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Underlying mechanism for exchange bias in single-molecule magnetic junctions
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Magnetic proximity has been observed in a variety of solid-state magnetic devices, but has been less discussed
at the molecular scale. In this study, the magnetotransport calculation is carried out using the generalized
Landau-Lifshitz-Gilbert (LLG) equation combined with density functional theory (DFT) and our self-developed
JUNPY calculated spin-torque effect. Except for the current driven spin torque, which is a promising approach
for magnetization switch in magnetic random access memory, the equilibrium fieldlike spin torque also plays a
crucial role in the strain-controlled exchange bias with current-controlled magnetic coercivity in single-molecule
magnetic junctions. The tight-binding model is further employed to clarify the critical role of the interfacial
spin filter effect arising from the hybridization between the linker and Co apex. These multidisciplinary
DFT+JUNPY+LLG results may provide important and practical implications in the dual control of magnetic
proximity and magnetization switching in molecular spintronics at low temperature, either by tensile strain or
via smaller applied current density of the order of MA/cm2.
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I. INTRODUCTION

When two materials are brought into close proximity,
the magnetic proximity effects [1,2], including the exchange
anisotropy, exchange bias (EB), and coercivity, are among the
most fascinating and active materials research areas today.
Among them, the interlayer exchange coupling (IEC) plays
a crucial role to manipulate the magnetic hysteresis loop in a
variety of solid-state magnetic heterostructures, including the
ferromagnetic/antiferromagnetic (FM/AFM) interface [3,4],
van der Waals heterostructures [5], Fe/MgO interface [6] via
interfacial oxidation concentration, and Pt/Co/IrMn trilayer
[7] by current-driven spin-orbit torque. Such IEC can be un-
derstood by the equilibrium fieldlike spin torque (FLST) of
magnetic tunnel junctions (MTJs) in noncollinear magnetic
configuration [8,9] and has been predicted to be strongly en-
hanced in the spin-filter (SF)-based magnetic tunnel junctions
[10–12] via the spin-polarized multireflection process.

The other impact of magnetic proximity is the spin po-
larization at the FM/barrier interfaces in magnetic tunnel
junctions, which not only determines the spin-polarized tun-
neling current but also raises intensive interest in the so-called
inverse magnetoresistance (IMR) effect in LSMO/SrTiO3/Co
[13] and LSMO/Alq3/Co [14] asymmetric MTJs. Based on
previous theoretical works [15–17], the current-driven spin
transfer torque (STT) of noncollinear MTJs can be understood
by the interplay of spin-polarized current density between
parallel and antiparallel magnetic configurations. Such inter-
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facial spin polarization at the FM/barrier is also determinative
for the current-driven STT effect in noncollinear magnetic
heterostructures.

Recently, intensive research has been transferred from the
oxide-based MTJs to the molecular spintronics invoking the
role of molecular layers in tuning the interfacial spin-filter
(ISF) effect, known as spinterface [18–21]. The weaker spin
relaxation mechanism within the central molecule, which al-
lows the electron spin state to be preserved with larger spin
diffusion lengths of the order of hundreds of nanometers,
along with the diversity and flexibility of molecular synthe-
sis provide the multifunctionality of organic-based magnetic
junctions. Most experimental [22–26] and theoretical [27–30]
studies focus on the magnetoresistance and the spin-polarized
transport in collinear magnetic configurations, but only a few
theoretical works report the noncollinear spin-torque effect
[31,32]. How to characterize the magnetic proximity effects at
the molecular scale and modulate the magnetization switching
in real organic spintronics devices via the spin-torque effect
remains an open question.

Much effort has been focused on the single-molecule build-
ing to minimize the size of nanoscale electronics due to its
diversity and flexibility. The breaking junction techniques
[33–36], invoking the scanning tunneling microscope break-
ing junction (STM-BJ) and the mechanically controllable
breaking junction (MCBJ) processes, have successfully fab-
ricated the single-molecule junctions and have been further
applied to investigate the mechanical control over conduc-
tance and magnetoresistance in single-molecule magnetic
junctions (SMMJs). In this article, we propose two kinds of
SMMJ with dissociated amine-ended (BDA) and thiol-ended
(BDT) 1,4-Benzenediamine to investigate the multicontrol
of magnetization switching via mechanical strain, current
densities, and magnetic field. Particularly, we try to answer
several questions: How does the linker affect the magnetiza-
tion switching at the molecular scale? How does mechanical
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FIG. 1. (a) Junction geometry of the dissociated
Co/BDA(BDT)/Co SMMJ with NH (S) linker is expressed in
a two-probe device. p̂ and m̂ are the unit vectors of magnetization
of the left (fixed) and right (free) Co nanowires and linkers,
respectively. p̂ is fixed along the z direction, while m̂ is freely
rotated by an angle θ around the y axis with respect to the z axis
to form a noncollinear magnetic configuration. (b) Schematic of
macrospin assumption with in-plane external magnetic field, Hext,
and net damplike T‖ (STT) and fieldlike T⊥ (FLST) components of
spin torque acting on the magnetization of the right Co.

