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ABSTRACT: A knowledge gap exists about the impact of variation in length and thickness of
ferromagnetic(FM) electrodes on molecular spintronics devices' ability to manifest molecular
coupling impact. Magnetic Tunnel Junction-Based Molecular Spintronic Devices (MTIMSDs) are
potential candidates for inventing highly correlated materials and devices and investigating the
fundamental science of organic spintronics. This paper reports our experimental observations
providing the dramatic impact of variation in ferromagnetic electrode length and thickness on
paramagnetic molecule-based MTJIMSD. Room temperature transport studies were performed to
investigate the effect of FM electrode thickness. On the other hand, magnetic force microscopy
measurements were conducted to understand the effect of FM electrode length extending beyond
the molecular junction area, i.e., the site where paramagnetic molecules bridged between two FM.
In the strong molecular coupling regime, transport study suggested thickness variation caused
~1000 to million-fold differences in junction conductivity. MFM study revealed near-zero
magnetic contrast for pillar-shaped MTIMSD without any extended FM electrode. However,
MFM images showed a multitude of microscopic magnetic phases on cross junction shaped
MTIMSD where FM electrodes extended beyond the junction area. To understand the intriguing
experimental results, we conducted an in-depth theoretical study using Monte Carlo Simulation
(MCS) approach. MCS study utilized a Heisenberg atomic model of cross junction shaped
MTIMSD to gain insights about room temperature transport and MFM experimental observations
of microscopic MTIMSD. To make this study applicable for a wide variety of MTIJMSDs, we
systematically studied the effect of variation in molecular coupling strength between magnetic
molecules and ferromagnetic (FM) electrodes of various dimensions. Our theoretical results
suggest 25 atoms thick FM electrode show very weak molecular coupling impact and of the same
order of experimentally studied FM electrode dimensions showing weak effect. Also, MCS results
agree with experimentally observed multiple magnetic phases on lengthy FM electrodes of an
MTIMSD.
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Introduction:

Electron spin-based molecular spintronics devices (MSDs) can be transformative for
computer hardware and produce virtually infinite possibilities for discovering novel materials with
intriguing phenomena [1-3]. Different techniques such as using a nanogap junction between
ferromagnet (FM) electrodes (Fig.la) and sandwiching molecules between ferromagnetic
electrodes (Fig. 1b) [4] [3]to attach molecules are some of the major approaches used for
fabricating MSDs [5]. These conventional MSD approaches successfully demonstrated the
feasibility of the MSD concept. However, these approaches suffered from difficulties such as the
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spintronics devices, magnetic tunnel junctions (MTJ) were used as a testbed (Fig. 1¢) for making
versatile and industrial fabrication friendly MSD (Fig. 1d) [7]. The development of MTJ based
MSD (MTJMSD) also adds tremendous advancement opportunities for the MTJ research field as
there are very limited FM electrode and insulator options[8-10]. Utilizing MTJ as a testbed for
MSD fabrication can address the limitations of both MSD [11-13] and MTJ fields[5].

MTIMSDs are made of two FM electrodes that are separated by a nanoscale (~2 nm) thick
insulator (Fig. 1c). In this approach, paramagnetic molecules are covalently attached to the
exposed edges of FM electrodes in a cross-junction-shaped MTJ (Fig. 1d-e). Connecting a vast
range of molecules to various FM electrodes can result in enormous MTIMSD possibilities, which
can be extremely challenging to test experimentally (Fig.le). We conducted numerous control
experiments, including reversing the effect of OMC and regaining tunnel junction current[ 14]. The
strong exchange interaction between molecule's spin and FM electrode was observed to produce
numerous intriguing experimental observations: current suppression[ 15], long-range ordering[16],
and the spin photovoltaic effect [17]. MTIMSD also exhibited unstable million percent
magnetoresistance [18], dramatically different from the typical few percent magnetoresistances
observed on untreated MTJ testbed [ 15]. However, prior work did not explore the influence of FM
electrode thickness and length on the futuristic MTJMSD properties. This paper provides
experimental insights into the effect of FM electrode thickness and length on transport and
magnetic ordering. To provide insights into the mechanism, we report Monte Carlo simulations on
the representative Heisenberg model representing the cross-junction shaped MTIMSD-utilized in
the experimental studies.

