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Effect of uniaxial magnetic anisotropy on charge transport in a
junction with a precessing anisotropic molecular spin
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Anisotropic magnetic molecules can be employed to manipulate charge transport in molecular nanojunctions.
Charge transport through a molecular orbital connected to two leads and exchange-coupled with a precessing
anisotropic molecular spin in a constant magnetic field is studied here. The magnetic field and the uniaxial
magnetic anisotropy parameter of the molecular spin modulate the total precession frequency. The precessing
molecular magnetization drives inelastic tunneling processes between electronic quasienergy levels. The dc-
bias voltages allow to unveil the quasienergy levels, Larmor frequency, and the anisotropy parameter, through
characteristics of charge-transport measurements involving features such as steps, peaks, and dips. Quantum
interference effects between states connected with spin-flip events are reflected in the shot noise as peak-dip
(dip-peak) features, resembling Fano-like resonance profiles, and are controlled by the anisotropy parameter
and Larmor frequency. Under zero bias, the increase of the anisotropy parameter enables the decrease of the
precession frequency or alters the precession direction, and shot noise is reduced. Furthermore, it is possible to
adjust the anisotropy parameter to suppress the precession frequency, leading to the suppression of shot noise.
The results show that in the given setup, the charge current and shot noise can be controlled by the magnetic

anisotropy parameter of the molecular spin.

DOI: 10.1103/PhysRevB.111.165415

I. INTRODUCTION

Single-molecule magnets have gained much attention since
the beginning of the new century due to the possibility to
be used as constituent elements in spintronic devices for
high-density information storage and quantum information
processing [1-6]. The key role in these applications plays the
uniaxial magnetic anisotropy, characterized by parameter D,
which leads to the bistability of the molecular spin states, with
two degenerate ground states £S5, separated by an energy bar-
rier to spin reversal DS (for integer spins) at low temperatures
[2,3,7,8]. Depending on the sign of the anisotropy parameter,
there are two types of uniaxial anisotropy: easy-axis (D > 0)
and easy-plane (D < 0) anisotropy [2]. For successful appli-
cations in magnetic storage, the energy barrier needs to be
enhanced [9], but its increase cannot be accomplished by a
simultaneous increase of the anisotropy parameter D and the
ground state spin S, and the only way to control the barrier
height it to modulate the value of D [10-13]. On the other
hand, in-plane and small magnetic anisotropy is desirable for
applications in quantum information processing [14]. In order
to design magnetic molecules with desired characteristics,
learning to control and manipulate the magnetic anisotropy
parameter D is essential.

Charge transport through magnetic molecules has been
studied both theoretically [15-27] and experimentally
[28-35]. The studies have addressed various phenomena,
such as, e.g., Kondo effect [36-39], Pauli spin blockade
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[40—42], Coulomb blockade [28,43—45], molecular mag-
netization dynamics in tunnel junctions [17,46,47] or in
contact with a superconducting lead [48], and spin-dependent
Seebeck and Peltier effect [49-52]. The possibility to manip-
ulate molecular magnetization by charge current has already
been demonstrated experimentally [29-33,53]. It has been
theoretically predicted that exchange interactions between
molecular magnets can be electrically controlled [21,22].
Magnetic anisotropy can be varied and controlled by vari-
ous means such as electrical current [18,44,54-57], electric
field [44,58-61], molecular mechanical stretching [62], and
by ligand substitution [63]. High anisotropy barriers for spin
reversal were observed in some isolated metal complexes, but
due to their reactivity and instability, they are not suitable
candidates to be exploited in magnetic storage [64—67]. Also,
new optical techniques of spin readout in single-molecule
magnets have been investigated recently [68—70].

The nonequilibrium Green’s functions technique [71-73]
has been used to derive various characteristics of quan-
tum transport through single molecules and molecular
magnets, such as charge current, current-current correla-
tions, spin current, inelastic transport, heat current, etc.
[19,21-23,52,74-78]. Charge-current noise in transport junc-
tions arising from the discreteness of charge of conducting
electrons is an exciting topic in nanophysics, since it can
give us additional information about charge transport which
is hidden from the current measurements [79]. Within the
framework of nonequilibrium Green’s functions technique,
the effect of inelastic transport on shot noise has been studied
[74,80-83], as well as current fluctuations in the transient
regime [84]. It has been shown previously that a spin flip
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can lead to suppression [80,85] or enhancement [86,87] of
the shot noise. The shot noise has been employed to give
information on, e.g., energy of transmission channels [79],
fractional charges [88], and Cooper pairs [89]. Recently, the
nonequilibrium noise due to temperature gradient at zero-bias
voltage has become an active research topic [90-94].

The goal of this paper is to theoretically study charge trans-
port through a single electronic level that may be an orbital
of a molecular magnet or belong to a nearby quantum dot,
in the presence of a precessing anisotropic molecular spin
in a constant external magnetic field, connected to electric
contacts. The precession frequency is contributed by the Lar-
mor precession frequency and a term with uniaxial magnetic
anisotropy parameter of the molecular spin, and kept un-
damped by external means. The spin of the itinerant electron
in the electronic level and the molecular spin are coupled via
exchange interaction. The charge current and current noise are
calculated by means of the Keldysh nonequilibrium Green’s
functions technique [71-73]. The shot noise of charge current
is a result of the competition between correlations of currents
with the same spins and correlations of currents with the
opposite spins. Both elastic tunneling, driven by the dc-bias
voltage, and inelastic tunneling involving a spin flip of the
itinerant electrons, driven by the precessional motion of the
anisotropic molecular spin, contribute to the charge transport.
It is shown that by proper tuning of the uniaxial magnetic
anisotropy parameter, the charge current and shot noise can
be manipulated. The energies of the channels available for
electron transport are Floquet quasienergies, which are ob-
tained by the Floquet theorem [95-98]. They are dependent
on the magnetic anisotropy of the molecular spin and can be
varied accordingly. Both charge current and shot noise are
saturated for sufficiently large magnetic anisotropy parameter
at nonzero bias-voltage conditions. Similarly to our previ-
ous work where the precessing molecular spin was isotropic
[83], the peak-dip (dip-peak) features in the shot noise are
manifestations of the quantum interference [99,100] between
the states connected with inelastic tunneling, accompanied
with a spin flip, here involving absorption (emission) of an
energy which is linearly dependent on the uniaxial magnetic
anisotropy parameter. Finally, the results show that the shot
noise at zero-bias voltage conditions and zero temperature is
reduced for chemical potentials of the metallic leads that en-
able inelastic tunneling processes, if the magnetic anisotropy
parameter increases, leading to the decrease of the total pre-
cession frequency or reversed direction of the molecular spin
precession with respect to the external magnetic field. More-
over, the magnetic anisotropy parameter can suppress the
precession frequency of the molecular magnetization, leading
to zero shot noise.

The rest of the paper is arranged in the following way.
The model setup of the system is described in Sec. II. The-
oretical formalism used to derive the results is given in
Sec. I1I. The expressions for the charge current and the current
noise are calculated by means of the Keldysh nonequilibrium
Green’s functions technique [71-73]. The results are shown
and discussed in Sec. IV, where the effects of the uniaxial
magnetic anisotropy of the molecular spin on the charge-
transport properties at zero temperture are analysed. This
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FIG. 1. Tunneling through a single molecular orbital with energy
€o coupled to the anisotropic spin S(z) of a molecular magnet via
exchange interaction with the coupling constant J, in the presence
of a magnetic field B, connected to two metallic leads with chemical
potentials p;, and pug. The applied bias voltage eV = pu; — g, with
tunnel rates I', and I'k, and the uniaxial anisotropy constant of the
molecular magnet D. The spin of the molecule precesses around the
magnetic field axis with modified frequency w = w, — 2DS;,.

section is followed by Sec. V in which the conclusions are
presented.

II. MODEL SETUP

The junction under consideration consists of a single
molecular orbital of a molecular magnet, in the presence
of a precessing anisotropic molecular spin in a constant
external magnetic field along z axis, B = Bé,, coupled to
two noninteracting metallic leads (see Fig. 1). The leads
with chemical potentials u; (left) and wg (right) are unaf-
fected by the magnetic field. The Hamiltonian describing the
junction is given by H(t) = H; + Hg + Hy + Hyio(t) + Hs.
Here the Hamlltoman of lead £ = L, R can be written as

=D o Ekgckaéckgg The subscript o =1, {=1,2 = %1
denotes the spin-up or spin-down state of the electrons The
tunnel coupling between the molecular orbital and the leads
is introduced by Hr = Y , :[Vielroedo + Viid] éhoe], with
matrix element Vj¢. Here, ézﬂg(ékgg) and c?; (c?’a) denote the
creation (annihilation) operators of the electrons in the leads
and the molecular orbital. The Hamiltonian of the molecu-
lar orbital is given by Hvo(t) = 3, eod/d, + (gus/h)sB +
J5S (t), where the first term is the Hamiltonian of the non-
interacting molecular orbital with energy €y. The second
term describes the electronic spin in the molecular orbital,
5= (h/2) ZM,((% )(m/c?;c?,,/, in the presence of the magnetic
field B. The vector of the Pauli matrices is given by &=
(6, 6y, &.)7, while g and up are the g factor of the electron
and the Bohr magneton. The third term in the Hamiltonian
of the orbital represents the exchange interaction between the
electronic spin and spin of the molecule, where J is the ex-

change coupling constant. The term Hy = (gup/h)SB — DSZ2
represents the Hamiltonian of the anisotropic molecular spin
S=S:2 + fyéy + S.2., where D is the uniaxial magnetic
anisotropy parameter. It is presumed that g factor of the molec-
ular spin equals that of a free electron.

Assuming that the spin of the molecular magnet is
large and that it can be considered as a classical vari-

able S, with constant length S = |S| > A, where § = (§)
is the expectation value of the molecular spin operator, its
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dynamics is given by the Heisenberg equation of motion S =

(§ Yy = (@i/ (A, S 1). Neglecting the quantum fluctuations and
using external means, such as radio-frequency fields [101],
to compensate for the loss of the molecular magnetic energy
due to its interaction with the itinerant electrons, so that the
molecular spin dynamics remains unaffected by the exchange
interaction, the equation S = (gup/M)B x § —2DS. x § is
obtained [17]. The molecular spin precesses around z axis,
with frequency w = wp — 2DS,, where w; = gugB/h is the
Larmor precession frequency in the external magnetic field B,
while —2DS;, is the contribution of the uniaxial anisotropy to
the precession frequency w. The motion of the molecular spin
is then given by S@t) = S, cos(wt)éy + S| sin(wt)é, + S;é€;,
where 6 is the tilt angle between z axis and S, S, = Ssin(®)
and S, = S cos(@). Although the motion of the molecular spin
is kept precessional externally [101], the molecular magnet
itself pumps charge current into the leads, thus affecting the
transport properties of the junction. In the rotating reference
frame attached to the end point of Ehe molecular spin, the
Hamiltonian of the molecular orbital Hyo is time-independent
and can be written as Hyo = UHwoU T + in(3,0)UT, where
U is the unitary operator U(t) = e/ nA. The orbital Hamil-
tonian Hyio can be further expressed as Hyo = Za eoc;';c?a +
2D+ J)S. 5, + JS 15,

Separation between a molecular level and a localized
molecular spin can be obtained in, e.g., molecular magnets
containing atoms of transition metals or rare earth elements
[23,55,102], since the molecular spin here is composed of
localized d or f orbitals belonging to transition metal or rare
earth element. The s and p orbitals in the molecular ligands
form the localized molecular level, i.e., the highest occupied
or lowest unoccupied molecular orbital. If we take into ac-
count that the Coulomb interaction in the s and p orbitals
in the ligands can be considered negligible, then the on-site
Coulomb repulsion can be neglected.