strain affect the magnitude as well as the sign of threshold
magnetic fields required for magnetization switching? What
are the reasons behind obtaining a strong EB effect with
strain-controlled magnetic coercivity in the BDA case and
strain-assisted sign reversal of EB with current-controlled
magnetic coercivity in the BDT case? The magnetotransport
calculations are carried out using the generalized Landau-
Lifshitz-Gilbert (LLG) equation including the equilibrium
FLST field and current-driven spin-torque fields, which can
be directly obtained by the self-consistent Hamiltonian of the
first-principles calculation and the spin transport theory of our
self-developed JUNPY package [32,37,38].

II. METHODOLOGY

We display, in Fig. 1(a), a prototype of Co/BDA(BDT)/Co
SMMJ, where the dissociated 1,4-Benzenediamine with NH
(S) linker is sandwiched between two semi-infinite hcp [0001]
orientated Co tiplike nanowires. To form a noncollinear mag-
netic configuration, the magnetization direction of the left Co
nanowire, p̂, is fixed along the z direction, and the right, m̂, is
freely rotated by an angle θ with respect to the z axis. The op-
timized junction geometries are carried out by the QUANTUM

ESPRESSO package [39] based on the density functional theory
(DFT) with the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [40], the cutoff energy of the plane wave basis of 40 Ry,

� point sampling, and the force criteria of 10−3 Ry/a0, where
a0 denotes the Bohr radius. To simulate the stretching process
via the breaking junction technique, we apply a tensile strain
ε along the z direction to increase the distance between the
left and right Co tip atoms from its equilibrium value of 8.7 Å
(9.1 Å) for Co/BDA(BDT)/Co SMMJ, and then we redo the
structural optimization for all strained cases.

Our self-developed JUNPY package [32,37,38] combined
with the self-consistent device Hamiltonian and the nonequi-
librium Green’s function method is first employed to obtain
the angle and current dependence of net STT and FLST, i.e.,
T‖(θ, I ) and T⊥(θ, I ), acting on the free layer magnetization,
as presented in Fig. 1. Here, T‖ and T⊥ are defined in the
directions of −m̂ × (m̂ × p̂) and −m̂ × p̂, respectively. The
self-consistent device Hamiltonian of a two-probe system in
the noncollinear magnetic configuration with various values
of angle is calculated by the DFT-based NANODCAL transport
package [41–43], where the double-ζ double-polarized basis
sets of the linear combination of atomic orbitals (LCAO)
basis with local density approximation exchange-correlation
functional and the � point sampling are applied.

The charge current and spin current between two atomic
sites i and j [37] can be calculated by

Ii, j = − e

h

∫
Tr

[
Ĥi, j Ĝ

<
j,i − Ĝ<

i, jĤ j,i
]
dE (1)

and

Qi, j = 1

4π

∫
Tr

[
Ĥi, j Ĝ

<
j,i − Ĝ<

i, jĤ j,i
]
σdE , (2)

in which the directions of the current and electron flow are
along +z and −z, respectively, under a positive bias. Here,
Ĥ ≡ (Ĥ − EŜ) is the reduced Hamiltonian, Ĥ is the de-
vice Hamiltonian, Ŝ is the overlapping integral, Ĝ< is the
Keldysh Green’s function, σ = (σx, σy, σz ) is the vector of
Pauli matrices, and the energy integral is over occupied states
and nonequilibrium bias window. We next define Qn as the
spin current passing through an interface n, namely, Qn =∑

i<n

∑
j>n Qi, j . The net FLST and STT acting on the right

(free) Co electrode can be simply obtained by T⊥ = Qy
0 and

T‖ = −Qx
0 cos θ + Qz

0 sin θ , where n = 0 denotes the interface
between the right N/S ion and the right Co adatom.