Experimental Details and Simulation Methodology:

The MTJ were patterned and deposited on silicon (Si) substrate with ~ 300 nm silicon
dioxide layer. The bottom electrode was photolithographically defined to be ~ 5 pum wide channel



(Fig. 1f). For producing a difference in magnetic hardness of the top and bottom electrodes, the
bottom electrode was deposited as a bilayer of ~ 5-7 nm cobalt (Co) and 3-5 nm NiFe. A ~ 5 nm
tantalum(Ta) seed layer was used for promoting adhesion between Co and the insulating substrate.
For making a cross-junction-shaped tunnel junction, photolithography was performed to yield ~ 5
pum width channel (Fig. 1g). In the photoresist cavity sequentially, a 2 nm thick alumina (AlOx)
(Fig. 1h) and a ~10 nm thick NiFe top electrode (Fig. 11) were deposited. It is noteworthy that the
second photolithography played two crucial roles. Utilization of the same photoresist cavity for all
further depositions ensured that the top electrode and aluminum oxide have the exact lateral
dimensions; this provision ensured that minimum physical separation between the top and bottom
electrode would be equal to insulating thickness. Additionally, the photoresist can be easily
removed during the liftoff process to provide clean edges for bringing molecules of interest in the
contact of two metal electrodes. The liftoff was accomplished to remove excess materials and
produce a cross-junction shaped Ta/Co/NiFe/AlOx/NiFe MTJ with exposed side edges (Fig. 1g).
Along the exposed side edges, organometallic molecular clusters (OMCs) (Fig. 1b) [19] were
bridged across the AlOx to complete the MTIMSD fabrication. In-depth details about OMCs
properties in an as-produced state are published elsewhere [19, 20]. To study the effect of
paramagnetic molecules on MTJ without any extended ferromagnetic electrode, we also produced
a pillar-shaped tunnel junction. Pillar-shaped Ta/Co/NiFe/AlOx/NiFe tunnel junctions were
produced via sequential deposition of all the layers in a single photoresist cavity.

As the last fabrication step, the paramagnetic molecules were covalently bonded between
the two ferromagnet electrode on completed cross-junction and pillar-shaped MTJ to produce
MTIMSD. For this study, we utilized OMCs. The process details of connecting OMCs to metal
electrodes were published elsewhere[16, 17]. We utilized an electrochemical process for molecular
self-assembly that is known to produce good metal-thiol bonding in few minutes [21, 22]. An
OMC possessed cyanide-bridged octametallic molecular cluster, [(pzTp)Fe(CN)3]4[Ni'(L)]s-
[O3SCF3]s [(pzTp) = tetra(pyrazol-1-yl)borate; L = 1-S(acetyl)tris(pyrazolyl)decane] chemical
structure [19]. The internal exchange coupling between metallic ions in the OMCs exhibited S=6
spin state in the bulk powder form at <10 K [19]. It is extremely challenging to determine the
actual OMC spin state when covalently bonded between two ferromagnetic electrodes in an
MTIMSD. However, room temperature observations of spin-photovoltaic effect, current
suppression, and other phenomena assert that OMC could maintain a net magnetic spin state at
room temperature. We have investigated the transport and magnetic properties of MTIMSD, and
experimental details are published elsewhere [15-18].

Our MTIMSD fabrication process produced strong bonding between the spin state of the
molecule and the NiFe FM electrode. NiFe electrode possesses thermodynamically stable
unoxidized Ni that is available to covalently bond with the help of thiol functional groups present
at end alkane tethers of OMC. Alkane tether is endowed with low hyperfine splitting and spin
scattering [23-25]to enable strong coupling between FM electrode and spin state of OMC. The
conceptual figure defined OMC exchange coupling with top and bottom electrodes with Jnz and
Jmr exchange parameters (Fig.le).

