter-FM electrode exchange coupling is zero, and thus
there is no leakage or conduction between ferromagnetic electrodes via
tunneling barrier. The topic of direct coupling between ferromagnetic
electrode is beyond the scope of the current paper because of two



M. Savadkoohi et al.

2500+
o a JmL=JmR=0 1600 ]B o PmL=-1JmR=1
1500 21200'
s
10004 800
-=-MTIMSD
500+ ——Left FM 400
. —+-Right FM
T ] & —-RightFM
0 50 100 150 200 0 50 100 150 200
Count(xMillion) Count(xMillion)
2500 - mL=-1JmR=-1 25001 g] JmL=1JmR=1
20001 2000-
1500 4 1500
s s
10004 1000
—=-MTIMSD —-MTIMSD
500 ——Left FM 500 —Left FM
0l —+Right FM 0 —+—Right FM
(') 5'0 1’00 ]‘50 2'00 0 SIO ]IOO 1I50 2|00

Count(xMillion) Count(xMillion)

Fig. 2. Magnetic moment (M) vs. simulation count of the MTJMSD, left
ferromagnet (left-FM), right ferromagnet (right-FM) for the cases of (a)
JmL=JmR=0, (b) JmL=-1, JmR=1, (¢) JmL=-1, JmR=-1, and
(d) JmL=JmR=1.

reasons: (a) this paper focuses on molecular coupling in the presence of
an ideal physical gap in the junction area providing insignificant inter-
action, (b) if tunnel junction is defective there exist many possibilities of
magnetic interaction via a physical gap (tunnel junction) and hence
extensive discussions are required to cover the direct coupling impact on
MTJMSD. The impact of direct interaction between two magnetic layers
on MTJMSD is a comprehensive research topic. We have recently pub-
lished preliminary Monte Carlo Simulations about the role of direct
exchange coupling elsewhere [22]. Also, we supposed that both FM
electrodes have initial parallel magnetization with respect to each other
during the entire simulation. Initial spin state of molecules and right FM
electrode and left FM electrode were fixed to be 1. During simulation,
spins could rotate in spherical coordinates randomly. Equilibrium en-
ergy state is determined through the Metropolis algorithm and Markov
process [15]. Each Monte Carlo simulation was run for 200 million it-
erations to achieve a stable low energy state. At the equilibrium state,
the spin vectors settle in any direction due to a continuous model used in
our MCS study. Sum of the magnetic moment of the left and right FM
electrodes and molecules give the total device magnetic moment. We
also investigated the spatial correlation between molecular spin and FM
electrodes. In addition, we measured the molecular coupling impact on
the spatial magnetic susceptibility.

3. Results and discussion

MTJMSD was found to settle in different current states with time
[17,19]. Temporal evolution of MTJMSD’s magnetic properties was
studied for a variety of couplings strengths and nature between mole-
cules and FM electrodes. We studied full range of JmL and JmR coupling
values between —1 to 1 with step 0.2. This produced 121 datasets which
contain variety of molecules-FM electrodes magnetic interactions. We
represented the temporal evolution phase or time in MCS as the
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Fig. 3. Simulated 3D Plots of MTJMSD for (a) JmL=JmR=0 and (b) JmL=1,
JmR=—1. Magnified version of molecular spin orientation for (c¢) JmL=JmR=0
and (d) JmL=1, JmR=—1.