The generalized Landau-Lifshitz-Gilbert (LLG) equation
with both the STT and FLST components of noncollinear
spin-torque effects [44] can be expressed by

dm̂
dt

= −γ (m̂ × Heff ) + α

(
m̂ × dm̂

dt

)

− γ m̂ × (m̂ × H‖p̂) − γ (m̂ × H⊥p̂) (3)

or, equivalently,

1 + α2

γ

dm̂
dt

= −m̂ × (Heff + Hpre)

− m̂ × [m̂ × α(Heff + Hdamp)], (4)

where Hpre = (−αH‖ + H⊥)p̂, Hdamp = (H‖/α + H⊥)p̂, γ is
the gyromagnetic ratio, and α is the Gilbert damping con-
stant. Note that Hdamp and Hpre are introduced to represent
the effective fields along the damping and precession direc-
tions, respectively, for the right Co electrode. The magnetic
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FIG. 2. Angle dependence of the DFT+JUNPY calculated equilibrium FLST field, H (0)
damp sin θ , without an applied current for

(a) Co/BDA/Co and (b) Co/BDT/Co SMMJs under various tensile strains (ε). The insets are the schematic plots of H (0)
damp and Hk in unstrained

(a) BDA and BDT cases when θ is below and above 90◦, where Hk is the cohesive field of the right Co electrode. The DFT+JUNPY+LLG
calculated magnetization hysteresis curves (mz-H) for (c) Co/BDA/Co and (d) Co/BDT/Co SMMJs under various tensile strains at zero
temperature. The gray shaded area represents the field region between ±μ0Hk . The HC1 (HC2) is the threshold field required for P-to-AP
(AP-to-P) magnetization switching, where P and AP denote the parallel (θ = 0◦) and antiparallel (θ = 180◦), respectively.

potential energy of the right Co electrode is given as U =
UK + UH , where UK = (1/2)μ0MsHk sin2 θ is from the uniax-
ial anisotropy, UH = −M · Hext is from an external magnetic
field, and M = Msm̂. Given the potential energy U , the
effective field Heff is expressed as Heff = −∂U/∂M. More-
over, the effective fields induced by both STT and FLST are
H‖,⊥ sin θ = T‖,⊥/(μ0MstF A), where Ms, tF , and A are the
volume magnetization saturation parameter, the thickness, and
the lateral area of the right Co electrode. For the Co electrode
[45], we choose α = 0.01, μ0Hk = 76 mT, Ms = 1.27 × 106

A/m, the thickness tF = 100 nm, and the lateral area A =
1.63 × 10−19 m2. Note here that LLG simulations are carried
out by the Runge-Kutta fourth-order method with a fixed time
step of 10 ps and a cumulative integration time of 0.1 μs for
each field point.

III. RESULTS AND DISCUSSION

A. EB effect with equilibrium FLST field: DFT+JUNPY+LLG

We first discuss the effect of the equilibrium FLST field on
magnetization switching in SMMJs. Recalling the spin-torque
effect in conventional MTJs [8,9] without applying current,
only the equilibrium FLST exists but the current driven STT
vanishes, and thus the Hpre and Hdamp in Eq. (4) are solely

determined by the equilibrium FLST field H (0)
⊥ , i.e., H(0)

pre =
H(0)

damp = H (0)
⊥ p̂. Notice that the positive and negative magni-

tudes of H (0)
⊥ denote the fieldlike and antifieldlike equilibrium

fields, respectively. In Figs. 2(a) and 2(b), we present the angle
dependence of H (0)

damp sin θ for Co/BDA/Co and Co/BDT/Co
SMMJs under various tensile strains at zero temperature,
respectively, where the central BDA (BDT) molecule is con-
nected by the NH (S) linker and the Co electrode. It is
intriguing to find that equilibrium FLST fields of the BDA
cases exhibit nonsinusoidal angular dependence with positive
maxima below 90◦, which are about two orders larger than
the cohesive field Hk of the Co electrode and can be enlarged
by a tensile strain. When the linker is replaced by the S ion
in BDT cases, surprisingly, we can find a strain-controlled
nonsinusoidal angular dependence of the equilibrium FLST
field, which varies from a negative minimum above 90◦ with-
out strain (ε = 0) to a positive maximum around 90◦ under a
tensile strain of ε = 1.2 Å.