MCS Methodology:



To investigate the atomic-scale mechanism of the effect of FM electrode dimensions, we
conducted Monte Caro Simulation (MCS). MCS theoretical investigation of MTIMSD considered
several variables such as molecular coupling to individual FM electrodes, thermal energy,
molecular spin state, the impact of competing coupling via tunnel barrier and molecules, etc. It is
noteworthy that conventional DFT approaches are limited to zero temperature and the specific
configuration of molecular channels and ferromagnetic electrodes [26-30]. DFT studies are also
challenging for large device sizes and often require various approximations, and are performed
with a single FM electrode only [26-30]. To tackle this problem of understanding experimental
MTIMSD attributes arising due to variation in FM electrode width and thickness, we conducted
extensive MCSs. For MCS, we have utilized the Heisenberg model of MTIMSD. In the Heisenberg
model, two 3D FM electrodes were placed at 90 degrees. Paramagnetic molecules' placement
around the tunnel junction perimeter [15, 17, 31] was represented by a 5x5 dimension hollow
molecular rectangle was placed between the FM electrodes (Fig.1c). Dimension of FM electrode
was changed based on the number of atoms along the length, and thickness dimensions and width
were fixed to be five atoms. Typically FM electrodes had 50 atom length, five atom thickness, and
five atom width. For investigating the effect of length, the length of FM two electrodes was varied
in the step of 50 while keeping thickness and width at 5. For exploring the effect of thickness, the
thickness of two FM electrodes was varied in the step of 5 while maintaining length fixed at 50
and width at five atomic units.

To achieve the equilibrium energy state, we used the continuous Metropolis algorithm and
Markov process to minimize the energy of the Heisenberg model in eq.(1) [32].
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Here, J. and Jr are inter-atomic exchange couplings in the left and right electrodes, respectively.
Si is the 3D spin vector of atoms in FM electrodes and molecules. Molecule internal exchange
coupling factors (Jomc) and anisotropy(Domc) was fixed to result in the paramagnetic state with
fixed spin. We varied the exchange coupling strengths and nature between the paramagnetic
molecule and left FM electrode (Jn.) and right FM electrode (Jmr). Figure 1e provides a physical
representation of Juz and Jur in MTIMSD. For this study, thermal energy (k7) was set to 0.1 to
encompass near room temperature characteristics of FM electrodes. For ensuring that each MCS
reached an equilibrium state, ~200 M to 2 Billion iterations were performed. We studied the spatial
and temporal evolution of MTIMSD's magnetic moment (M) and FM electrodes as a function of
length, thickness, and molecular coupling Ju. and Jur. More details about the MCS are published
elsewhere[33].

Results and Discussion:

A. Experimental Results:

We conducted a transport study to investigate the effect of ferromagnetic electrode thickness.
For this study, MTIMSD were fabricated with ~10 nm thick Co/(5 nm)/NiFe(5 nm) and ~20 nm
thick Co/(15 nm)/NiFe(5 nm) bottom electrodes. A bare MTJ produced with a 10 nm thick bottom
electrode exhibited a clear tunneling current. Bridging of ~10,000 OMC produced a strong impact
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on the magnetic ordering of the ferromagnetic electrodes at room temperature. The highest current
level seen on the MTJ with OMC was ~4 pA for ~100 mV (Fig. 2a). Interestingly, MTIMSD with
10 nm bottom electrode settled in a suppressed current state in the nA range at room temperature
(Fig. 2b). This MTIMSD further stabilized into pA level suppressed current state at room
temperature (Fig. 2¢). Generally, nA to pA order suppressed current state remained stable at room
temperature for the lifetime of the sample and was observed for over >24 months. The bare MTJ
and OMC molecule-induced data is symmetric in Fig. 2a. It is presumably due to a similar density
of states profile near the Fermi energy of two ferromagnetic electrodes [8]. The transport data due
to OMC channels in Fig. 2a was captured soon after forming the molecular bridges when MTIMSD
was still in the early stage. In the initial state MTIMSD's are still in the early stage of magnetic
moment settlement leading to typically symmetric I-V. We observed that molecule-induced long-
range impact on magnetic electrodes requires a few hours [15]. On the other hand, as OMC-
induced long-range ordering progressed and stabilized into a spin-polarized state [15], two
magnetic electrodes started attaining dramatically different magnetic ordering and phases. MFM
data discussed in Figure 3 in this paper provide vivid observations of OMC impact on FM
electrodes. The asymmetric I-V in Fig. 2b and Fig. 2c corresponds to the difference in
ferromagnetic electrode properties arising due to OMC-induced spin filtering and higher spin
polarization[16]. Extensive discussion about the correlation of different current states and OMC
molecule-induced magnetic phases are also discussed elsewhere [15, 16]. This 10 nm thick bottom
electrode-based MTJMSD also exhibited many intriguing phenomena, such as the spin-
photovoltaic effect[15-18]. Multiple magnetic studies suggested the OMC dramatically impacted
ferromagnetic electrodes.
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Figure 2: MTIMSD with 10 nm bottom electrode showing (a) tunneling transport on bare MTJ and
the highest current value observed, (b) asymmetric nA range suppressed state, (c) pA level
suppressed current state. MTIMSD with ~20 nm thick bottom FM electrode showing (d) tunneling
transport on bare MTJ and the highest current value observed, (¢) nA range suppressed state, and (f)
instability leading to high and low current state.