III. THEORETICAL FORMALISM
A. Charge current

The charge-current operator of the contact £ is given by the
Heisenberg equation [72,73]

) = —e L, ] )
= —€—— = —€— ) )

5 dt noE

where ]\A/g = Zk’a 62056;«,5 represents the charge occupation

number operator of the contact &, while [ , ] denotes the

commutator. The average charge current from the lead £ to
the molecular orbital is then given by

g .
(1) = —e<ENg> = —e—([H, N). 2)

Using the Keldysh nonequilibrium Green’s functions tech-
nique, the charge current can be calculated as [72,73]

I:(t) =2e Re/dt'Tr{G’(t,t’)f];(t’,t)

+ G, HELE ), A3)

in units in which # = e = 1. The retarded, advanced, lesser
and greater self-energies from the tunnel coupling be-
tween the molecular orbital and contact & are denoted
by flg’”’<’>(t,t’). Their matrix elements are diagonal in
the electron spin space with respect to the basis of the
eigenstates of §,, with nonzero matrix elements given
by EQ“‘(:, =y, Vkég;g’<*>(t, t/)Vk’g, where g2§’<*>(t, )
represent the retarded, advanced, lesser and greater Green’s
functions of the electrons in the lead &. The Green’s func-
tions of the electrons in the molecular orbital are given by
G"*<>(t,t'), with matrix elements Go,(t,t") = Fif(+r F
Y{dy (), (1)), while G=.(t,1') = i(d. (')d,(t)) and
Gz, (t,1") = —i{d, (t)d, (")), with the anticommutator de-
noted as {-, -}. Applying the double Fourier transformations
in Eq. (3), one obtains

de (de _.. .,
() = — 2el] — | i
e ¢ ém/Zn/‘Zne

x Tr{fg(e')ér(e, )+ %Gﬂe, e’)}, 4)

where the tunnel coupling between the molecular orbital and
contact &, I'g(e) =2 ), |ng|25(6 — €kg), 1s energy inde-
pendent in the wide-band limit and considered constant. The
Fermi-Dirac distribution of the electrons in the lead & is given
by fe(e) = [et€—He)/ksT 1 1171 with kg the Boltzmann con-
stant and 7 the temperature.

The matrix elements of the retarded Green’s function
G’(t,t") of the electrons in the molecular orbital, can be
obtained by applying Dyson’s expansion and analytic contin-
uation rules [73],

G, tY=6"¢ -1+ / du G (r — t)B' 1)G (11, 1).
5

Here, G (t —t') is the retarded Green’s function of the
electrons in the orbital in the presence of only the static
component of the molecular spin S, along the axis of the
external magnetic field. It can be found using the equation of
motion technique [103], and after applying the Fourier trans-
formations, one obtains G¥ (¢) = [e —eg — =" — 6,.(gupB +
JS.)/217 " [17,104], where "¢ = Fil'/2 and I" = Y TeIn
the second term of Eq. (5), H'(t) = y(e""“’c?;ﬁl + eiw’ﬁzﬁT)
is the off diagonal part of the Hamiltonian, representing the
exchange interaction between the electronic spin in the orbital
and the rotational component of the molecular spin, with y =
JS 1 /2. The double Fourier transforms of the matrix elements
of G'(t,t') read [104,105]

278(e — €)G (€)

G, (e,€) = , 6
oo (&) = 26 (067, () ©
2 y8(es — €)GY ()G __(€5)
Gr , " — oo o—0 , 7
o—o(€,€) 1— VzGS’G(E)G%_J(Ea) O

where the abbreviation €, = € —ow = € — o (wy — 2DS,) is
used. Applying the double Fourier transformations to the
Keldysh equation [73]

G<*>(t,t’)=fdt1dt26’(t,t1)i<'>(n —1)G(t, 1), (8)
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the lesser and greater Green’s functions can be calculated as
G=7(e,€) = fde”G’(e, €N <> (eG4, €') /2, where
T(e)=i)  Tefe(e), T7(e)=i)  Te(fe(e)—1) and
G, €) =[G (€, ).

Finally, using Eqgs. (4)—(8), the average charge current from
the contact & can be written as

ngF; / de
Ig=——— [ — -
A ; 7 e(€) = fe(€)]
|G © [+ 72|GY, (€ + 0’ —20'DS,)| ]
7 1= 12CUOGY, (e + 0oL —20DS)["
o#o’

)
with & 7 ¢. Using the spin-resolved charge currents I, the

charge current can be written as Iz = I; +I§ . In the limit
DS, < wr, Eq. (9) reduces to the previously calculated ex-
pression for the charge current [83].

B. Density of states in the molecular orbital

The positions of the resonant transmission channels avail-
able for electron transport in the molecular orbital can be
obtained from the density of states in the orbital

o G, (€)
e S e ] S

Taking into account that the Hamiltonian of the molecular
orbital is a periodic function of time Avio(t) = o +T),
with 7 = 27 /w, the energies of the molecular levels at which
the resonant transmission channels are located, can be cal-
culated as Floquet quasienergies ¢;, i € {1, 2, 3,4}, using the
Floquet theorem [95-98]. They are given by

L L, (IS
€3 =6— o +DS: £ [DO+NS2+( ), AN

2
€4 =€)+ % - DS, + \/D(D + )82 + <J?S> . (12)
The derivation of the Floquet quasienergies is presented in the
Appendix. Note that €; = €; + @ and €4 = €3 + w. Some of
the spin-flip absorption and emission processes are shown in
Fig. 2, for w > 0. In the molecular orbital, an electron with
energy €;(€;) or €3(€4) can absorb (emit) an energy equal to
one energy quantum o and flip its spin, due to the exchange
interaction with the precessing component of the anisotropic
molecular spin, ending up in the quasienergy level with energy
€,(€1) or €4(€3), and then tunneling into either lead, so that
the | state with quasienergy €;(e3) is coupled with the 1
state with quasienergy €;(€4). An inelastic spin-flip process is
presented in Fig. 2(a). Here, an electron tunnels from the left
lead into the | level €; (or €3) of the molecular orbital, flips its
spin and absorbs an energy quantum . Then it tunnels into
either lead.

C. Noise of charge current

Additional properties of the charge transport in the junction
can be obtained by analyzing the charge-current noise. In view
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FIG. 2. Inelastic spin-flip processes between quasienergy levels
of the molecular orbital in the presence of the precessing anisotropic
molecular spin with frequency w = w; — 2DS,, for different posi-
tions of the levels with respect to chemical potentials p; and pg.
Different processes are represented with different colors. In (d) and
(e), the elastic tunneling processes are represented with horizontal
black arrows. For w > 0, a spin | (1) electron absorbs (emits) an
energy quantum o and flips its spin due to the exchange interaction
with the precessing component of the molecular spin.
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of the fact that the nonzero commutator in Eq. (1) is generated
by the tunneling Hamiltonian Hr, the charge current operator
I (t) can be written as

) = e% ;iga(t)a (13)

with the operator component IAE(, (t) given by
feo (0) =Y " Viell, s (1)do (t) = Vied (Dekoe (D). (14)
k
The fluctuation operator of the charge current in contact & is
given by
3l (1) = I (1) — (1)), (15)

The correlation between fluctuations of currents in leads & and
¢, known as nonsymmetrized charge-current noise is written
as [73,79]

Sec(t,1') = (81 (1)1, (1)), (16)
while the symmetrized noise is defined as [73,79]
Sees(t, 1) = ({81 (1), 81, (1")}). (17)

With the help of Egs. (13)—(15), one obtains the nonsym-
metrized noise as

Sec(t. 1) =S (.1)), (18)

with §77°(¢,1') = (—¢? JB*) (8l ()81, (t')) representing the
correlation between fluctuations of spin-resolved charge cur-
rents Iz, and I;,. Applying Wick’s theorem [106] and
Langreth analytical continuation rules [107], the correlation
functions Sgl '(t,t') introduced in Eq. (18) can be calculated
[73,84]. Using the Fourier transforms of Green’s functions
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G4 =7 (e, €') and self-energies X7 (¢), the formal ex-

pression for the nonsymmetrized noise of charge current in

standard coordinates ¢ and ¢, obtained previously [73,83,84],
becomes

Sec(t,1') = — hzZ{/dﬂ/dEZ/d“/dE“ —ier—ex) yiles—ear

X {[G} (€1, €2)E] (63) + 2G . (€1, €3)5¢|[G

oo (€4, €)E7 (€2) +2G;, (€a, 62)25]

+ [ZZ(€)GL (€1, €3) + 2G5 (€1, €3) DL [ 27 (€4)Glp (€4, €2) + 2G4 (€4, €2)E] |

d d d
+4%[3!G, (61’63)600(64762)}—85580_0/ 61/ € 63

X e TNCTGE (61, ) B (€3) + T T gy (el>GM<ez,63>}} (19

The resulting nonsymmetrized noise depends only on the time
difference T =t — ¢/, and its power spectrum is given by

Ser(Q) = / dte ¥ Se (1), (20)
while the symmetrized noise spectrum reads
Sers(Q) = 3[Sec () + See (— Q)] @n

The individual noise components, S7” () and symmetrized
Sggs/(Q) = %[ng'(Q) + Sé’é"(—Q)] can be calculated using
Egs. (18)—(21), and represent correlations between fluctua-
tions of charge currents with the same spins for o = o’, or
different spins for o # o’. The charge current given by Eq. (9)
is conserved, implying that the zero-frequency (2 = 0) noise
power satisfies the relations S;;(0) = Sgr(0) = —S;x(0) =
—Sgr(0). In experimental configurations zero-frequency noise
power is standardly measured. In the remainder of this paper,
the noise power Sy, = Sp.(0) = Sp.s(0) at zero temperature
will be discussed, as in this particular case it is contributed
only by the shot noise, while thermal noise vanishes. The
elastic tunneling events are induced by the bias voltage. The
inelastic tunneling events, each involving a spin flip and ab-
sorption (emission) of an energy quantum w, are induced by
the exchange interaction between the spins of the conduction
electrons and the precessing component of the anisotropic
molecular spin. The second term in Eq. (19) involving 844
vanishes for o # o’. Hence, the shot noise S;; is the result
of the competition between positive correlations of currents
with the same spins S| = S/ and Sﬁ = Sﬁs, and negative
correlations of currents with opposite spins, induced by spin-
flip events, SN and Siz, which are a complex conjugate pair

St = (5]} with S{fy = st

IV. RESULTS

Now we analyze the behavior of the charge current ;, zero-
frequency noise power Sy, and Fano factor F = Sy /e|l;|
as functions of the uniaxial magnetic anisotropy parameter
D, bias voltage eV = u; — ug, and Larmor frequency wp
(magnetic field B), focusing on the influence of tuning the
anisotropy parameter D on charge transport properties of the
system. In particular, it will be shown that the anisotropy
parameter D can contribute to controlling and reducing the

(

noise power, especially via quantum interference effects, that
occur at resonant conditions pg = ¢;, and manifest themselves
as Fano-like peak-dip (dip-peak) features in the noise Sy .

In Fig. 3, the average charge current from the left lead I,
and autocorrelation shot noise Sy are presented as functions
of the magnetic anisotropy parameter D, for five different tilt
angles 6, while the Fano factor F' is shown in Fig. 4. The
current and noise in Fig. 3 show the molecular quasienergy
spectrum, with each dip, dip-peak, peak-dip, or step-like fea-
ture denoting the anisotropy parameter D corresponding to
the matching between level ¢; and chemical potential 1.
The fano factor F < 1, so the noise is sub-Poissonian. Both
elastic tunneling, and inelastic processes involving absorption
(emission) of an energy w with longer electron dwell time
on the molecular orbital, contribute to sub-Poissonian noise.
We see that the current, shot noise and consequently the
Fano factor are constant for & = 0 (orange, dotted lines) and
6 = m /2 (pink, dashed lines). If we look at the expression for
the current, given by Eq. (9), we notice that for 0 =0, y =0
as well, and the charge current dependence on D vanishes.
On the other hand, S, = 0 for & = /2, hence the current
does not depend on the anisotropy parameter D either. For
the tilt angle & = /3 (green line in Figs. 3 and 4) and D =
—0.01312 ¢y (grid line), corresponding to u; =€ = 2.5¢p
and €; = 0.69 €, there is a dip-peak feature in the current,
and a peak-dip feature in the shot noise and Fano factor. The
position of the quasienergy levels ¢; with respect to ¢ for this
set of parameters corresponds to Fig. 2(d), where we see the
available tunneling processes between levels with energies €,
and €;, and 2(i) where the tunneling processes between levels
with energies €3 = —0.5 ¢p and ¢4 = 1.31 ¢ are shown. There
are two available spin-flip processes for electrons tunneling
into | level € (€3) from the left lead [green curved arrows in
Figs. 2(d) and 2(i)], and one elastic tunneling process [black
horizontal arrow in Fig. 2(d)]. For an electron from the left
lead entering 1 level with energy €;, one spin-flip process
is available in Fig. 2(d) (magenta curved line), while one
electron can jump into the left lead from 1 level €,, and elastic
tunneling to 1 level €; (€4) is available [black horizontal arrow
in Fig. 2(d)]. As a result ILT < I,f > 0.