simulation count. MTJMSD and FM electrodes’ magnetic moment were
recorded during the MCS period, typically 200 million counts. Based on
the Ising Model utilized in this study, left-FM and right- FM electrodes
can attain the maximum magnetic moment of 1250 magnitude. The
overall MTMSD magnetic moment can be nearly 2500. Fig. 2 represents
the time-dependent evolution of the magnetic moment of the overall
MTJMSD, left FM, and right FM electrodes. In the case of JmL = JmR =0,
MTJMSD’s magnetic moment settled arbitrarily (Fig. 2a). However, the
strong magnetic coupling between FM electrodes and molecules resulted
in significant variation in MTJMSD magnetization. For the case of
molecule induced strong antiferromagnetic coupling (JmL = —1 and
JmR = 1), two FM electrodes evolved to be antiparallel to each other. For
this case, the trend observed in Fig. 2b is consistent with the experi-
mental observation of various magnetic and transport characteristics
during the initial stage of MTJMSD formation [17,19]. For JmL = —1
and JmR = 1, it is remarkable that ~ 16 molecules are capable of forcing
two large FM electrodes to be in the antiparallel state in which left-FM
and right-FM electrodes cancel each other magnetic moment. In this
state, MTJMSD’s magnetic moment settled to close to zero and is
believed to be the basis of the observed current suppression phenome-
non [17]. We envision that based on molecule and FM electrode types,
there is a possibility where a molecule can form either antiferromagnetic
(JmL = —1 and JmR = —1) or ferromagnetic coupling (JmL = 1 and JmR
= 1) with the two FM electrodes. We have simulated the time evolution
of MTJMSD in other such possible scenarios. In the case of JmL = —1 and
JmR = —1, the molecule aligned antiparallel with respect to two FM
electrodes (Fig. 2¢). Similarly, for JmL = 1 and JmR = 1, the molecule
layer aligned parallel with respect to two electrodes (Fig. 2d). In both
cases, two FM electrodes were forced to be parallel, and hence MTJMSD
magnetic moment was governed by the addition of the moments of Left-
FM and Right-FM. Consequently, strong couplings between 1250 atom
FM electrodes through 16 magnetic molecules show the stable impact on
overall device magnetization.
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Fig. 4. Autocorrelation contour plots of MTIMSD for all layers of right and left FM electrodes and the magnetic molecule when (a) JmL=JmR=0, (b) JmL=—1,

JmR=1, (c) JmL=JmR= —1 and (d) JmL=JmR=1.

It is extremely interesting and important to investigate the molecular
coupling impact range around FM-molecule interfaces. To character-
izing the nature of FM-molecule couplings, the lattice plot showing the
spatial distribution of atoms’ spins orientation was drawn for the entire
MTJMSD (Fig. 3). Simulations were performed for a wide range of ex-
change coupling strengths and natures. Fig. 3 represents a 3D-lattice plot
of the MTJMSD in the direction of the stabilization. The color bar in
Fig. 3 varies between 1 to —1 to show the magnitude of molecules and
atoms’ spin that varies between —1 to 1. A molecule or atom can have a
color corresponding to —1 or 1 based on interaction with surrounding
entities. As seen in Fig. 3(a-b), when there is no exchange coupling
between FM electrodes and molecule (JmL = 0, JmR = 0), the molecule
takes various colors signifying random spin states (Fig. 3c). This causes
the molecule to have no control over the FM electrodes’ magnetic
properties. In our MCS study inter-atomic exchange coupling of both left
and right FM electrodes were kept equal (JL = JR = 1) which made
atoms of each FM electrode to align parallel to each other and resulting
in uniform color. In this case two FM electrodes were found to take
parallel spin alignment with each other in the equilibrium state attained
after 200 Million iterations.

It was hypothesized that increasing magnetic exchange coupling
strength between the FM electrodes and the molecule results in

correlated states and coherent molecular spin direction. Fig. 3(b) shows
an extreme case in which magnetic molecules made antiferromagnetic
coupling with the left FM electrode (JmL = —1) and ferromagnetic
coupling with the right FM electrode (JmR = 1). As seen in Fig. 3(b), FM
electrodes’ spin alignment strongly depends on the exchange couplings
with magnetic molecules. In other words, molecules force the FM elec-
trodes’ spins to take antiparallel orientation with respect to each other,
which leads to magnetic moments cancellation and overall device
magnetization close to zero. Interestingly, in a strong coupling regime,
the paramagnetic molecule also becomes highly coherent with respect to
each other and the FM electrodes (Fig. 3d).