According to prior work, covalently bonded OMC channels resulted in spin filtering effect [34,
35], leading to antiferromagnetically aligned ~100% spin-polarized electrodes on MTIMSDs [18].
In this OMC-induced magnetic electrodes state and antiparallel alignment [32], transport is
blocked via molecules and tunnel barrier both [18], and suppressed current appears (Fig. 2c). In
the resistor-like high current state, MTJIMSD transport is dominated by OMC channels serving the
roles of an electrical short circuit along the side edges (Fig. 2a). We are unable to provide a precise
description of the electrodes’ magnetic state because MTIMSD’s high current state is short-lived
due to time-dependent equilibration; MTIMSD's high current transcended to a low current state
[16]. OMC molecules really dominate over tunnel barrier can also be observed from the prior
studies where paramagnetic tantalum [14] metal electrodes were employed. OMC connected to
tantalum metal electrodes in the same cross-junction-shaped device geometry as discussed here
produced a stable current increase above the leakage current level that was observed on bare tunnel
junction. Simmons tunneling model [36] was applied on transport data before and after OMC
channel formation[14]. Simmons's model [36] suggested that barrier thickness reduced from ~2.4
nm (AlOx insulator thickness) to 10 carbon alkane tether length connected to OMC core [20]. In
this case, the charge moves from the electrode to the OMC core via one alkane tether and leaves
on to another electrode via the second tether- this arrangement is equivalent to a double barrier
tunnel junction[14]. We believe that in a high current state, the net transport in the present device
geometry is due to both OMC channels and tunnel barrier's contribution. However, OMC channel
contribution is much more than tunnel barrier (Fig. 2a). We also conducted control experiments
where the molecular channel role was reversed by breaking the OMC -metal electrode bonds[14].
We do not claim to be aware of all the aspects of transport and actively designing experiments by
employing different types of molecules [31] as transport channels under our ongoing and future
studies.

Interestingly, for ~20 nm thick bottom electrode, we observed OMC effect was significantly
different. OMC produced a high current state on MTJ in the initial state (Fig. 2d) and was similar
to that of MTJ with a 10 nm thick bottom electrode (Fig. 2a). OMC was able to produce a modest
metastable current suppression. We observed rather symmetric ~10 nA level current suppression
at ~100 mV (Fig. 2e). However, a pA level suppressed state could not be observed. Many times
repeating [-V studies caused a sudden change in transport (Fig. 2f). In summary, MTIMSD with
thicker electrodes showed unstable suppressed current states at room temperature. It is intriguing
how doubling the thickness yielded an unstable I-V response as compared to the 10 nm FM
electrodes case discussed in Fig. 2b-c. Our prior work showed that FM/OMC coupling is based on
extremely strong Ni-S covalent bonds [37]. Such Ni-S covalent bonds are air-stable even at high
temperatures [37]. However, strong OMC-induced strong exchange coupling struggled to produce
a stable impact on 20 nm thick FM electrodes and prompted us to conduct theoretical simulation
for atomistic understanding. As discussed elsewhere, Monte Carlo Simulation showed that
increasing thickness reduced the magnetic molecule impact on the full thickness of the FM
electrode. Molecule strong exchange coupling impact was strong in the vicinity of the molecular
junction and decreased rapidly with increasing thickness. Some portions of thick FM electrodes,
away from the molecular junction area, assumed incoherent and somewhat random magnetic states
that presumably caused unstable I-V response (Fig. 2f).