Similarly as in the Fano effect [99,100], the peak-dip (dip-
peak) features are manifestations of the quantum interference
between the states connected with spin-flip events, accompa-
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FIG. 3. (a) Charge current /; and (b) autocorrelation shot noise S;; as functions of the uniaxial magnetic anisotropy parameter D for
different tilt angles 6, at zero temperature, with B = BZ.. The chemical potentials of the leads are equal to i, = 2.5 €y and ug = 0. The other
parameters are settoI' = 0.05€0, 'y =T'r =T'/2, o, = 0.5¢€p, J = 0.01 ¢y, and S = 100. Grid lines for & = 7 /3 (green line) are positioned
at D = —0.01312 ¢ (up = €;), —0.00625 €y (ug = €3), 0.00875 €y (g = €4), and 0.01406 €y (1L = €1).

nied by an energy change w. Namely, e.g., in Fig. 2(d) an
electron from the left lead can tunnel through a 1 state via
an elastic tunneling process (black horizontal arrow), or via
inelastic spin-flip process from | to 1 state, with absorption of
an energy w, before it tunnels out of the orbital (green curved
lines). The electron can alternatively tunnel through a | state
elastically (black horizontal line), or via spin flip from 1 to |
state, with emission of an energy w (pink curved lines). The
superposition of two electron wave functions along the two
tunneling pathways, one elastic and the other inelastic, ending
in the same final 1 or | state leads to constructive (peaks)
or destructive (dips) quantum interference, manifested in the
shot noise. The asymmetric line shape in S;; resembles the
shape of the asymmetric Fano resonance profile, described
by the Fano formula [99,100]. Around a resonant anisotropy
parameter Dy, for uz = €;, with destructive interference cor-
responding to a minimum (dip) at Dy,, and constructive
interference corresponding to a maximum (peak) at Dy,.x, the

0.58 M T T T ]

6=0 )

0.56 —0=n/9 1

=0 =m/4 1

0.54 —0=n/3 J
- 0=m2

0.52

0.50

0.48

~0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
D [e]

FIG. 4. Fano factor F' as a function of the uniaxial anisotropy
parameter D. The plots are obtained for different tilt angles 0 at zero
temperature, with B = B#.. The chemical potentials of the leads are
equal to u; = 2.5 €¢p and g = 0. The other parameters are setto I’ =
0.05€0, ', =Tg =T/2, w, =0.5€¢y, J =0.01 ¢y, and S = 100.

shot noise S;; matches the Fano-like shape given by

(D - Dres + qrres/z)2
(D — Dres)? 4 (Tres/2))?’

where ¢ = +£1 is the asymmetry parameter. For o > 0, g =
—1, whereas for w < 0, ¢ = 1. The width of the resonance
iS T'tes = |Dmax — Dminl, C represents the shot noise at Dy,
C = S11.(Dpin), while A is half of the amplitude of the Fano-
like shape, A = [SL.(Dmax) — SrL(Dmin)]/2. The asymmetry
parameter g, represents the ratio of the probabilities of elastic
and inelastic tunneling interfering pathways. Since |g| = 1,
both elastic and inelastic processes are equally probable, and
D, is located at equal distance from Dy, and Dy

As the anisotropy parameter D increases, the quasienergy
level €3 moves up the energy scale and enters the bias-voltage
window around D = —0.00625 ¢, for 8 = /3 (another grid
line in Figs. 3 and 4), with up = €3 = 0, leading to the in-
crease of the Fano factor since new quasienergy level becomes
available for elastic or inelastic processes [see Figs. 2(g) and
2(h)]. Now, all levels satisfy ug < €; < up, leading to the
enhancement of the current after its minimum value, with
IE ~ Ilf > 0, and the most prominent peak-dip feature in Sz,
and F, where the dips represent their minimum values. The
Fano-like shape of the resonance profile, og(D), given by
Eq. (22), corresponding to S;; with & = 7 /3 [green line in
Fig. 3(b)] for Dy = —0.00625 ¢y and Ds = 0.00875 ¢ is
presented in Fig. 5. The noise S;;, resembles the Fano-like res-
onance profile oy, around resonant anisotropy parameters D,
Si. =~ og (blue line around D,s = —0.00625 €y and red line
around D,.; = 0.00875 € in Fig. 5). For D,s = —0.00625 ¢,
the parameters of the Fano-like profile oy are the follow-
ing: ¢ = —1, Dyin & —0.0059 €, Dpnax =~ —0.0066 €¢, ['ies =
0.0007 €y, C ~ 1.1154 x 1072 €p, and A &~ 4.5312 x 10~ €.
The inset shows individual contributions of two interference
profiles to Fano-like shapes in Sy . The interference of elec-
tron waves propagating, one elastically through 1 level (e4)
and the other inelastically with absorption of an energy w, and
a spin flip from | level (e3) to 1 level (e4) [see Fig. 2(h)], is
presented in the contribution SZ;S + Szfs (pink line, inset in
Fig. 5). The interference of pathways involving | state (€3)

os(D)=C+A

(22)

165415-6



EFFECT OF UNIAXIAL MAGNETIC ANISOTROPY ON ...

PHYSICAL REVIEW B 111, 165415 (2025)

1.22+ [‘ B
1.20 7
= L i
o 1.18 1
= L i
= 1.16f - 1
b F Stis+SiLs 1
1.14F ool 1
| — Do = -0.00625 Stis*+Sirs ]
— D,es = 0.00875 ‘ ‘ ‘ ‘

112r—5,, -0.005 0.000 0.005 0.010 7

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015

D [e]

FIG. 5. Fano-like shape of the resonance profile oy as a function
of the uniaxial anisotropy parameter D, corresponding to noise Sz
for 6 = /3 in Fig. 3(b) (green line), for two resonant anisotropy
parameters D, = —0.00625 ¢y (blue line), and D, = 0.00875 €,
(red line). Around D, the shot noise S;; matches o. The inset shows
contributions of S/ + S} (pink line) and S} + S}/ (purple line)
to the resulting shapes of the resonance profiles in S;,.. The other
parameters are the same as in Fig. 3.

and a spin flip from 1 state (e4) to | state (€3) accompanied by
the emission of an energy w is presented in Sﬁs + SiLTs (pur-
ple line, inset in Fig. 5). In both lines ¢ = —1, showing equal
probabilities of elastic and inelastic spin-flip processes involv-
ing absorption (pink line) or emission (purple line), with the
ratio of amplitudes of their resonance profiles around 1.186.
With further increase of the parameter D, I; and S;; ap-
proach constant values, and F = 0.49 [108], in the region
between second and third grid lines, until D = 0.00875 ¢
[green line in Fig. 3(b)], since all levels ¢; lie within the bias-
voltage window. The quasienergy level ¢4 moves down the
energy scale with the increase od D, and for D = 0.00875 ¢
(grid line in Figs. 3 and 4), ug = €4 = 0, leading to a decrease
of I, with IE > ILL > 0 [tunneling processes in Figs. 2(g) and
2(h)] and a dip peak in Sy ;. Around D, = 0.00875 €g, Si.1.
resembles the Fano-like resonance shape given by Eq. (22)
(red line in Fig. 5). The asymmetry parameter is now g = 1
as a consequence of the reversed direction of the effective
magnetic field By = (w/gmp)eé. (w < 0). The | level with
energy €3 lies above 1 level with energy €4 for v < 0, €3 > ¢4.
The contribution of the interference between elastic tunneling
pathway through 1 level (e4) and inelastic emission pathway
with a spin flip from | level (e3) to 1 level (e4), against the
direction of the effective magnetic field éeff (Betr < 0,B > 0)
is negligible (pink line, inset in Fig. 5), while the interference
between elastic process through | level (e3) and inelastic
absorption process accompanied with spin flip from 1 level
(e4) to | level (e3) almost entirely participates in the formation
of the Fano-like resonance profile (purple line, inset in Fig. 5).
As the parameter D increases, the level €4 leaves the bias-
voltage window. At D = 0.01406 €, for & = 7 /3 (grid line
in Figs. 3 and 4), u; = €, before the level €; leaves the bias-
voltage window with further increase of D, resulting in the
final decrease in I;, with ILT > Ié > 0, [tunneling processes
in Figs. 2(d) and 2(i)] and a dip-peak in S;;. All the plots
in Fig. 3, except for § = 0 and 6 = 7 /2, show that both I,

and S;; have minimum values around the value of D that
corresponds to the entrance of all ¢; into the bias-voltage
window. Both [, and S;; are saturated at high anisotropy
|ID| > wr /28, and F ~ 0.49. In this case only two levels, €,
and €4 (for D < 0, w > 0), or €; and €3 (for D > 0, w < 0),
lie between p; and g, and more energy is needed to flip an
electron spin to the direction of the effective magnetic field,
so that its spin flip is energetically unfavourable. Besides, an
electron dwell time on the molecular orbital during a spin-
flip process also increases. Therefore, at a high anisotropy,
|D| > w/2S;, the dominant tunneling processes are elastic,
with spin-resolved charge currents ILT ~ ILl and correlations
of currents with the same spins, Szz o Sﬁ, while the proba-
bility of electron spin flip decreases, so that the contribution
of the correlations of currents with opposite spins to noise
st 45— 0.

The average charge current /; as a function of the applied
bias voltage eV at zero temperature is plotted for six different
values of anisotropy parameter D in Fig. 6(a), where the bias
voltage is varied such that p; g = £eV/2. As the bias volt-
age increases, a new channel available for electron transport,
with an energy ¢; enters the bias-voltage window, resulting
in a step increase in the current. Since the positions of the
quasienergy levels €; depend on molecular spin anisotropy,
for different values of D, the staircase current function will
show steps at different values of ¢V. The shot noise of charge
current S;; and Fano factor F as functions of ¢V are shown
in Figs. 6(b) and 7. The peak-dip (dip-peak) features, which
occur due to the quantum interference, and steplike features
in S7; and F, correspond to resonances pg = eV/2 =¢;.
Hence, they change their positions with the change of the
magnetic anisotropy parameter D. For the set of parameters:
wp, = 0.5¢p, 6 = /3, and D = 0.005¢( in Fig. 6 (blue, dot-
dashed line), one obtains w = w; — 2DS,; = 0, with only two
transport channels, with energies € = 0.34¢€p and €/ = 1.66¢),
available for the elastic tunneling, denoted by the steps at
+eV/2 =€ and +eV/2 = ¢/. In this case, the Fano factor
is Poissonian, F = 1, for |eV| < 2¢ (blue dot-dashed line in
Fig. 7), since the transmission probability is very low, de-
pending on the level broadening I', and the currents remain
uncorrelated until the first channel available for electron trans-
port appears. For w # 0, the average current /;, is equal to zero
at eV = 0, but the noise Sz is contributed by the inelastic
processes in which an electron flips its spin and absorbs an
energy o, leading to the divergence of the Fano factor (see
Fig. 7). The noise becomes sub-Poissonian (¥ < 1) as soon as
one of the levels ¢; enters the bias-voltage window, since the
transmission probability increases. After all the levels ¢; enter
the bias-voltage window [tunneling processes in Fig. 2(g)],
the Fano factor becomes constant F = 1/2 [108].