Results discussed in Figs. 2b and 3 provide evidence that 16 mole-
cules forced the two FM electrodes into an antiparallel state. The anti-
parallel state of ferromagnetic electrodes was only observed when
molecules made ferromagnetic exchange coupling with one electrode
and antiferromagnetic coupling with another electrode. Fig. 2b shows
the time-dependent evolution of MTJMSD magnetic moment under the
influence of antiferromagnetic coupling produced by the 16 molecules.
The overall magnetic moment of the MTJMSD is the sum of the magnetic
moment of left ferromagnet, right ferromagnet, and 16 molecular ana-
logs. An ordered ferromagnet can have a maximum of 1250 magnetic
moment because of the 5x5x50 dimension of the Ising Model of each
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Fig. 5. Contour plot of (a) MTJMSD (b) Molecule (c) left FM electrode and (d) right FM electrode magnetic moment, as a function of FMEs-molecule Heisenberg

exchange coupling (JmL and JmR).

electrode. One can hypothesize that if 16 molecules are successful in
making two ferromagnetic electrodes antiparallel then the total
MTJMSD moment will be settling near 16 or extremely low value
because two ferromagnetic electrodes are going to cancel the magnetic
moment of each other. MCS simulation data in Fig. 2b directly shows
that molecule induced antiferromagnetic exchange coupling forced
MTJMSD to settle near 16 or very low magnetic moments that can only
occur when two ferromagnetic electrodes are forced by 16 molecules to
be antiparallel. Fig. 3b also provides supporting evidence that when 16
molecules are producing the antiferromagnetic coupling between two
electrodes the direction of the magnetic moment of the two ferromag-
netic electrodes was antiparallel. From these simulations, we learned
that only few molecules could influence MTJMSD magnetic properties
dramatically. We have also witnessed supporting phenomenon experi-
mentally [15,19] and also showed in the representative magnetic force
microscopy image in this paper (Fig. 1e). MFM image was captured on
MTJMSD where ~ 10,000 paramagnetic molecules induced antiferro-
magnetic coupling between microscopic ferromagnetic electrodes over
~ 100 pm range at room temperature. Conforming with the MCS result
in Fig. 3b, the MFM study showed that ~ 10,000 molecules could impact
MTJMSD’s overall magnetic moment and millions of atoms within
ferromagnetic electrodes [19]. This result suggests that MTJMSD can be
a platform to create highly correlated systems by combining molecular

magnetism with ferromagnets.

Simulated 3D Lattice plots shown in Fig. 3 were unable to present the
numerical value of the correlation between the molecule and the
different regions of FM-electrodes. We hypothesized that computing dot
product between molecular spin and the average of atomic spins in each
row (along the width) for each FM layer would represent the numerical
value of correlation. The equation for computing the correlation is
mentioned in Eq. (2).

c=(SuX +Su Y +5uT)-(Sru X + S Y + S 2) (2)