We also studied the effect of the length of ferromagnetic electrodes. For this study, we
conducted a magnetic force microscopy (MFM) study. The experimental details are published
elsewhere[ 16]. For this study, the top and bottom electrodes were ~10 nm thick. MFM study of
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the junction area, we produced
pillar-shaped MTJs. An array of
several thousand MTJ was produced (Fig. 3d). Each of the MTJ pillars was transformed in the
molecular device by bridging the OMC channels along the junction perimeter (Fig. 3e). AFM
thickness measurement was conducted to check the structural integrity of MTIMSD pillars (Fig.
3f). We found that OMC did not impact pillars structurally, and the presence of the MTJ array
could be noticed from the topography (Fig. 3g). Interestingly, the MFM of the MTIMSD pillar did
not produce any measurable contrast (Fig. 3h). Circled areas 1 and 2 in the MFM image point to
the location of MTIJMSD with negligible phase contrast. Circled area 3 indicates an MTJ that could
not be transformed in MTIMSD and exhibited a high magnetic difference (Fig.4h). It appears that
OMC impact significantly differed for MTIMSD with extended electrodes (Fig. 3a-c) versus
pillar-shaped MTlJs (Fig. 4h).

The effect of thickness variation was significant on MTJMSD transport properties. As
discussed in our prior publication[15], OMC channels covalently connected to ~ 10 nm thick
ferromagnetic electrodes produced stable current suppression. In the early settlement state, a
transient magnetoresistance was observed on MTIMSD; MTIMSD’s unstable MR was estimated
to be several thousand percent. Interestingly, bare MTJ exhibited ~17% MR MTJ [15], which is
consistent with the typical order of MR observed on AlOx based MTJ [9]. Hence, OMC made a



significant impact and transformed MTJ’s properties. In the stable current suppression state,
MTJMSD did not exhibit a magnetoresistance phenomenon. It is presumably due to the fact that
OMC induced strong antiferromagnetic coupling between two FM electrodes of ~ 10 nm thickness.
The OMC-induced coupling was too strong to overcome by the highest magnetic field we applied
[32]. It is noteworthy that MR is only seen when one can align two FM electrodes parallel and
antiparallel with respect to each other [38]. We could not overcome molecule-induced exchange
coupling up to a 3T magnetic field (please see SQUID magnetization curve in reference [32] ). For
the 20 nm thick bottom electrode, MTIMSD was always in an unstable state. In this state, no stable
transport characteristics or magnetoresistance were observed. The reason for unstable 20 nm thick
MTJMSD is explained via the MCS data elsewhere in this paper. Also, the spin photovoltaic effect
was observed on a 10 nm thick bottom electrode[17]. Extensive details about the spin photovoltaic
effect have been discussed in a recent publication [17]. The 20 nm thick ferromagnetic electrode-
based MTIMSD did not show any spin photovoltaic effect. Due to resource limitations, we were
unable to systematically change the length of FM electrodes in our experiments to investigate the
impact of length on MTIMSD’s MR and spin photovoltaic effect. As shown in Fig. 3a vs. Fig.3h,
OMC could always impact ~10 nm thick FM electrodes near molecular junctions irrespective of
length. The impacted FM electrode resulted in a spin photovoltaic effect. Future studies are in
order where different molecular junction areas and lengths are to be investigated.

Our prior MCS study provided mechanistic understanding showing that the magnetic moment
of the two FM electrodes aligned antiparallel to each other [32]. Our experimental SQUID
magnetometry and ferromagnetic resonance corroborated with the MCS results[32]. There was a
knowledge gap about the effect of FM electrode length and thickness for the cross-junction shaped
MTIMSD when the molecule produced strong antiferromagnetic coupling. The case of molecule-
induced strong antiferromagnetic coupling is especially important because of its direct relation
with current suppression reported in Figure 3. To investigate molecule-induced strong
antiferromagnetic exchange coupling impact in the MCS study, we fixed Jwz and Jmr to
ferromagnetic(+ sign) and antiferromagnetic(- sign), respectively.