The average charge current /;, and noise S;; as functions
of the Larmor frequency w;, at zero temperature, for several
different values of the magnetic anisotropy parameter D, are
shown in Figs. 8(a) and 8(b). The corresponding Fano factor
F is presented in Fig. 9. Here, the bias voltage is varied as
eV = up — ug, with ug = 0, while pup = 2.5 €y, except for
the blue dot-dashed lines where p; = 1.125 €. All steps in
the current I, as well as steps and dip-peak features in the
noise Sy, correspond to a resonance y; = €;. At w;, = 0, for
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FIG. 6. (a) Charge current /;, and (b) autocorrelation shot noise S;; as functions of the applied bias voltage eV = u;, — ug with
uLr = +eV/2 and B = Be., for different uniaxial magnetic anisotropy parameters D at zero temperature. The other parameters are set
to'=0.05€0, ', =Tx=T/2, o =0.5¢), J =0.01¢p, S =100, and 6 = /3. All energies are given in the units of €,. The peak-dip
(dip-peak) features in the shot noise S;; as manifestations of the quantum interference effect, and steps in the charge current function /; and
shot noise S;; correspond to resonances j; = €;, withé =L, Randi=1,2,3,4.

D = —0.00625 ¢y and p; = 1.125 ¢y (blue dot-dashed lines
in Fig. 8), both I}, and S, increase, since pu; = €, while €; =
1.75€y, €3 =0.25€p and €4 = 0.875¢p. The spin-resolved
charge currents ILT > 0 and If > (0. In Fig. 8(b), around
o = 0.5¢j (grid line), one observes a small peak-dip for D =
0.00875 €y (pink line), as €4 = ug and quantum interference
occurs between channels with energies €3 and €4, with €3 > €4
(w < 0), while for the anisotropy parameter D = —0.01312 ¢,
[green line in Fig. 8(b)] there is a dip-peak feature, as ;u; = €,
showing the impact of the quantum interference effect be-
tween channels with energies €; and €, [tunneling processes
for all levels in Figs. 2(d) and 2(i)]. In both cases, the Fano
factor is sub-Poissonian, F' < 1. Again, one can see that F —
1/2 if all the quasienergy levels lie within the bias voltage
window [108], e.g., for D = 0.005 ¢y and w;, < 1.18 €y, where
wp, = 1.18 ¢y corresponds to €3 = ug (orange line in Fig. 9).

T

—D=0 A

- D=0.002
I --D=0.005 |
l'l —D =0.007
I D =-0.006 |
- —D=-001

eV [e]

FIG. 7. Fano factor F as a function of the applied bias volt-
age eV = i — g with 1,z = +eV/2 and B = Be,, for different
uniaxial magnetic anisotropy parameters D at zero temperature.
The other parameters are setto I’ = 0.05€0, I', =T'x =1/2, o, =
0.5€p, J =0.01¢y, S =100, and 6 = 7 /3. All energies are given in
the units of €.

For D = —0.00625 ¢p, around w; = 0.5 ¢(, the double reso-
nance occurs: g = €3 and u; = €4, with €, = 0.875 ¢ and
€, = 2 € [see tunneling processes for all levels in Figs. 2(a)
and 2(e)], resulting in a dip with higher magnitude in the noise
Srr as a sign of destructive quantum interference between
channels with energies €3 and €4, connected with spin-flip
events [blue dot-dashed line in Fig. 8(b)]. The charge cur-
rent /;, shows a steplike decrease with Ig < 0 and ILi > 0,
whereas in the Fano factor F' a step increase occurs around
o = 0.5 ¢, leading to super-Poissonian noise, with F > 1
(blue dot-dashed line in Fig. 9). For D = —0.0625 ¢, and
o > 0.5 €, the spin-resolved currents ILT < 0 and Ilf > 0.

In Fig. 8(b), note that around w;, corresponding to ug =
€;, Sy either increases, or if the quantum interference oc-
curs, decreases around Fano-like line shapes (except around
w; = 0.5 for D = —0.00625). Accordingly, for each value
of D, around w; such that one remaining quasienergy level
€; within the bias-voltage window is in resonance with the
chemical potential of one of the leads, one notices the final
step decrease in the current I;, and the final step increase
or a dip-peak feature in Sy, (see Fig. 8). For instance, at
wp =2.25¢y and D = —0.00625 ¢ (blue dot-dashed line),
the remaining level within the bias-voltage window, €] = ug
[see tunneling processes for all levels in Figs. 2(b) and 2(c)],
whereas, for D = —0.01312 ¢y and w;, = 2.87¢( (green line
in Fig. 8), the energy of the only level within the bias-voltage
window equals €4 = p, [tunneling processes in Figs. 2(c)
and 2(f)]. With further increase of w;, all four levels ¢; lie
out of the bias-voltage window, two below ug: €; < ug and
€3 < Ug,and two above u;: €, > uyp and €4 > uz. Hence, the
average current /; drops to zero, with nonzero spin-resolved
currents ILT = —ILl < 0, while S;; becomes a constant, due to
the spin-flip absorption processes, and F' > 1, indicating the
super-Poissonian noise.

In Fig. 10, the dependence of the autocorrelation noise Sy,
on frequency wy, is plotted for several values of the anisotropy
parameter D and equal chemical potentials of the leads, u; =
ur = = 0.25¢p, at zero temperature. Here, only absorp-
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FIG. 8. (a) Charge current /; and (b) autocorrelation shot noise Sy, as functions of the Larmor frequency w, for different uniaxial magnetic
anisotropy parameters D. All plots are obtained at zero temperature with B = BZ,. The chemical potentials of the leads are equal to g = 0
and up = 2.5¢, except for D = —0.00625 €y, where p; = 1.125¢;. The other parameters are set to ' = 0.05€¢0, I', =Tx =1/2, J =
0.01 €y, S =100, and & = 7 /3. All energies are given in the units of €. All steps in the current /;, and the corresponding steps and dip-peak
features in the noise S, denote a resonance g = €;, with & = L, R. A distinct dip in the noise S;, and a significant drop of the corresponding
current appear for D = —0.00625 ¢, (blue dot-dashed line) around w; = 0.5 € (grid line), due to the double resonance: ug = €3 and pu, = €.

tion processes between levels connected with spin-flip events
occur. For isotropic molecular spin with D = 0 (red line in
Fig. 10), the shot noise Sy is an even function of w;, at zero-
bias conditions ¢V =0, S;;(wr) = Sr.(—wy) [83], whereas
if the molecular spin is anisotropic (D # 0), the shot noise is
an even function of the frequency w, Sy (w) = Sp (—w). In
all the plots each steplike increase or decrease corresponds
to u = ¢; (not all are shown). For instance, if we take Lar-
mor frequency w; = 0.5 ¢y (marked by a vertical grid line),
there is a step-like increase for the magnetic anisotropy pa-
rameter D = 0 (red line) since the chemical potential w is
in resonance with quasienergy level €3, u = €3. Similar step
for D = 0.002 ¢ occurs around w; = 0.586 ¢y, where u = €3

3.0t —D=0 i .
D =0.005

25L - D=0.0875 | i
+-D=-0.00625 |
—D=-001312!

20t | 1
£ /‘/'
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FIG. 9. Fano factor F' as a function of the Larmor frequency
w; for different uniaxial magnetic anisotropy parameters D. All
plots are obtained at zero temperature with B= Bé,. The chemical
potentials of the leads are equal to ugr =0 and u; = 2.5¢p, ex-
cept for D = —0.00625 (blue dot-dashed line), where p;, = 1.125 €.
The other parameters are set to I' = 0.05€0, 'y, =T =1/2, J =
0.01 ¢y, S =100, and & = 7 /3. All energies are given in the units of
€0.

(purple line in Fig. 10). For w; = 0.5 €y and D = 0.005 €, the
resulting w = 0, with only two molecular levels, positioned
above i, at € = 0.34 ¢y and €’ = 1.66 ¢, and neither elastic
nor spin-flip processes occur. The shot noise S;;, monoton-
ically decreases around w; = 0.5 €), drops to zero at w; =
0.5 ¢ (intersection between grid line and black line), since
spin-resolved correlations S¢7" = 0, and then monotonically
increases. Similarly, the charge current noise Sz, is equal to
zero at w; = 0.6 €p, for D = 0.006¢( (green line), at oy =
0.8 ¢y, for D = 0.008 ¢y (orange line), and at w; = €y, for
D = 0.01 ¢y (blue dot-dashed line). For D = 0.006 €y, u = €4
at w;, = 0.5¢p and one observes a step-like decrease (intersec-
tion between grid line and green line in Fig. 10). With further

T

I —p=o0
[ —D=0.002
6r - D=0.004
[ —D=0.05
S 5 —D=0.006
@’ [ —D=0008
o 4r .-D=001
: |
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FIG. 10. Shot noise of charge current S;; as a function of the
Larmor frequency w; for different uniaxial magnetic anisotropy
parameters D at zero-bias voltage. All plots are obtained at zero
temperature with B = Bé,. The chemical potentials of the leads
are equal: p;, = ugp = 0.25 €. The other parameters are set to I' =
0.05€0, ', =Tr=T/2,J=0.0l¢, S=100, and 6 = /3. All
energies are given in the units of €. The noise Sy, is suppressed for
w=0,ie.,D = w,/2S,.
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FIG. 11. Shot noise of charge current S;; at zero bias-voltage
conditions, as a function of the chemical potential of the leads
W = g = g, for different uniaxial magnetic anisotropy parame-
ters D. All plots are obtained at zero temperature with B = BZ,.
The other parameters are set to I' = 0.05€¢0, I'y, =T'x =1/2,J =
0.01¢p, S =100, w, = 0.5¢€p, and 6 = 7 /3. All energies are given
in the units of €y. The shot noise S, is positive between levels con-
nected with spin-flip absorption events for w # 0, i.e., D # w,/2S,.

increase of the magnetic anisotropy parameter D, the noise
Sy1 decreases (cyan line in Fig. 10), and for a sufficiently large
D, drops to zero, as SzL¢ + Siz — 0and S} = Sﬁ — 0.

The autocorrelation shot noise S;; as a function of chem-
ical potential of the leads at zero-bias voltage conditions
W = up = ug, when the average charge current is equal to
zero, for several values of the magnetic anisotropy parameter
D, at zero temperature, is shown in Fig. 11. The Larmor
frequency w; = 0.5 ¢y and the tilt angle & = /3. Since the
contribution of the correlations between currents with the
same spin S77 is dominant, the noise S;; takes positive val-
ues for w # 0, i.e., for D # w./2S, in the regions between
quasienergy levels connected with spin-flip absorption pro-
cesses, taking into account the level broadening I". The grid
line in Fig. 11 at u = 0.25¢;, corresponding to the grid
line in Fig. 10 at w; = 0.5 €, intersects with all the plots
showing that the autocorrelation noise S;; is reduced with
the increase of the magnetic anisotropy parameter D. The
noise can vanish at zero-bias voltage conditions for v = 0,
and that is satisfied for D = w; /25, = 0.005 € (black line in
Fig. 11). In that case the spin-resolved correlations S¢¢" = 0.
With further increase of the magnetic anisotropy parameter
D, the frequency w < 0, i.e., the direction of the precession
is altered, the anisotropy parameter D > w; /2S,, and the shot
noise Sy, takes positive low values between quasienergy lev-
els connected with spin-flip events (green, orange, and blue
dot-dashed lines in Fig. 11), compared to the one at the highest
positive frequency w = wy, for the isotropic molecular spin
(red line in in Fig. 11). In order to reduce the shot noise
Sy at zero-bias voltage conditions, one needs to increase the
magnetic anisotropy parameter D and either slow down the
precession of the molecular spin, or reverse the direction of
the spin precession with respect to the Larmor precession.
With further increase of the magnetic anisotropy parameter,
for a sufficiently large anisotropy parameter D, the shot noise
S1. becomes entirely suppressed and drops to zero.

V. CONCLUSIONS

In this paper, the characteristics of charge transport through
a single molecular orbital in the presence of a precessing
anisotropic molecular spin in a magnetic field, connected to
two noninteracting metallic leads, was theoretically studied.
The Larmor frequency is modified by a term with the uniaxial
magnetic anisotropy parameter of the molecular spin, and the
resulting precession is externally kept undamped. The expres-
sions for charge current and current noise were obtained using
the Keldysh nonequilibrium Green’s functions technique.