To complement the previous discussion, we have represented cor-
relation contour plots only for the extreme cases mentioned above. The
color bar in Fig. 4 varies between —1 to 1 because the correlation co-
efficient (c) varies between —1 to 1. Here, —1 demonstrates a strong
antiferromagnetic correlation while + 1 shows a strong ferromagnetic
correlation between average magnetic moment of molecules and the
magnetic moment of individual atoms of the two FM electrodes of the
MTJMSD’s Ising Model. Fig. 4a demonstrates correlation between
molecule and left and right FM electrodes when both Heisenberg cou-
plings are zero (JmL = JmR = 0). As was expected from previous results,
no correlation exists between FM atomic spin and molecular spin when
there is no molecular connection (Fig. 4a). The correlation factor is
nearly zero throughout each layer of the two FM electrodes (Fig. 4a).
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However, according to Fig. 4(b-d), a molecule induced strong correlated
ferromagnetic alignments when FM-molecule coupling was functional in
simulations. It is critical to note that the nature of molecular coupling
with FM electrodes defined spatial correlation state on each FM elec-
trodes. For the case of JmL = —1 and JmR = 1, molecular spin was
positively correlated with the right FM electrode and negatively corre-
lated with the left electrode. It is interesting to note that the correlation
factor (c) was relatively high around the molecule -FM junction on the
right FM electrode (Fig. 4b). Near the FM-molecule junction, there were
several regions where c was ~ 0.9. Away from the junction, ¢ was in the
0.7-0.8 range (Fig. 4b). For the JmL = JmR = —1 case, when molecular
coupling was antiferromagnetic with the left-FM and right-FM, electrode
correlation factors (c) was of opposite sign as compared to molecules
(Fig. 4c). The magnitude of ¢ was higher close to the molecule-FM
interface and started waning away from the junction area. Strongly
correlated regions appeared in randomly shaped regions (Fig. 4c). For
the JmL = JmR = 1 case, when molecular coupling was ferromagnetic in
nature with both FM electrodes, ¢ possessed the same sign for the
molecule and FM electrodes (Fig. 4d). The magnitude of ¢ was higher
close to the FM-molecule interfacial region and was slightly lower away
from the junction (Fig. 4d).

For gaining a detailed picture of MTJMSD magnetic behavior, con-
tour plots of MTJMSD’s magnetic moments were drawn for a wide range
of JmR and JmL values. In this paper, we have discussed 121 cases of
molecule-FM electrode couplings in Fig. 5. Also, we systematically
weaken the FM-molecule coupling strength to investigate the resultant
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MTJMSD properties in Fig. 6. Results discussed in Figs. 5 and 6 provide
the impact of molecular exchange couplings over a wide range in
addition to extreme cases discussed in Figs. 2-4. Overall device
magnetization is determined by adding molecule, left FM, and right
FM’s magnetic moments. The color bar in Fig. 5 corresponds to the range
of magnetic moment observed for MTJMSD (Fig. 5a), molecules
(Fig. 5b), left and right ferromagnet electrodes (Fig. 5c-d). Due to the
device configuration used in our MCS study, each electrode can gain up
to 1250 magnetic moment magnitude and molecules can attain up to 16
magnetic moment magnitude. Thus, total MTJMSD magnetization var-
ies between zero to 2516 magnitude. JmL and JmR were varied over —1
to 1 range to encompass all the possible combinations. It is noteworthy
that the Curie temperature of FM electrodes is one because of J;, = Jg =
1. Hence, |JmL|=|JmR|=1 signifies that the molecule induced exchange
coupling is comparable with the interatomic bonding. According to
Fig. 5(a), maximum MTJMSD magnetization intensity occurs when two
FM electrodes make ferromagnetic coupling through magnetic mole-
cules. Similarly, high MTJMSD magnitude was observed when the
molecule produced antiferromagnetic coupling with the two FM elec-
trodes. Interestingly, MTJMSD settled into a low magnetic moment state
in the event when the sign or nature of JmL and JmR were opposite to
each other. It appears that high to low magnetic moment transition was
possible when |JmL| and |JmR| was around 0.1. Thus, the transition
point is observed around 10% of Curie temperature. The contour plot of
molecules’ magnetic moment changed significantly as a function of
molecular coupling strength. Molecules’ magnetic moment was in gen-
eral high due to correlated state with two FM electrodes. With JmL and
JmR settling to zero, the molecular magnetic moment settled close to
zero (Fig. 5b). The magnetic moment of the two FM electrodes remained
between the 1000 to 1200 range for every molecular magnitude and
type (Fig. 5¢c—d).