B. MCS Size Effect on MTJMSD's magnetic properties
To understand the length and thickness effect mechanism, we conducted an MCS study by
varying the FM electrode length and thickness, while 16 molecular analogs were used in all studies.
If two electrodes aligned perfectly antiparallel due to strong antiferromagnetic coupling, an
MTIMSD will show near-16 magnetic moment. On the other hand, if multiple magnetic phases
evolve within FM electrodes and around the junction due to increased length or thickness, the
overall magnetic moment will vary between the lowest and highest magnetic moment. To
investigate the effect of device size on MTIMSD evolution to the equilibrium state, we ran MCS
simulation in 200 Million <iterations<2 Billion range. To compare the MTIMSD evolution at
the same time scale, we compared data for 2 billion iterations. To investigate the strong molecule-
induced coupling effect, we fixed ferromagnetic coupling between molecules with one FM
electrode (Jmz=1) and antiferromagnetic coupling with another FM electrode (Jmr= -1). This
selection of Jmz and Jmr was inspired by our previous experimental work providing evidence of

strong molecule induced strong antiferromagnetic coupling[32].

To analyze the effect of increasing length and thickness of the FM electrodes at the atomic
level, we plotted spin vectors along the stable direction for the complete Heisenberg model (Fig.
4-5). Figures 4 and 5 show 3D-lattice plots of different MTIMSD sizes in the direction where
stabilization happened. The MTIMSD magnetic moment at each atomic site varies between -1 to
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1, as shown in the color bar. As the results imply, up to ~50 atom long FM electrode, molecules
can induce strong antiferromagnetic coupling between FM-electrodes for Ju.= 1 and Jur= -1 (Fig.
4a). Molecular coupling impact appears to persist for MTIMSD with 100 atom long FM electrodes
(Fig. 4a). Further increase in MTIMSD length resulted in multiple magnetic phases on the FM
electrodes (Fig.5c-d), as represented by the color stripe formation and more metastates within FM
electrodes. MTIMSD with 150 atom long FM electrode exhibited both electrodes with multiple
magnetic phases (Fig. 4c). The MTIMSD with 200 atoms long FM electrode showed multiple
regions (Fig. 4d). It is apparent that molecules have reinforced a variety of magnetic phases near
and far sections of FM electrodes. In this case, the net MTIMSD magnetic moment at the end of
the simulation is expected to be significantly higher for the more extended FM electrode than the
case when two FM electrodes are well aligned in the opposite direction (Fig. 4a). This result is
consistent with what was observed earlier in temporal evolution plots. MTIMSD with length >100
does not reach ~zero magnetic moment. In other words, molecules act strongly around the cross-
junction area and lose their grip over the extended portions of the electrodes.

Figure 5 shows the spatial orientation of magnetic moment with increasing device
thickness. Interestingly, the impact of strong antiferromagnetic coupling is observable in all cases
(Fig. 5). Two five atom thick FM electrodes were antiparallel with respect to each throughout the
length (50 atoms), width(5 atoms), and thickness (Fig. 5a). However, as thickness increased
presence of phases with incoherent spins increased. For example, the green color phase
representing 0 to -0.25 spin was present in the ordered red color phase with -1 to -0.75 spin phases
for the ten atom thick FM electrodes ( Fig. 5a). The magnetic phases for 15 atoms thick FM
electrode also showed incoherent spin phases (Fig. 5b). However, it is inconclusive if there were
a significant difference with respect to the ten atoms thick FM electrode. For the 20 atoms, the
thick FM electrodes area of incoherent phases increased remarkably (Fig. 5¢). The MTIMSD with
25 atom thick FM electrodes exhibited dominance of incoherent phases (Fig. 5d). The 25 atom



thick FM electrodes also showed that incoherent phases, low spin phases, were dominant away
from the junction (Fig. 5d).

Molecule-induced antiferromagnetic coupling effect on FM electrodes with different
dimensions varied significantly. We quantify the impact of the molecular exchange coupling effect
with the thickness and length of the FM electrode. For quantification, we shrunk the width
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Figure 4: 3D Lattice plot of MTIMSD’ s Magnetic Moment
when JmL=1 and JmR= -1 for increased length devices (a)
5%50%5, (b) 5*100*5 (c) 5*150*5 (d) 5*200*5

Figure 5: 3D Lattice plot of MTIMSD’ s Magnetic Moment
when JmL=1 and JmR= -1 for increased thickness devices (a)
10*50*5, (b) 15*50*5 (c) 20*50%*5 (d) 25*50%*5

dimension by taking an average of the FM atom's magnetic moment. We formulated a spatial
correlation factor C to quantify the relationship between the spin direction of MTIMSD's
paramagnetic molecules and FM electrodes. This factor C was calculated by computing the dot
product between the average local spin of the FM electrode and the average spin of paramagnetic
molecules (Eq. 2).