The results show rich transport characteristics at zero
temperature. The quantum interference effects between the
states connected with precession-assisted inelastic tunneling
processes, involving absorption (emission) of an energy w
and a spin flip, manifest themselves as peaks (construc-
tive interference) and dips (destructive interference) in the
shot noise, matching the Fano-like line shapes, controlled
by the anisotropy parameter and Larmor frequency. Each
resonance between a chemical potential and an anisotropy
dependent quasienergy level is visible in a transport measure-
ment through characteristics such as steps, peaks and dips,
and can be varied by tuning the anisotropy. The correlations
between the same-spin (opposite-spin) currents are positive
(negative), and are particularly interesting at zero-bias con-
ditions since the resulting shot noise is positive for chemical
potentials between quasienergy levels, which are connected
by the inelastic absorption processes accompanied with a spin
flip. Here, with the increase of the anisotropy parameter, the
precession frequency decreases or the precession direction
becomes altered, and the noise is reduced. Additionally, the
anisotropy parameter can be adjusted to suppress the preces-
sion frequency, so that the resulting shot noise vanishes. It was
shown that the charge current and shot noise can be controlled
by a proper adjustment of the anisotropy parameter of the
molecular magnet and reach their saturation if the anisotropy
is large at nonzero bias voltage.

Taking into account that the charge transport in the given
setup with the anisotropic magnetic molecule can be manip-
ulated by the uniaxial magnetic anisotropy parameter of the
molecular spin, and other parameters, the results of this study
may be useful in the field of single-molecule electronics and
spintronics. It might be useful for magnetic storage applica-
tions to study the charge- and spin-transport properties using
a setup with a molecular spin modelled as a quantum object in
the future.
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APPENDIX: DERIVATION OF FLOQUET
QUASIENERGIES

Here, the derivation of the Floquet quasienergies given
by Egs. (11) and (12) is presented. A periodic Hamiltonian
H(t)=H( + T), with a period T = 27 /w can be written as
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According to the Floquet theorem [95-98], the so called
quasienergy states

[V () = e |y (1)),

with quasienergies €, and time-periodic functions |¢y(¢)) =
| (t + T)), represent solutions of the Schrodinger equation

(AD)

(A2)

N d

H@O)ly (1)) = iﬁgll/f(t))- (A3)
Substituting Eq. (A2) into Eq. (A3), one obtains [95-98]

D)o (1)) = €aldalt)). (A4)

where H(t) = H(t) — id /0t. Using an orthonormal basis
{|ce)} for the Hilbert space in which the Hamiltonian H(t) can
be represented, the quasienergy state |y, (¢)) can be expanded
as a Fourier series, while the quasienergies €, can be calcu-

lated as the eigenvalues of the Floquet Hamiltonian HF,
det|HY — €| = 0. (A5)

The matrix elements of AT in the orthonormal basis {|an)},

with |an) = |a) ® |n) representing products |o)e™, withn €
Z, are given by [96]
(anl A" |pm) = (@|H"™™|B) + nwdapSun, (A6)
which can be further expressed as
HY, g = HY ™ + nosdapdun. (A7)

The infinite number of quasienergies, €, + nfiw can be ob-
tained for each quasienergy state |, (¢)), so that one only
needs to calculate quasienergies within one interval, e.g.,
[0, ).

In the Hilbert space spanned by the eigenvectors of
operator §,, | 1) =|1) and | |) =|2), the time-periodic
Hamiltonian of the molecular orbital Ayo(f) = Hmo(r +
27 /w) reads

., JS. .
Hyo(1) = A D(1] + A2(2)(2] + TLef”‘”Il)(ZI

JSJ— it
—e€

3

[2)(1], (A8)

with A} = €9+ (wp +JS;)/2, X =€y — (0w +JS;)/2 and
o = o — 2DS,. The Hamiltonian of the molecular orbital
expressed as a Fourier series

o0
ﬁMO(t) — Z ﬁ;/i’l())ein(a)L72DSz)t’

n=—0o0

(A9)

has the following nonzero components, calculated using
Eq. (A7):

A% = a1+ aa02)2, (A10)
N JS .
Hlf/[?.l) — Tlefl(wL72DSZ)t|1)(2|’ (All)
. JS. .
Ay = =521, (A12)

According to Eq. (A7) the matrix elements of the Floquet
Hamiltonian can be calculated as

Han,lm = [)‘1 + n(wL - 2DSz)]8nms (A13)
JS

Hiyom = =51, (Al4)
JS

i im = =5 Snme, (AL5)

HY o = [A2 + n(wr, — 2DS,)18um. (A16)

Since the Floquet Hamiltonian is block diagonal, it is enough
to write one block,
A+ (n— 1) (wp — 2DS;) JS,1/2
. (A17)
JSL/2 kz+n(wL—2DSZ)
The Floquet quasienergies €; and €3 are the eigenvalues of the
block for n = 0, given by

JS\?
€13 =€ — % 4 Ds, :I:\/D(D+J)SZ2 + <?> . (A18)

while the quasienergies €, = €; + w and €4 = €3 + w are the
eigenvalues of the neighboring block with diagonal matrix
elements shifted by w.
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Spin transport through a nanojunction with a precessing anisotropic molecular spin -
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The subject of this study is spin transport through a molecular orbital connected to two leads, and
coupled via exchange interaction with a precessing anisotropic molecular spin in a constant magnetic
field. The inelastic spin-flip processes between molecular quasienergy levels are driven by the molec-
ular spin precession. By setting the Larmor frequency, the tilt angle of molecular magnetization
with respect to the magnetic field, and the magnetic anisotropy parameter, one can modulate the
spin current and noise, spin-transfer torque and related torque coefficients. Moreover, the dc-spin
current and spin-transfer torque components provide the quasienergy level structure in the orbital.
Quantum interference effects between states connected with spin-flip processes manifest themselves
as dips (minimums) and peaks (maximums) in spin-current noise, matching Fano-like resonance
profiles with equal probabilities of interfering elastic and spin-flip pathways. By proper adjustment
of the anisotropy parameter and magnetic field, the precession is suppressed and the torque van-
ishes, allowing to reveal the anisotropy parameter via a dc-spin current or torque measurement. The
results of the study show that spin transport and spin-transfer torque can be manipulated by the
anisotropy parameter even in the absence of the magnetic field.

I. INTRODUCTION

Due to small size and uniaxial magnetic anisotropy
which leads to magnetic bistability, single-molecule
magnets are potential candidates for magnetic stor-
age and information processing.!'® Since energy bar-
rier to molecular spin reversal depends on the mag-
netic anisotropy parameter,>31617 it is important to
find ways to control it, e.g., via charge current or elec-
tric field.319:18-24 For the potential applications in spin-
tronics, various phenomena in magnetic structures have
been subject of research, such as spin relaxation,25 29
spin fluctuations,?%32 geometrical spin torque,333* self-
induced torque®® and dynamics of magnetization driven
by external means.36~48 The control of magnetization in
junctions by spin-polarized current was first theoretically
suggested??®% and then experimentally confirmed.®!:>2
By applying spin torque, the magnetization dynamics can
be manipulated,*® and as a back action the spin pump-
ing occurs.?®%* It is possible to reverse magnetization via
current-induced spin-transfer torque (STT).3¢:55760 For
instance, using spin-polarized current through a single-
molecule magnet connected with ferromagnetic elec-
trodes, its spin states can be switched.!”:61764 It has been
shown that the anisotropic molecular spin can be reversed
even in the absence of a magnetic field by turning on a
bias voltage for one ferromagnetic and one paramagnetic
lead.%> Spin-polarized currents exert STTs on the magne-
tization of magnetic nanostructures in the form of field-
like or damping torques.?6:6-72 The effect of supercon-
ductivity on the magnetization dynamics has also been
studied since the beginning of the new century.**73-7°

The nonequilibrium Green’s functions (NEGF)
formalism® 82 has been employed in molecular spintron-
ics in investigations of e.g., spin pumps,>3* quantum
interference,® spin-flip inelastic tunneling,36%° and
magntic skyrmion dynamics.”?°2 NEGF technique

has also been used in the theoretical calculations of
spin-current shot noise.?3 % While investigating trans-
port through single-molecule magnets, many effects
were analysed such as Kondo effect,?619 spin-Seebeck
effect, 101103 Q7T 104105 and spin blockade.5:106:107
In molecular spintronics experimental studies of spin
polarized currents,!?®1%9 spin interactions,'%! spin
valves,''? and spin-flip inelastic electron tunneling
spectroscopy®!!'3 have been done.

The classical magnetization dynamics is usually
described by the Landau-Lifshitz-Gilbert (LLG)
equation.!'* 116 Even thermal effects on the mag-
netization dynamics have been studied using LLG
equation.’” 11® The contribution of STT due to spin-
polarized currents can be included in LLG equation,36:67
and has been derived for molecular magnets,*!:119-121
and other magnetic systems such as spin-valves or mag-
netic multilayers,*® magnetic domain walls,'?? slowly
varying magnetization,'?? and magnetic skyrmions.??124
In quantum transport calculations, the semiclassical
approach is often used, where the local magnetization
of a magnetic nanostructure is treated as classical
and its dynamics is described by LLG equation, while
the spin of the conduction electrons is considered as
quantum 341251257130 Tt is assumed that the spin-
polarized currents are carried by electrons that are fast
in comparison to the local magnetization dynamics.

The aim of this article is to theoretically study the
spin transport through a single molecular orbital of a
molecular magnet with a precessing anisotropic spin in
a constant magnetic field. The precession frequency
of the molecular spin involves Larmor frequency and
a term with the uniaxial magnetic anisotropy param-
eter. The spin in the orbital and molecular spin are
coupled via exchange interaction. The orbital is con-
nected to two normal metal leads, leading to spin tun-
neling. An STT is then exerted onto the molecular



spin by the inelastic spin currents. As a back action,
the molecular spin pumps spin currents into the leads.
Using external means to compensate the effect of STT
on the molecular spin dynamics, the spin precession re-
mains steady. The spin currents, noise of z-polarized spin
current, and STT are calculated using the the Keldysh
NEGF technique.8982 The initially single molecular or-
bital results in four quasienergy levels dependent on the
magnetic anisotropy parameter,'3! obtained by the Flo-
quet theorem.!3?713% The elastic spin currents are driven
by the bias voltage. The inelastic spin currents, driven
by the molecular spin precession, contribute to the STT.
They involve electron spin-flip events accompanied by an
energy change that depends on the anisotropy parame-
ter. The setup can be used to generate and control spin
currents and STT by adjusting the anisotropy param-
eter, the tilt angle of the molecular spin from the mag-
netic field and the Larmor frequency. Furthermore, if the
anisotropy contribution to the precession frequency coin-
cides with the Larmor frequency, the precession is sup-
pressed, and consequently, the STT vanishes. Similarly
to charge-current noise,”>!3! the peaks and dips in spin-
current noise, resembling Fano-like line shapes, 36137 oc
cur due to quantum interference between the states con-
nected with spin-flip events. The spin-current and noise,
STT, and torque coeflicients vanish for large anisotropy
parameter, and can be controlled by the anisotropy pa-
rameter in the absence of magnetic field as well.

The remainder of the article is organised as follows.
The model setup is introduced in Section II. The theoret-
ical framework based on the Keldysh NEGF technique,
used to calculate expressions for spin currents, noise of
z-polarized spin current and STT is presented in Sec-
tion III. The results are discussed in Section IV, where
the properties of the z-polarized spin current, the cor-
responding autocorrelation noise, STT and the torque
coeflicients are analyzed at zero temperature. The con-
clusions are given in Section V.