To clarify how the equilibrium FLST field influences the
magnetization switching by choosing the linker and apply-
ing tensile strain, we present, in Figs. 2(c) and 2(d), the
DFT+JUNPY+LLG calculated magnetization hysteresis curve
(mz-μ0Hext) for Co/BDA/Co and Co/BDT/Co SMMJs under
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various tensile strains, respectively. The gray shaded area
represents the field region between ±μ0Hk , and HC1 (HC2)
is the threshold field required for P-to-AP (AP-to-P) mag-
netization switching, where P and AP refer to the parallel
(θ = 0◦) and antiparallel (θ = 180◦) magnetic configurations,
respectively. For the BDA cases presented in Fig. 2(a), the
large positive value of H (0)

damp with a maximum below 90◦

strongly supports (resists) the cohesive field Hk of the Co
electrode below (above) 90◦, and hence in turn determines the
precession angle θ and magnetization switching threshold cri-
terion. As shown in Fig. 2(c), such strong and positive H (0)

damp
not only significantly delays the P-to-AP, but also assists the
AP-to-P magnetization switching, and hence in turn moves
the threshold field HC1 (HC2) for P-to-AP (AP-to-P) toward
a more (less) negative field. Moreover, when a tensile strain
is applied, the maximum of positive H (0)

damp can be further
enlarged and shifted to smaller angle θ . This thus results in
the significant EB along with the strain-enhanced magnetic
coercivity in Co/BDA/Co SMMJs.

In contrast, for the unstrained BDT (ε = 0) case displayed
in Fig. 2(b), the negative value of H (0)

damp with minimum above
90◦, which is about one order larger than Hk , becomes against
(supporting) the cohesive field Hk of the Co electrode be-
low (above) 90◦. As shown in Fig. 2(d), this slightly assists
the P-to-AP but strongly delays the AP-to-P magnetization
switching, and thus causes the shift of HC1 (HC2) toward a less
(more) positive field. More interestingly, applying a tensile
strain can even promote a sign reversal of H (0)

damp, i.e., changing
from the negative minimum above 90◦ in the ε = 0.0 Å case
to the positive maximum around 90◦ in the ε = 1.2 Å case,
and again gives rise to the movement of HC1 (HC2) toward
a less (more) negative field. Therefore, the strain-controlled
equilibrium FLST field in Co/BDT/Co SMMJs provides a
pathway to modulate the magnetic proximity at the molecular
level, including the sign reversal of EB and tunable magnetic
coercivity.

B. Role of linker and strain in equilibrium FLST field:
TB+JUNPY

It is natural to raise another question: What is the role of the
linker and strain on the angle dependence of the equilibrium
FLST field? To answer this, we further propose the one-
dimensional (1D) single-band tight-binding (TB) model in the
L/IL/Ben/IR(θ )/R(θ ) noncollinear magnetic heterostructure
[12]. The device Hamiltonian in the noncollinear magnetic
configuration is defined as

Ĥ =
∑
i j,σ

ti j,σ c†
i,σ c j,σ +

∑
i,σσ ′

�ic
†
i,σ ′ (σ · M̂i )ci,σ , (5)

where σ = (σx, σy, σz ) is the vector of Pauli matrices and
M̂i represents the magnetization direction on the i site, or,
equivalently,

Ĥ = ĤL + ĤIL + ĤBen + ĤIR + ĤR + Ĥcpl. (6)

The subscripts L (R) denotes the isolated left (right) Co
nanowire, IL (IR) refers to the left (right) NH or S linker,
Ben means central phenyl ring, and Hcpl involves the cou-
plings between two neighboring regions. Here, tii,σ = εσ

i with

FIG. 3. DFT-calculated spin-polarized transmission spectra (top)
for (a) Co/BDA/Co and (b) Co/BDT/Co SMMJs in parallel (θ = 0)
magnetic configuration under various tensile strains ε, where EF =
0.0 eV denotes the Fermi energy. Schematic 1D-TB energy profiles
of noncollinear L/IL/Ben/IR(θ )/R(θ ) (middle), and the angle de-
pendence of TB+JUNPY calculated equilibrium FLST spin torque
T (0)

⊥ (bottom), for (c) Co/BDA/Co and (d) Co/BDT/Co SMMJs
under various tensile strains. The notations of IL (IR) and Ben refer
to the spin-polarized left (right) NH/S linker and central phenyl
ring, respectively. The red and blue arrows denote the bottom of the
spin-up and spin-down energy bands of left (L) and right (R) Co.
Since the magnetization p̂ in region L is fixed in the +z direction,
upon rotation of m̂ along p̂, the spin-up (spin-down) energy bands of
region R acquire spin-down (spin-up) energy contributions. The red
and the blue shaded areas denote the range of spin-polarized energy
levels of the central IL/Ben/IR.