To estimate the critical values of molecular coupling when an
MTJMSD transcends from high to low magnetization, we drew the two-
dimensional plot of the magnetic moment for various molecule-FM
electrodes’ exchange coupling. Keeping JmL = 1, the JmR was varied
over the 0 to —0.6 range (Fig. 6a). The first derivative of the curve
mentioned in (Fig. 6b) provided the critical JmR. Fig. 6b shows that
transition started to happen at around 20% of the Curie temperature.
Fig. 5c illustrates MTJMSD’s magnetic moment for JmL = 0 to 0.6, as a
function of different JmR values. According to the graph, when there is
no coupling with one of the electrodes (JmL = 0), no transition can be
expected. In other words, the lack of interaction between electrodes and
the molecule results in no correlation between FM electrodes. However,
the role of magnetic coupling via molecules can be observed in all other
cases (0.2 < JmR less than 0.6) shown in Fig. 6¢. As the results imply, the
transition point is consistently around 0.1 + 0.05. This result provides an
important insight that when molecule-induced antiferromagnetic
coupling is ~ 0.15 a large area of FM electrode can be impacted.

To investigate the switching attributes, we calculated the spatial
magnetic susceptibility in different sections of MTJMSD (Fig. 7). Mag-
netic susceptibility was calculated by considering the group of atoms
present along the width of FM electrodes. In the event when JmL = JmR
= 0, the molecule section exhibited nearly seven times more magnetic
susceptibility as compared to the FM electrodes (Fig. 7a). This situation
is possible when molecule-FM bonding is negligible. In such a case,
molecules can selectively respond to the magnetic field. For the case of
JmL = 1 and JmR = —1, the molecular region magnetic susceptibility is
similar to that of FM electrodes. In this case, molecule and FM electrodes
are expected to respond to the external magnetic field, and selective
switching of the magnetic moment of molecule and FM electrodes may
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be extremely challenging (Fig. 7b). Interestingly, for the situation
when JmL = JmR = —1, the magnetic susceptibility of the molecule is 2
to 10 times higher than that of FM electrodes (Fig. 7c). However, in this
situation, FM electrodes’ exhibit non-uniform distribution of magnetic
susceptibility. The non-uniform distribution is expected to be caused by
the molecule induced correlation shown in Fig. 4. Similarly, for the JmL
=JmR = 1, the magnetic susceptibility of the molecular region was 2-10
times higher than the FM electrodes. Also, FM electrodes possessed non-
uniform magnetic susceptibility distribution (Fig. 7d). We conclude that
to attain a switching phenomenon where the molecules’ magnetic
moment can be switched independently, molecular coupling either has
to be negligible or of the same sign (ferromagnetic or antiferromagnetic)
with two electrodes. These characteristics motivate us to study MTJMSD
behavior in the presence of a magnetic field in our future study.

4. Conclusion

Monte Carlo simulation was used to investigate the effect of variation
of coupling strengths and nature between the magnetic molecules and
ferromagnetic electrodes on magnetic tunnel junction (MTJ)-based
molecular spintronic devices (MTJMSD). When two electrodes have
similar and strong magnetization (both ferromagnetic or both antifer-
romagnetic), device magnetization is maximum, and its magnitude re-
mains between 2000 and 2500. Decreasing total device magnetization
can be a sign of molecule-induced strong antiferromagnetic coupling.
Under the impact of molecule-induced antiferromagnetic coupling ef-
fect, two FM electrodes tend to align antiparallel with respect to each
other. Our results showed that in the cases when molecular coupling
strength was more than ~ 20% of the ferromagnetic electrode’s Curie
temperature, 16 molecules could influence the magnetic properties of
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2,500 atoms above room temperature. This theoretical study is directly
in agreement with the experimental observation of ~ 10,000 molecular
coupling controlling the microscopic MTJ testbed’s physical properties.
This paper also showed that the molecule-induced coupling effect was
stronger near junction areas. Our magnetic susceptibility study sug-
gested that magnetic field-induced switching is highly likely for the
extremely weak molecular coupling strengths or when the sign of mo-
lecular coupling with two ferromagnetic electrodes is the same. In a
future study, we aim to study cross-junction shaped MTJMSD of large
dimensions by varying the thermal energy and magnetic field.
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