II. MODEL SETUP

The junction consists of a single orbital of an
anisotropic magnetic molecule in a magnetic field, con-
nected to two noninteracting metallic leads (see Fig. 1).
The magnetic field is constant, directed along z-axis,
B = Bé., and does not affect the leads (left and right)
with chemical potentials 1z2 with § L,R. The systern
Hamiltonian is given by H=H, +HR+HT+HMO+HS
The first two terms represent Hamiltonians of the leads,
He = 3, €relhocthog, with o =1, [=1,2 = £1 denot-
ing the electron spin state (up or down). The third term
in the Hamiltonian, Hr, represents the tunnel coupling
between the orbital of the molecule and the leads, and can
be written as Hy = Zk,a,g[kaézagdff + Vk*gcigékgg], with
matrix element Ve, and creation (annihilation) operators
of the electrons in the leads and orbital éLU€ (Ekoe) and

1235

eV

—2DS,

FIG. 1: (Color online) Spin tunneling through a single molec-
ular orbital with energy €, coupled to the molecular spin S (t)
with anisotropy parameter D, via exchange interaction with
the coupling constant J, in the presence of a magnetic field
B , connected to two leads with chemical potentials p; and
ur, eV = BL — [iR, with tunnel rates I'r, and I'r. The molec-
ular spin S(¢) precesses around the magnetic field axis with
frequency w = wr, — 2DS,. The spin-transfer torque f(t) is
exerted on the spin g(t) by the spin currents from the leads.

d! (d,). The Hamiltonian of the molecular orbital Hy;0o
consists of three terms, one representing the noninteract-
ing orbital with energy €y, the second one representing
the spin of the electron in the orbital in the presence of
the magnetic field, and the third term representing the
exchange interaction between the spin of the electron in
the orbital and molecular spin, with the exchange cou-
pling constant J, Hyo = Yoo codl dy+(gup/h)SB+J5S.
The spin of the electron in the molecular orbital is given
by § = (h/2) D oo (&)gordldy,s, with the vector of the
Pauli matrices & = (64,0y,6.)". The constants g and
up are the gyromagnetic ratio of the electron, which is
assumed to be equal to the one of the molecular spin, and
the Bohr magneton. The last term in the model Hamilto-
nian describes the Hamiltonian of the anisotropic spin of

the molecule, Hg = (g,uB/h)SB D52, with molecular

z
spin operator S = S;é'x +§yé'y +9.¢.. Here, the uniaxial
magnetic anisotropy parameter is given by D and €} is
the unit vector along the axis j, with j = x,y, z

The spin of the magnetic molecule is large and re-
garded as a classical variable S*', with constant length
S = |S| > h, neglecting the quantum fluctuations. The
vector S is the expectation value of the Apreviously men-

tioned molecular spin operator, § = (5), with the dy-
namics expressed by the Heisenberg equation of motion

S <S> z/h H §] In order to keep the molecu-
lar spin dynamics unaffected by the loss of the magnetic
energy due to the exchange interaction with the spin of
the tunneling electrons, one needs to use external means,
e.g., radiofrequency fields.!3® Taking into account the
Larmor precession frequency around the magnetic field

axis, wy, = (gup/h)B, the equation S = (gup/h)B x S —
2DS, x S is obtained,'?! showing that the molecular spin
precesses around z-axis with frequency w = wy, — 2DS,.



The dynamics of the molecular spin can be expressed
as S(t) = 5. cos(wt)é, + S, sin(wt)ey, + S.€,, with
S| = Ssinf and S, = Scosf, where 6 is the tilt an-
gle between the positive direction along z-axis and S.
While the precession of the molecular spin is kept un-
damped, i.e., the exerted STT by the flow of electron
spins from the leads is externally compensated,'3® the
precessing spin affects spin of the itinerant electrons dur-
ing the exchange interaction, as a back action. Thus, the
molecular spin pumps spin currents into the leads, having
an impact on spin-transport properties of the junction.

In molecular magnets realized by transition metals
or rare earth elements, the Coulomb interaction in
the s and p orbitals in the molecular ligands can be
neglected.!?:43:139 They form the highest occupied or low-
est unoccupied molecular orbital, which can be consid-
ered as a localized molecular level. The molecular spin is
formed of localized d or f orbitals from transition metal
or rare earth element, thus allowing separation between
the molecular level and localized molecular spin.

III. THEORETICAL FRAMEWORK
A. Spin current

The spin-current operators of the lead £ are given by
the Heisenberg equation

s hdNej i~ o
Iej(t) = 5= = S1H. Nej, (1)

where j = x,y, z denotes the component of the spin cur-
rent with electronic spins oriented along the given spa-
tial direction, [, | symbolizes the commutator, whereas
Ngj = > kool élgg(&j)w,ékgg denotes the spin occupa-
tion number operator of the lead £, with matrix elements
of the Pauli oparators (6;)s0/,. The average spin current,
as a flow of spins oriented along j direction from the con-
tact £ to the molecular orbital, can be written as

190 = 3 %) = 5G] @

in units in which 2~ = e = 1. Employing the Keldysh
NEGF technique,®:%2 the components of the spin current
can be calculated as

Te;(t) = — Re/dt’Tr{&j[éT(t,t’)ig(t’,t)
+ G2, ]} (3)

Here, G’“’a’<’>(t,t') denote the retarded, advanced,
lesser, and greater Green’s functions of the spin car-
riers in the molecular orbital. The matrix elements
of the Green’s functions are given by G.J%(t,t') =
Fib (£t Ft) ({da (), dy (¢)}), sy (8,1 = i{d] ()ds (1))
and G2, (t,#') = —i(d,(t)d",(t')), where {-, -} symbolizes

the anticommutator. The self-energies from the tunnel
coupling between the orbital and lead £ are represented
by Eg’a’<’>(t,t’), with diagonal matrix elements in the
electron spin space with respect to the basis of the eigen-
states of 5,. Their nonzero matrix elements can be ex-
pressed as Eg’a’<(t,t’) = ngg,:’;’<’>(t,t’)vk*g, with
gzgl’<’>(t, ') denoting the Green’s functions of the elec-
trons in the lead &£. Applying the double Fourier trans-
formations in Eq. (3), it can be further simplified as

de [de _.. .
Ie; () :Félm/%/%eﬂ(“f )t
g ﬁ{&j [fi(ﬁ/)ér(@e/) + %GK(G, 6/)] }7 (4)

with the tunnel coupling between the orbital and lead &,
De(e) = 2m >, |Vie|?6(e — €xe), which is energy indepen-
dent and constant in the wide-band limit. The Fermi-
Dirac distribution of the spin carriers in the lead ¢ is
given by f¢(e) = [elc1e)/ksT 1 1]71 where T and kp are
the temperature and the Boltzmann constant.

The retarded Green’s function of the electrons in
the orbital of the molecule can be calculated applying
Dyson’s expansion and analytic continuation rules.?? Its
double-Fourier transformed matrix elements can be ex-
pressed as8%131,140

270 (e — € )GV (¢)
1= G ()G, (er)’
G ey = 20— G OGY, ()
o 1= PG ()G, ()

Goole€) = (5)

(6)

with €, = € —ow =€ — o(wy, — 2DS,), v = JSsin(0)/2.
The Fourier transformed retarded Green’s function of
the electrons in the molecular orbital in the presence
of the static molecular spin, S = S, calculated us-
ing the equation of motion technique,'! is given by
G (e) = [e — e — X" — 6.(gupB + JS,)/2] 71,1210
where X7 = Fil'/2 and T = } . T The
Green’s functions G<> (e, €') can be obtained using the
double-Fourier transformed Keldysh equation, expressed
as G (e,€') = [de"G"(e,€") L7 (")G (", €') /2m,52
with lesser self-energy X<(¢) =i >¢ De fe(e), greater self-
energy ¥7(e) = i) ¢ ['¢(fe(€) — 1) and advanced Green’s
function G%(e, €') =[G (¢, €)]1.

The spin current given by Eq. (4) can be calculated
using the above expressions for the Green’s functions
G"(e,¢') and G<(e,€). As a result, the time-dependent
spin-current components I¢;(t) and Ig,(t) read

Tea(t) =Iep(D)e (2051 4 Iz (D)eilen 20201 (7)
Iey (t) =lgy (D)e™"“+ 720500 4 I (D)elr 205201, (8)
while I¢, is time-indnpendent. The expressions for I,

and the complex functions I¢;(D) and I, (D), are pre-
sented by Egs. (A1)-(A3) in the Appendix. For the



isotropic molecular spin (D = 0), they reduce to the
expressions obtained before.®?.

In the presence of the precessing anisotropic molecular
spin S(t) and the external magnetic field BB, the initial
single resonant transmission channel with energy ¢, re-
sults in four channels available for spin transport. They
are located at Floquet quasienergies'3!

wr, 2 JS 2
6173:60—7+DSZ:|: D(D+J)Sz+ 7 5 (9)

2
€24 = €0 + %—DSZ + \/D(D + J)Sz + <J25> y (10)

obtained using the Floquet theorem,'?27135 since the
Hamiltonian of the molecular orbital is a periodic func-
tion of time Hmo(t) = Hwmo(t + 27/w).  As a re-
sult of the exchange interaction between the spin of the
molecule and the itinerant electron spin, the | state
with quasienergy e;(e3) is coupled to the 1 state with
quasienergy ex(eq) = €1(e3) + w = €1(e3) + wr, — 2DS,.
Namely, periodic motion of the molecular spin leads to
the absorption (emission) of an energy quantum w by the
spin-carrying electron in the orbital, accompanied by a
spin-flip.

B. Noise of z-polarized spin current

In order to obtain further characteristics of spin trans-
port, one can study spin-current noise. The noise of spin
current polarized along the z-direction is calculated here,
as a complement to previously studied charge—current
noise.'®! Since only the tunneling Hamiltonian Hrp con-
tributes to the commutator in Eq. (1), the resulting spin-

current operator fgz (t) is given by

fea(t) = £ S (17T 1),

g

(11)

J

SEE(t,t') =

where the operator component fgg(t) reads

Ieo(t) = D [Vielh e (do () — Vied! () enoe (1)
k

(12)

The spin-current fluctuation operator 01, (t) in lead &
can be written as

0les(t) = Iez(t) — (Ie= (1)) (13)
The nonsymmetrized noise of z-polarized spin current,
defined as correlation between fluctuations of z-polarized
spin currents in contacts & and ¢, is given by%3:142

St 1) = (61e(8)S1c. (), (14)
whereas, the symmetrized noise can be written as
1 ~ ~
Secs(t 1) = 5{{01e=(t), 01c=(t)}). (15)

According to Egs. (11) and (13
noise of z-polarized spin current equals

), the nonsymmetrized
93,142

SEE(t, 1) = =Y (=1 Sgg'(t,1),  (16)
with Sgg/(t,t') = (—1/4)(5f50(t)(5f¢[,/(t’)>. Implement-

ing the Wick’s theorem!'#3 and Langreth analytical con-

tinuation rules'4* to the correlation function 5S¢ "(t,¢) in
Eq. (16), and using the Green’s functions of the molec-
ular orbital and the self-energies from the tunnel cou-
plings between the orbital and the leads, one obtains the
expression for the noise of z-polarized spin current.?® Em-
ploying the Fourier transforms of the Green’s functions
GT% <7 (e,€') and self-energies Zg’a’<’>(e), this expres-

sion can be transformed into

/d€1/d62/d63 @e—i(ﬁl—w)tei(%—&;)t/
2w 2w

X{ 61, 63 E>(€3) + 2G> (61, 63)22] [G:;/U(€4, 62)2? (62) + 2G§/0_(€4, 62)22]
[Z>(€1)Ga /(61, 63) + 2G> (61, 63)22][2? (64)Gg/0(€4, 62) + 2G§/0(64, 62)22]

+ASITGT

61; 63

siol€a,€2)}

d d d
it [ [ 1 [0

% {e—z(el E3)t€1(62 sg)tG

+ e*i(elff‘”')tei(q’e?)t,Eg(el)G(f/o(ez, 63)}}.

Since the noise SgZ(t,t') depends only on the time differ-

ence T =t — t/, its power spectrum equals

SE(Q) = / dre™ T SEE (7). (18)

oo’ (617 62)Z§< (63)

[
The symmetrized noise spectrum is given by

SEs() = SIS () + SE(-), (19)



with Sg86(Q2) = 31528 (Q) + S (—9)]. As it is of ex-
perimental interest, the zero-frequency noise power of z-
polarized spin-current S35 = S73(0) = S754(0) at zero
temperature will be analyzed and discussed.

C. Spin-transfer torque

In the presence of the anisotropic molecular spin S (1),
interacting with the incoming flow of electron spins from
the leads via exchange interactions, the transfer of spin
angular momentum to the molecular spin occurs, result-

ing in the STT T'(t) exerted on the molecular spin. As

J

/ ZFfFC [fe(e —wr + 2DS.) —

already mentioned, the STT is compensated by exter-
nal means, so that the molecular spin precession remains
unaffected. Considering that the total spin angular mo-
mentum is conserved, the spin of the molecule gener-

ates a torque —7T'(t) acting on the spin currents from the
leads,36-49.50,67
)

— -

—T(t) = I (1) + Tr(b), (20)

where I¢(t) = Y, I¢;(t)é;, while T(t) = Y, Tjé;. Em-
ploying Egs. (7), (8), (20) and Egs. (A1)—(A3) given in
the Appendix, the spatial components of the STT, T

can be expressed as

22(6—0.)L +2DS, )
)G9 (e — wr, + 2DS,)|?