σ =↑,↓ represents the σ -spin polarized on-site energy on the
i site, the hopping parameter t = ti j,σ is nonzero only between
nearest-neighboring sites with j = i ± 1, and �i = ε

↓
i − ε

↑
i

denotes the exchange energy on the i site.
We present, in Fig. 3, the DFT-calculated spin-

polarized transmission spectra for (a) Co/BDA/Co and
(b) Co/BDT/Co SMMJs in parallel (θ = 0) magnetic
configuration under various tensile strains. It is clear to find
that all three BDA cases exhibit a broad and pronounced
spin-up transmission feature near the Fermi energy
(EF = 0.0 eV), but reducing spiky spin-down transmission
peaks with the increase of tensile strain, resulting from
the strong (weak) spin-up (spin-down) hard-hard coupling
between the Co-d , N-py, and π orbital of the central phenyl
ring to support the spin-polarized electrons injected from the
Co electrode into the central molecule via resonant tunneling
[46]. However, for the BDT cases, the pronounced spin-up
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TABLE I. The spin-polarized on-site energies used in the
TB+JUNPY calculation in units of eV for Co/BDA/Co and
Co/BDT/Co SMMJs under various tensile strains in unit of Å. The
nearest-neighbor hopping parameter is t = −0.2 eV in all regions.

Co BDA BDT

Strain ε
↑
L,R ε

↓
L,R ε

↑
IL,Ben,IR ε

↓
IL,Ben,IR ε

↑
IL,Ben,IR ε

↓
IL,Ben,IR

0.0 Å −0.15 −0.35 −0.30 0.19 0.55 0.00
0.6 Å −0.15 −0.35 −0.30 0.22 0.55 0.03
1.2 Å −0.15 −0.35 −0.30 0.25 0.55 0.06

transmission feature is moved away from the EF and gives
almost no contribution around the EF. Instead, the spiky
spin-down transmission peaks near the EF play a major role
in the ISF effect and dominate the resonant tunneling.

To simulate such strong spin-up (weak spin-down)
dominated resonant tunneling in Co/BDA/Co (Co/BDT/Co)
SMMJs, the spin-polarized on-site energies used in the
TB+JUNPY calculation are listed in Table I and the nearest-
neighbor hopping parameter is t = −0.2 eV in all regions.
For BDA cases, we fix the negative ε

↑
IL,Ben,IR to represent the

broad spin-up feature in all three cases, but we gradually
increase the positive ε

↓
IL,Ben,IR to simulate the suppression of

spin-down transmission features near the EF with the increase
of strain. As for the BDT cases, the positive ε

↑
IL,Ben,IR is fixed

to modulate the absence of the spin-up resonant channel
near the EF, while the much smaller ε

↓
IL,Ben,IR represents the

weak spin-down resonant tunneling and gradually increases
to simulate the suppression of the spin-down transmission
feature near the EF with the application of tensile strain.

The qualitative agreement between the DFT+JUNPY calcu-
lation in Figs. 2(a) and 2(b) and the TB+JUNPY simulation
in Figs. 3(c) and 3(d) confirms a crucial fact: The origin
of the strain effect on the magnitude, sign, and angle de-
pendence of the equilibrium FLST field lies in the spin-up
(spin-down) resonance states for BDA (BDT) cases, i.e., the
lower red (blue) shaded area within the central IL/Ben/IR
region demonstrated in the schematic energy diagrams of
Fig. 3. The hard-hard coupling between the N-p (S-p), Co-d ,
and π band of central benzene renders the NH (S) linker
as a major role of the ISF layer to dramatically enlarge the
IEC as well as the equilibrium FLST field, and thus in turn
gives rise to the significant EB with strain-controlled magnetic
coercivity in Co/BDA/Co SMMJs and the strain-assisted sign
reversal of EB with current-controlled magnetic coercivity in
Co/BDT/Co SMMJs. This is in sharp contrast to the conven-
tional MTJs, where the insulating barrier well separates two
ferromagnetic electrodes and in turn gives a very weak equi-
librium FLST field that is usually ignored for magnetization
switching.