C= (SpX+ Suy+ SmZ). (SemX + Spmy + SpuZ) (2)

Figure 6 demonstrates a magnetic correlation between two FM electrodes and paramagnetic
molecules in three device sizes. Here we have only focused on the MTIMSD with FM electrodes
with 50 atom length and 5 atom thickness, 200 atom length and 5 atom thickness, 50 atom length, and 25
atom thickness (Fig. 6). In all the cases in Figure 6, the width of FM electrode was fixed to be 5 atoms. As
the results imply, the antiferromagnetic coupling has been induced between FM electrodes in all
device sizes despite increasing length and thickness. The C correlation value varies between -1 to
1, where -1 shows a strong antiparallel correlation and 1 represents a parallel correlation between
FM and molecule. For the MTIMSD with FM electrodes of 50 atom length and 5 atom thickness, the
spatial range of molecule impact was throughout the length and thickness (Fig. 6a). However, for
the MTJMSD with 200 atom length and 5 atom thickness, an FM electrode exhibited multiple
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correlated phases (Fig. 6b). Phases near molecular junctions were more correlated than those
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Figure 6: Correlation factor contour plots of MTIMSD for all layers of left and right FM electrodes and
the magnetic molecule when J,.;= 1, Ju.r= -1, for device with FM electrodes of (a) 50 atom length and
5 atom thickness, (b) 200 atom length and 5 atom thickness (c) 50 atom length and 25 atom thickness.

Width of FM electrode was 5 atom.

present toward the end. However, multiple disjointed yet equally correlated phases were observed.

For example, the left side electrode showed a

highly correlated phase near the junction. Another

correlated phase towards the lower end was separated from the junction area by a less correlated
phase (Fig. 6b). The effect of increasing thickness produced an entirely different impact on
molecule correlated phases. Factor C was computed for increasing the FM electrode thickness.
With MTIMSD with FM electrode of 50 atom length and 25 atom thickness, strongly correlated

phases were localized around the junction area

(Fig. 6¢). Moving away from junction C was ~0.6.

However, moving away along the length direction, C further decreased to 0.4 or lower. This result
suggests that increasing thickness enables the creation of a gradient in molecule induces correlated

magnetic phases. The long-range molecule-
induced correlated phases are in close
agreement with MFM data showing OMC-
induced correlated phases.

We also investigated the effect of
molecular coupling strength on the spatial
impact range. For this study, we computed
MTJIMSD magnetic moment as a function of
the Juz and Jmr (Fig. 7-8). To assess the effect
of different coupling strengths and natures,
we varied molecular coupling strengths
between -1 to 1 with a step of 0.1 in all device
sizes. We conducted 441 simulations for
each device size. Figures 7 show the effect
of variation in FM electrode length while
width and thickness were fixed at 5 atomics
units. The MTIMSD magnetic moment for 5
atoms thick and 50 atoms long FM electrodes
showed that the opposite sign of Jur and Jmr
magnetic ~ moment  stabilized  ~200

5*100*5
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E
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-0.5 7000
A 6000
4 05 0_ 05
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. 5*150*5
Y R— 4000
05 N 3000
E
50 : 2000
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- 0
05 1 0 05

4 05 0
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Figure 7: Total MTJMSD's Magnetic Moment for increased length
devices (a) 5*50*5, (b) 5*100*5 (c) 5*150*5 (d) 5*200*5
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magnitudes; however, for the same sign, Jnz and Jur led to net MTIMSD's magnetic moment
~2100 (Fig. 7a). It is noteworthy that in the case of molecule-induced ferromagnetic coupling, two
short-length FM electrodes can be aligned parallel to each other, leading to a maximum of 2266.
However, since MCS is conducted at k7=0.1 and hence thermal energy may contribute to creating
significant fluctuations. Similarly, the lowest magnetic moment of MTIMSD, i.e., 16, is possible
for short-length FM electrodes. Due to thermal energy-induced disorders, the lowest magnetic
moment could not be possible.