X Im{
o

x[1 = 72G(€) G (e — wy, + 2D, )]e~ (w2 ~2D5- )*} (21)

/ ngrc [fe(e —wp +2DS,) —

)G9% (e —wr, +2DS,)
)G9 (e — wr, +2DS.,)|?

(€) xRe{
[

x[1 = 72GY%(e)G (e — wy + 2DS, )] wr—2D5= ﬁ}, (22)

de
__/27T;rgrg[fg(e—wLHDSz)—fc(E)} =

For the isotropic molecular spin with D = 0, Egs. (21)-
(23) reduce to the previously calculated expressions for
the spatial components of the STT.® If the magnetic
field is turned off (wy, = 0), then T(t) = 0 for D = 0,89
whereas T'(t) # 0 for D # 0 according to Eqs. (21)(23).

Both T,(t) and Ty(t) can be written as T,(t) =
T, cos(wt + ¢,) and T, (t) = T, cos(wt + ¢,). The phase
difference ¢, — ¢, = m/2, whereas T, and T}, are the am-
plitudes. Since the amplitudes are equal, it is convenient
to introduce the in-plane torque component, orthogonal
to the z-axis, T (t) = T, (t) + fy(t), while

T(t) = T1(t) + T.(2). (24)

The in-plane component of the STT, T ' (t), precesses
around the end point of the molecular spin S(¢) in the
zy plane (see Fig. 1), and has a constant magnitude

T ()| =TL =T, =T,
In relation to the molecular spin vector S(t), the STT
can be reformulated as

T(t) = 25(t) x §(t) + BS() + 1S (). (25)

The Gilbert damping component of the torque is given

Y2|GY1 (€)G95 (e — wr 4+ 2DS.)|?
v2GY% ()G (e — wr +2DS,)?

by the first term in Eq. (25) , with «, the Gilbert damp-
ing coefficient. It tends to align the anisotropic molecu-
lar spin S(t) anti(parallel) to the direction of the effec-
tive magnetic field Beg = B — (2D/gug)S. and dissi-
pate(add) magnetic energy. The second term with coef-
ficient 8 tends to change the precession frequency of the
molecular spin S(t), and the direction of the molecular
spin precession for § < 0. The contribution in the third
therm is characterized by the coefficient 7. The Carte-
sian representation of the STT given by Eq. (25) results
in spatial components

T.(t)=S, @wsz + 77) cos(wt) — BwS | sin(wt), (26)

T,(t) = S, <gwsz + n) sin(wt) + BwS, cos(wt), (27)

T, = —%wSi +nS., (28)

where S(t) = wS, [—sin(wt)é, + cos(wt)€,] for the pre-
cessing molecular spin. Combining expressions given by
Egs. (21)—(23) and (26)—(28), the resulting torque coeffi-
cients a and S can be written as
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FIG. 2: (Color online) (a) Spin current I, and (b) auto-correlation spin-current shot noise S73,, as functions of the uniaxial
magnetic anisotropy parameter D for different tilt angles 0, at zero temperature. The magnetic field B = B€. and Larmor
frequency wr, = 0.5 €o, except for a zero magnetic field where wy, = 0 (orange line). The chemical potentials of the leads are
equal: pur = pur = 0.1€9. The other parameters are set to: I' = 0.05¢0, I'y =T'r =T1'/2, J = 0.01 €9, and S = 100. Grid lines
for 0 = w/3 and wr, = 0.5¢p (green line), are positioned at D = —0.00431 ¢y (ur = pur = €3), D = 0.00766 €0 (ur = pr = €4),

and D = 0.005¢p (w = 0).
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while the coefficient 1 can be expressed in terms of T,
and Gilbert damping coefficient « as
T, 4v*(wr —2DS,)
=4+ ———"2q. 31

=5 T ess. B
In the limit |D| < |w/2S;|, the effect of the uniaxial
magnetic anisotropy on the STT can be neglected, and
Egs. (29)—(31) are in agreement with the coefficients «, 8
and 7 obtained for the isotropic molecular spin.3° Finally,
the magnitude of the in-plane torque component T, can
be expressed using «, S and T, as follows

_ 2h(wr, — 2DS.)| 2

1 T
2 = z
7 \/5 t 5 {So‘ * oL —2Ds.)

For a static molecular spin with w = 0, S(t) = 0, and
D = wy,/2S,, according to Egs. (21)—(23) and (31), the
STT vanishes, T(t) = 0, and = 0. This is expected
since the exchange of spin angular momentum occurs due
to the exchange interaction of electron spins with the

T

(

rotational component of the molecular spin.3%39 Using
Egs. (29) and (30) one obtains nonzero coefficients o and
B in the limit w — 0, given by Eqgs. (A4) and (A5) in the
Appendix.

IV. RESULTS AND DISCUSSION

In this section, the properties of the z-polarized spin
current I;, and autocorrelation zero-frequency noise
power S77 at zero temperature are discussed. Then, the
characteristics of the STT generated on the anisotropic
molecular spin by the spin currents from the leads, and

(32) torque coefficients, are analyzed as functions of the uni-

axial magnetic anisotropy parameter D, bias voltage
eV = ur — pr and Larmor frequency wr,.

In Fig. 2, the spin current Iy, and auto-correlation
noise S73 are plotted as functions of the anisotropy pa-
rameter D, for different tilt angles 6, at zero tempera-
ture and zero-bias conditions, with chemical potentials
of the leads p = pur = pr = 0.1¢y. For a static molec-
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FIG. 3: (Color online) Spin-current shot noise S77, as a func-
tion of the magnetic anisotropy parameter D at zero temper-
ature, for = 7/3, ur = 0.65€o, and ur = 0, with B = Beé,.
Around the resonant anisotropy parameter Dy.s = 0.00129 o
(grid line) the spin-current noise Si7 (black line) matches
the Fano-like shape of the resonance profile 0§ (red line).
The inset shows contributions of S}} ¢ — ST% o (pink line)

and Sy% ¢ — St (purple line) to the resulting shape of the
resonance profile in S77. The other parameters are set to:
I = 0.05 60, FL = PR, wr = 0.5 €0 J =0.01 €0, and S = 100.

ular spin with § = 0 and v = 0 (purple dotted lines in
Fig. 2), the spin current I, = 0 and S75 = 0. In the
case of § = /2 (pink dashed lines in Fig. 2), the spin
current I, and noise S77 are independent of D, since
S, = 0. For 0 = /3 and wy = 0.5¢p (green lines in
Fig. 2) one notices maximums in Ir, and Sj77 around
D = —0.00431 ¢y, corresponding to u; = ur = €3, while
a minimum in Iy, and local maximum in S77 around
D = 0.00766 ¢y correspond to py = pr = €4 (grid lines).
For —0.00431¢y < D < 0.00766 ¢q all four quasienergy
levels €;, with i € {1,2, 3,4}, lie above the chemical po-
tentials u, so that both I, and S73 drop to zero, taking
into account the level broadening I'. The spin current
I, and noise S}% vanish at D = wr,/2S, when w = 0,
as without molecular spin precession at zero-bias con-
ditions, elastic and inelastic tunneling processes do not
occur (see e.g., green line in Fig. 2 at D = 0.005¢p). The
spin current Iy, > 0 for D < wy /25, (w > 0) since |
level €3 and T level €4 satisfy €3 < €4, leading to positive
1 component of spin current Izz = —I%Z > 0, and as p
approaches | level e3 with the increase of D both I}, and

#% increase. Similarly, for D > wr, /2S5, (w < 0), | level
€3 lies above 1 level €4, €3 > €4 leading to Izz = ffiz <0,
and hence I, < 0. In the absence of the magnetic field,
wr, = 0 (orange line in Fig. 2), and the molecular spin
precesses around the z-axis with frequency w = —2DS,.
Hence, Iy, > 0 for D <0, and I, < 0 for D > 0. Af-
ter reaching resonances between p and levels e3 and g4,
while e > p and ez > p, both I, and S73 decrease
with further increase of |D|, as more energy is needed to
flip an electron spin which is already in lower quasienergy
level, and for |D| > wr,/2S, they vanish. Besides, tak-

ing into account the tunneling rate T, for |D| > T', the
precession frequency |w| > T, so that the probability of
exchange of spin angular momentum between molecular
and a tunneling electron spin is low.

In Fig. 3, the spin-current shot noise S77 is presented
as a function of the magnetic anisotropy parameter D,
for § = 7/3, with chemical potentials pu; = 0.65¢y and
pr = 0, at zero temperature. As in the Fano effect,!36:137
a dip-peak feature can be observed at the resonance
wr = €4. It is a manifestation of the quantum inter-
ference between the T state with energy ¢4 and | state
with energy €5 ~ 0.279¢y. An electron spin from the left
lead can perform elastic tunneling through the 1 state
with energy €4, or it can tunnel via a spin flip from |
state with energy e3 to 1 state with energy ¢4, involving
absorption of an energy w = 0.371 ¢g. Similarly, the elas-
tic tunneling can occur via the | state with energy €3, or
via a spin flip from 71 state with energy €4 to | state with
energy €3, involving emission of an energy w. The two
tunneling pathways, one elastic and the other involving a
spin flip, ending up in the same final 1 state with energy
€4, Or |} state with energy €3, destructively (dip) or con-
structively (peak) interfere. The asymmetric line shape
in S%4 (black line in Fig. 3) mimics the asymmetric Fano
resonance profile.!36:137 For 1 = €4, the corresponding
resonant anisotropy parameter equals D,es =~ 0.00129 ¢q
(see grid line in Fig. 3). The destructive quantum inter-
ference corresponds to the dip (interference minimum)
at Dpin ~ 0.00101¢€g, while the constructive interfer-
ence corresponds to the peak (interference maximum)
at Dpax =~ 0.00157¢y. Around D,es, the spin-current
noise S75 matches the Fano-like shape o%(D) (red line
in Fig. 3) expressed as

(D - Dres + qFres/Q)2
(D - Dres)2 + (Fres/2)2’

where T'yos = |Dmax — Dmin| & 0.00056 ¢ is the width
of the resonance. The asymmetry parameter ¢ = 1
shows that elastic and spin-flip processes occur with
equal probability, so that Dies = (Dmin + Dmax)/2-
Half of the amplitude of the Fano-like shape is given by
A = [5% (Dmax) — S7%(Dmin)]/2 = 0.000194 ¢y, while
C = S% (Dwin) =~ 0.00229¢p. The inset in Fig. 3 de-
picts individual contributions of two interference profiles
around D,es to the Fano-like shape in S7%5. One profile
that includes interference of elastic and spin-flip path-
ways ending in T state with energy €4 is presented in
SETLS — SP’LS (pink line, inset in Fig. 3). The other pro-
file with interfering elastic and spin-flip pathways ending
in | state with energy e3 is given by the contribution
Sﬁ:s — StTLS (purple line, inset in Fig. 3). The asymme-
try parameter ¢ = 1 in both interference profiles, showing
equal probabilities of elastic and spin-flip processes in-
volving energy absorption (pink line) or emission (purple
line).