C. Current-driven magnetization switching: DFT+JUNPY+LLG

Next, we turn our discuss to the current-driven magneti-
zation switching in the presence of the linker-assisted ISF
effect. Because the Hdamp in Eq. (4) is decisive for magne-
tization switching, here we define H (J )

damp = Hdamp − H (0)
⊥ =

H‖/α + H (J )
⊥ to represent the current-driven spin-torque

fields, including both purely current-contributed STT, H‖, and
current-induced FLST, H (J )

⊥ . We first present, in Fig. 4(a), the
angle dependence of DFT+JUNPY calculated H (J )

damp sin θ for
Co/BDA/Co SMMJs under various strains with an applied
current density of J = ±1.8 MA/cm2. In comparison with
the above-discussed NH-linker induced strong equilibrium
FLST field, i.e., μ0H (0)

damp = μ0H (0)
⊥ ∼ 2 T, shown in Fig. 2(a),

the much smaller current-driven μ0H (J )
damp ∼ −0.04 T plays

almost no role on the magnetization switching. This is because
the equilibrium FLST torque originates from the IEC and can
be calculated by the integration over whole occupied states,
which are dominated by the broad spin-up transmission spec-
tra shown in Fig. 3(a), but the current-driven H (J )

damp is obtained
by the integration solely within the small bias window of the
order of 10−3 eV. We redo the DFT+JUNPY+LLG simula-
tion and display, in Fig. 4(c), the current dependence of the
threshold fields, HC1,C2(J ). The nearly current independence
of HC1,C2 reveals that the significant EB effect in Co/BDA/Co
SMMJs is purely dominated by the equilibrium FLST field,
and the magnetic coercivity can only be controlled by ten-
sile strain but not via applied current density of the order of
MA/cm2.

On the other hand, the angle dependence of DFT+JUNPY

calculated H (J )
damp sin θ for Co/BDT/Co SMMJs under various

strains with applied current densities of J = ±1.8 MA/cm2

are displayed in Fig. 4(b). Clearly, magnitudes of the current-
driven H (J )

damp and the equilibrium FLST field H (0)
damp shown in

Fig. 2(b) are of the same order, and thus the interplay between
these two spin-torque fields determines the magnetization
switching in BDT cases. By following the previous discussion
in magnetization switching via the equilibrium FLST field, the
nonsinusoidal angular dependence of negative current-driven
H (J<0)

damp with a negative minimum above 90◦ resists (supports)
the cohesive field, Hk , of the Co electrode below (above) 90◦,
which causes the movement of HC1 (HC2) toward a less (more)
positive field, as shown in Fig. 4(d). Similarly, the odd parity
of H (J )

damp renders the shift of HC1 (HC2) toward a less (more)
negative field. To conclude, the nearly linear current density
dependence of HC1,C2 combined with the previously discussed
strain-controlled equilibrium FLST field in Co/BDT/Co SM-
MJs present an important practical implication in the dual
control of the EB effect and magnetic coercivity either by
tensile strain or via applied current density of the order of
MA/cm2.

Finally, we extend previous discussions to finite temper-
atures in consideration of the thermal effective field Hth

[45,47], which is used to simulate the thermal fluctuation, and
each Cartesian component is chosen at random from a normal
distribution with a chosen variance. Specifically, 〈Hth(t )〉 = 0
and

〈Hth(t )Hth(t ′)〉 = 2αkBT

γμ0Ms
δi jδ(t − t ′), (7)

where i, j = x, y, z, kB is the Boltzmann constant, and  is
the free layer volume. Figure 5 shows the phase diagram of the
magnetization hysteresis for DFT+JUNPY+LLG calculated
(a) Co/BDA/Co and (b) Co/BDT/Co SMMJs without strain
at various temperatures of T = 0, 1, 10, and 100 K, in which
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FIG. 4. Top: Angle dependence of DFT+JUNPY calculated current-driven spin-torque fields, H (J )
damp sin θ , with writing current densities

of J = ±1.8 MA/cm2 for (a) Co/BDA/Co and (b) Co/BDT/Co SMMJs under various tensile strains ε. Bottom: Current dependence of
DFT+JUNPY+LLG calculated μ0HC1 and μ0HC2 for (c) Co/BDA/Co and (d) Co/BDT/Co SMMJs under various tensile strains at zero
temperature. The black vertical arrows and purple shaded areas represent the strain control and current control of the threshold fields, HC1 and
HC2, respectively. The HC1 (HC2) is the threshold field required for P-to-AP (AP-to-P) magnetization switching.