Interestingly, we observed that there existed a critical amount of Jnuz and Jmr where the
major transition occurs from a high to low magnetic moment state (Fig. 7a). This transition
happens when molecular coupling strengths of one kind are too weak to control the large area FM
electrodes. Furthermore, increasing the FM electrode length to 100 atoms made it difficult to
stabilize low magnetic moment for the antiferromagnetic molecular coupling where Juz and Jmr
were of opposite sign (Fig. 7b). The central region turned into a high magnetic moment state (Fig.
7b). It must be noted that a large number of phases are possible for the antiferromagnetic molecular
coupling regions. The existence of various molecule-induced phases is evident from the multiple
regions associated with opposite signs of molecular coupling. For the case of 150 atom long FM
electrode, the contour plot was similar to that of 100 atoms long FM electrode MTIMSD (Fig. 7c).
For the case of 200 atom long FM electrodes, the regions associated with molecule indicated
antiferromagnetic coupling and ferromagnetic coupling were very close in magnitude (Fig. 7d).
Roughly, the ratio of low to high magnetic moment regions for 50,100, 150, and 200 atom long
FM electrodes were ~0.1 (Fig. 7a), 0.4 (Fig. 7b), 0.5 (Fig. 7c), and 0.7 (Fig. 7d), respectively.

We also investigated the effect of
variation in molecular coupling strength as
a function of FM electrode thickness. FM
electrode width and length was fixed to be
5 and 50 atomic unit, respectively. For 5
atom thick FM electrode contour plot is 05
shown in Fig. 7a. Increasing the FM
electrode thickness to 10 atoms created
clear contrasting high and low magnetic

15*50*5

10*50*5 12000

10800

9600

JmL
o

8400

7200

JmR
20*50*5

6000

regions (Fig. 8a). However, it is apparent 1 4800
that stronger molecular coupling is needed 0.5 3500
to produce a low magnetic moment state

(Fig. 8a) compared to MTIMSD with a  § 0 2400
smaller thickness electrode (Fig. 7a). 0.5 ] 1200
Furthermore, increasing FM electrode 4 ; o
thickness to 15 atoms reduced the 4 .08 0 05 1 1 05 0 05 A
difference between the high and low

magnetlhc moment stgtes for .ferrom.a gnetic Figure 8: Total MTJIMSD's Magnetic Moment for increased
and antiferromagnetic coupling (Fig. 8b).  yidths devices (a) 10%50%5, (b) 15*50%5 (c) 20¥50*5 (d)

For 20 atom thick FM electrodes, 25%*50%*5

MTIMSD showed more constricted low

magnetic moment and smaller differences in low and high magnetic moment states (Fig. 8c).
Interestingly, for the 25 atom thick FM electrodes, a high magnetic moment state persisted for
most of the combination of the Jn. and Jwr (Fig. 8d). The contour plot shown in Figure 8d is
congruent with the 3D Heisenberg model, showing the molecule's effect for the thick electrodes
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are confined near the junction and exhibit a gradient effect. The ratio between high and low
magnetic moment for 5,10,15,20, and 25 atom thick FM electrodes are 0.1, 0.1, 0.3,0.6, 0.8,
respectively.

Conclusion:

This paper provides a number of insights that can help understand and design futuristic devices.
1. Experimental transport study showed that increasing FM electrode thickness did not allow the
strong molecular coupling effect to produce the same orders of current suppression.

2. Experimental MFM study showed that the pillar-shaped MTIMSD, where FM electrodes were
confined with the smallest region, produced a similar type of response. However, Cross junction-
shaped MTIMSD with extended FM electrodes exhibited a significant difference in and around
magnetic phases with time.

3. MCS study on cross junction shaped MTIMSD showed long FM electrodes possess different
magnetic phases in an equilibrium state. The variety of phases coexisting magnetic phases
increased with length.

4. MCS study showed that increasing thickness weakens the molecular coupling impact range.
With increasing thickness, a gradient of magnetic properties appeared. The section of FM electrode
away from the junction possessed disordered states.

5. MCS study showed that increasing FM electrode length for low thickness FM electrode did not
alter critical molecular coupling strength.

6. Interestingly, critical molecular coupling strength for pillar-shaped MTIMSD (with no extended
FM electrodes) was more than that of cross-junction-shaped MTIMSD.

7. MCS study showed that increasing thickness made it difficult to switch a device between high
to low magnetic moment states. This result is of critical importance and suggests that experimental
studies should focus on thin films. According to our experimental study, the critical thin film
thickness is around 10 nm.
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