FIG. 5. Finite writing pulse phase diagrams for DFT+JUNPY+LLG calculated (a) Co/BDA/Co and (b) Co/BDT/Co SMMJs without
strain at various temperatures ranging from 0 to 100 K. The time step is 10 ps, and the integration time is 0.1 μs in each field point. Each
diagram is averaged with 10 identical simulations with different random noise.
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the hysteresis curves as a function of external magnetic field
and applied current density are averaged with 10 identical
calculations with different random noise. It is clear to find
that the increase of the thermal effect gradually quenches
the magnetization switching process when the temperature
is below 100 K. Comparing to the thermal stability of con-
ventional oxide-based MTJs at room temperature [47], the
free Co nanowire in SMMJs is too thin to retain its thermal
stability. This is because the spin-torque effect mainly occurs
at the interface and is proportional to the lateral area of the
Co nanowire, while, the thermal field Hth acting on the whole
free Co nanowire. Therefore, our predicted spin-torque in-
duced dual control of the EB effect and magnetic coercivity
in SMMJs may be more applicable via the breaking junction
techniques at low temperature, since experimental measure-
ments of spin-polarized transport in molecular spintronics
[48,49] are mostly taken below 10 K.

IV. CONCLUSION AND OUTLOOK

It is worthwhile to mention that our predicted spin-torque
fields and threshold fields may be sensitive to the break
junction technique of real SMMJs, since there are some tech-
nical difficulties in controlling the contact geometry, hydrogen
dissociation, and structural distortion during the stretching
process. Our recent work [50] has employed the DFT calcu-
lation to comprehensively investigate the role of interfacial
geometry and hydrogen dissociation in the spin transport
properties of Co/BDA/Co SMMJs, either via (1) the covalent
bonding between the H-dissociated amine linker and spin-
polarized Co apex atoms considered in this work, or by (2) the
dative interaction between the H-non-dissociated amine linker
and Co apex atoms. The former covalent contact dominates
the π resonance interfacial spin selection that can be well
preserved in H-dissociated cases regardless of top, bridge, and
hollow sites, as shown in Fig. 2 of Ref. [50]. This implies
the existence of a strong FLST effect and EB effect, but
may give very different angle dependence of the FLST and
magnetization hysteresis curves, since the broadness of the
spin-up transmission feature is strongly influenced by contact
geometry. As for the issue of hydrogen dissociation with

interfacial dative Co-N bonding, Fig. 3 of Ref. [50] reveals
that the dative contact in the H-non-dissociated case not only
destroys the spinterface coupling but also blocks the spin
injection. Therefore, one can expect the significant reduction
of the equilibrium FLST and EB effect, due to the suppres-
sion of the spin-up transmission feature. We believe that our
multidisciplinary DFT+JUNPY+LLG calculation may pro-
vide important and practical implications to investigate the
magnetic proximity and magnetization switching for novel
molecular spintronics applications at low temperature.

In conclusion, we successfully combined the generalized
LLG equation with the DFT+JUNPY calculated noncollinear
spin-torque effects in the Co/BDA/Co and Co/BDT/Co SM-
MJs under a mechanical strain and an applied current density,
which may provide a promising computational methodology
to simulate the spin dynamics in real organic-based magnetic
heterojunctions with strong ISF. The TB+JUNPY calculation is
further employed to clarify the underlying mechanism of the
crucial role of the linker and strain in the angle dependence of
spin torques. We first predict that the significant EB effect in
Co/BDA/Co SMMJs is purely dominated by the equilibrium
FLST field, and the magnetic coercivity can only be controlled
by tensile strain but not via applied current density of the
order of MA/cm2. As for the Co/BDT/Co SMMJs, the S
linker provides a spin-down dominated ISF effect and slightly
enhances both the equilibrium H (0)

⊥ and current-driven H (±J )
damp

of the same order. The interplay between them determines the
magnetization switching and presents an important practical
implication in the dual control of the EB effect and magnetic
coercivity either by tensile strain or via applied current density
of the order of MA/cm2 at low temperature.
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