The spin current /7. and shot noise S73 as functions of
the chemical potential y = ur = pg at zero temperature
are presented in Figs. 4(a) and 4(b), for several values of

oi(D)=C+ A (33)
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FIG. 4: (Color online) (a) Spin current Ir., (b) auto-correlation spin-current shot noise Si7, as functions of the chemical
potential of the leads p = pr = pr, and (c) auto-correlation spin-current shot noise S77 as a function of the applied bias

voltage eV = ur — pur with pr r = £eV/2, for different uniaxial magnetic anisotropy parameters D, with B = Bé,, at zero
temperature. The other parameters are set to: I' = 0.05¢0, ' = T'r =1'/2, wr, = 0.5¢0, J = 0.01¢p, S = 100, and 6 = /3.
All energies are given in the units of €g. For ur = pr and D = wr/2S. = 0.005€0, I, = 0 and S77 = 0 (purple dotted lines).

the magnetic anisotropy parameter D. Since Iz z:*Itz
at zero-bias conditions, the corresponding charge current
equals zero, with positive charge-current noise in the re-
gions between levels connected with spin-flip events.!3!
In the same regions, the shot noise of spin-current S77 is
positive, while the spin current I;, takes positive (neg-
ative) values for D < wr/2S, (D > wr/2S.). With
the decrease of |wl|, the magnitudes of Iy, and S75 de-
crease. In Fig. 4(c) the dependence of spin-current shot
noise S73 on the bias voltage eV = pr — pgr, with
ur.r = £eV/2, is plotted for different values of the
anisotropy parameter D at zero temperature. The posi-
tions of steps and dip-peak features in 577 at values of eV’
such that £eV/2 = p¢ = ¢; denote Floquet quasienergy
levels €; available for spin transport and, thus, depend
on the anosotropy parameter D. For large values of |eV]|
spin-current noise S77 is saturated.

The Gilbert damping coefficient «, the coefficient S,
the magnitude of the in-plane torque component 7', and
the torque along z direction, T, are shown as functions
of the magnetic anisotropy parameter D in Fig. 5, for
five different tilt angles 6, at zero temperature. Starting
with § = 0, when S = S, (purple dotted lines in Fig. 5),
one notices that a has two local maximums and two local
minimums around values of D that correspond to reso-
nances (¢ = €. The coeflicient 8 has four minimums
at the same values of D. Taking into account that the

spin of the molecule is static for § = 0, with S(t) = 0,
and v = 0, according to Egs. (23) and (32), the torque
components T, = 0 and T, = 0. Note the presence of
the elastic spin currents here, I, = —Ig, [see Eq. (A3)
in the Appendix|. On the other hand, for § = 7/2, the
molecular spin is perpendicular to z-axis, S, = 0, and «,
B, T and T, are independent of D (pink dashed lines
in Fig. 5). Grid lines in Fig. 5 are related to 8 = 7/3,
wr, = 0.5¢ (green lines) and the values of parameter D,
such that p1c = €;. Around D = —0.01312 ¢ correspond-
ing to ur, = €2 (grid line), one notices a local maximum
in o and T, a local minimum in /3, while T, has a mini-
mum negative value. For this set of parameters, | level ¢;

and 1 levels €5 and €4 lie within the bias-voltage window,
while | level €3 < pr. This means that there are more
inelastic tunneling pathways, involving electron spin-flip,
available for | electrons than for 1 electrons. Namely, a
tunneling electron in the | level e3 can flip its spin and
enter the 1 level ¢4 within the bias voltage window, be-
fore it tunnels off the orbital, but the 1 electron from the
level ¢4 cannot flip its spin and enter | level €3, since €3
lies below the bias voltage window. As a consequence,
more | electrons participate in inelastic spin transport,
resulting in the negative torque component 7,. With
further increase of D, for § = 7/3 and wr = 0.5¢q,
the torque T, < 0 until around D = —0.00625 ¢y, cor-
responding to ur = €3 (grid line), taking into account
the level broadening I'. Now all levels ¢; lie within the
bias-voltage window, and 7T, has another local negative
minimum and a step-like increase towards zero, while «
has a local maximum and a step-like decrease towards
zero. On the other hand, 7| has a maximum value at
D = —0.00625, while 8 has another local minimum. As
the increase of the anisotropy parameter D continues,
the Gilbert damping coefficient o and T, remain zero
until around D = 0.00875¢p, corresponding to ugr = €4
(grid line). Here, T, changes its direction with 7, in-
creasing towards a local maximum, while « reaches its
maximum, £ has its minimum value, and T'| has a local
maximum. With further increase of D, levels €1, €5 and €3
lie within the bias-voltage window, while 1 level ¢4 < ug,
and €3 > €4 since w < 0. Hence, there are more inelastic
tunneling pathways available for 1 particles, and the re-
sulting T, > 0. Around D = 0.01406 ¢, corresponding to
wr = €1 (grid line), the coefficient «, the magnitude 7',
and T, have a local maximum, while 5 has a local mini-
mum for § = /3 and wr, = 0.5¢ (green line in Fig. 5).
Note that T decreases from its maximum value to zero
in the region —0.00625¢y < D < 0.005¢p, (w > 0), and
increases for 0.005¢y < D < 0.00875¢p (w < 0). At
D = 0.005¢p, the total frequency w = wy — 2DS, =0
for 8 = 7/3 and w;, = 0.5¢p, and the direction of the
precession changes, while T, = 0. Similarly, for § = 7 /9
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FIG. 5: (Color online) (a) Gilbert damping coefficient «, (b) coefficient 3, (¢) magnitude of the in-plane component of the STT,
T, and (d) spatial component of the torque along z-direction 7%, as functions of the uniaxial magnetic anisotropy parameter

D for different tilt angles 6, at zero temperature. The magnetic field B = Bé. and Larmor frequency wr, = 0.5 ¢, except for
a zero magnetic field where wz, = 0 (orange line). The chemical potentials of the leads are equal to: ur = 2.5¢p and ur = 0.
The other parameters are set to: I' = 0.05€0, I', =T'r =1'/2, wr = 0.5¢9, J = 0.01 €9, S = 100. Grid lines for 0 = 7 /3 (green
line), are positioned at D = —0.01312 ¢ (ur = €2), D = —0.00625 €0 (ur = €3), D = 0.00875 €0 (ur = €4), and D = 0.01406 ¢

(br = €1).

and 6 = 7 /4, the torque T| = 0 at D = wy,/2S,, while
« and T, vanish for the values of D such that each ¢;
satisfies ur < ¢; < pr, with respect to level broadening
I [red and blue dot-dashed lines in Fig. 5]. In the ab-
sence of the magnetic field (wy = 0), for § = 7/3, the
magnitude 7| = 0 at D = 0 [orange line in Fig. 5(c)]. At
a high anisotropy, |D| > wr,/2S,, the elastic tunneling
processes are dominant and consequently «, 8, T and
T, approach zero.

The torque coefficients a and 3, the magnitude T'; , and
T., are presented as functions of the applied bias-voltage
eV in Fig. 6, for several different magnetic anisotropy
parameters D at zero temperature. The bias voltage is
varied according to pup g = £eV/2. For D = w,/2S, =
0.005 €9, the molecular spin is static (w = 0), and only
elastic spin transport occurs through two available trans-
port channels, so that «, # and T vanish (purple dotted
lines in Fig. 6). For D # 0.005¢p, one notices that «
and T, approach constant values for chemical potentials

He positioned between quasienergy levels €; connected
with spin-flip events. With the decrease of D, for D <
wr, /28, these values of « and T, decrease [pink dashed,
red, blue dot-dashed lines in Figs. 6(a) and 6(d)], vanish
for w = 0, and arise again for D > wy, /2S5, [green lines in
Figs. 6(a) and 6(d)]. Note that T, > 0 for D < w,/25;,
and T, < 0 for D > wr,/2S,. Moreover, the width of the
bias-voltage regions where the inelastic tunneling events
occur depends on D as w = 2w = 2wy, —4DS,, taking into
account the level broadening I'.  Within these regions,
the coefficient § increases(decreases) from a local mini-
mum (maximum) to a local maximum (minimum), so that

the torque Bg tends to oppose(enhance) the rotational
motion of the molecular spin S , for negative(positive) £.
All peaks in T correspond to p¢ = ¢;. Their values de-
crease with the increase of D for w > 0, drop to zero for
w = 0, and arise again for w < 0 [see Fig. 6(c)]. For the
values of eV such that § = 0, while « and |T%| approach
their maximums, the magnitude 7T, has local minimums.
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FIG. 6: (Color online) (a) Gilbert damping coefficient «, (b) coefficient 3, (¢) magnitude of the in-plane component of the
STT, T, and (d) spatial component of the torque along z-direction 7%, as functions of the applied bias voltage eV = ur — ur
with pr,r = £eV/2 and B = Beé,, for different uniaxial magnetic anisotropy parameters D at zero temperature. The other
parameters are set to: I' = 0.05¢0, ', =Tr =T'/2, wr, = 0.5€¢p, J = 0.01 €9, S = 100, and @ = 7/3. All energies are given in
the units of 9. For D = wr /25, = 0.005¢0, « =0, 8 =0, and T=0 (purple dotted lines).

In Fig. 7 the coefficients o and /3, the magnitude of
the in-plane torque component, T, , and T, are plotted
as functions of the Larmor frequency wy, at zero temper-
ature, for four different values of the magnetic anisotropy
parameter D. The bias voltage is varied as eV = ur—pug,
with uy, = 2.5€¢y and ur = 0. The positions and values of
all local maximums in «, steps in T}, peaks and dips in 3,
and peaks in T'; depend on the parameter D. They corre-
spond to resonances ji¢ = €;. For the anisotropic molec-
ular spin, «, 8 and T, are even functions, while T, is an
odd function of w (wy, for D = 0)%. Around wy, = 0.5 €y
(grid lines), a maximum value for D = 0.00875¢; and
a local maximum for D = —0.00625 ¢y can be observed
in a due to resonances ur = €4 and pur = €3, while
B shows negative minimums, 7| local maximums, and
T, step-like decreases [blue dot-dashed and green lines
in Fig. 7]. Looking at wr, > 0 for D = —0.00625 ¢
(green lines in Fig. 7), one notices that for wy < 0.5 ¢ all
quasienergy levels ¢; lie within the bias-voltage window.
With the increase of wy, they leave the bias-voltage win-
dow after reaching a resonance with pup or pr: €3 = pp

at wyp = 0.5€¢y, €2 = pr at wy = 1.5€y, €4 = upr at
wr = 2.25€¢y, and €4 = pup at wy = 3.25¢p. If we take
into account the level broadening I', all quasienergy lev-
els ¢; leave the bias-voltage window around wy, = 3.25 €,
with €34y > pr, and €3y < pr. With further increase
of wr, o and [ vanish, while T, and T, become satu-
rated due to spin-flip processes, involving electron spins
from the leads, entering | levels €; or €3, and absorbing
energy w during the interaction with the molecular spin
(note that saturated T, < 0 for wy, > 0). At wy, =2DS,,
the STT vanishes. E.g., at wy, = 0.5¢y for D = 0.005 ¢,
T, =0 and T, = 0 [intersection between grid line and
pink-dashed line in Figs. 7(c) and 7(d)].

V. CONCLUSIONS

In this paper, the properties of spin transport through
a junction consisting of a single orbital of a magnetic
molecule with precessing anisotropic spin in a constant
magnetic field was theoretically studied. The orbital is
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FIG. 7: (Color online) (a) Gilbert damping coefficient «, (b) coefficient 3, (¢) magnitude of the in-plane component of the STT,
T, and (d) spatial component of the torque along z-direction T, as functions of the Larmor frequency wy, for different uniaxial

magnetic anisotropy parameters D. All plots are obtained at zero temperature with B = Bé.. The chemical potentials of the
leads are equal to: ur = 0 and ur, = 2.5 9. The other parameters are set to: I' = 0.05¢0, ', =T'r =T'/2, J = 0.01 €9, S = 100,
and 6 = /3. All energies are given in the units of €y. For a suppressed precession, with w = 0, wr, = 2DS., the STT vanishes,
T, =0 and T> = 0 (intersection between grid line and pink dashed line).

connected to two Fermi leads. The precession is kept
undamped by external means and the precession fre-
quency involves two contributions, one is Larmor fre-
quency and the other is a term involving the uniax-
ial magnetic anisotropy parameter. Using the Keldysh
NEGF technique, the spin currents, noise of z-polarized
spin current, STT with the Gilbert damping coefficient
and other torque coeflicients were derived.

The results were discussed and analysed at zero tem-
perature. The observed spin-transport characteristics
such as steps, peaks and dips are related to resonances
between chemical potentials of the leads and molecular
quasienergy levels which depend on the uniaxial magnetic
anisotropy parameter of the molecular spin. The inelas-
tic tunneling of an electron spin that involves a spin-flip
and absorption(emission) of an energy that depends on
the magnetic anisotropy occurs due to exchange interac-
tion with the precessing anisotropic molecular spin. Dur-
ing that process, the STT is exerted on the spin of the
molecule and compensated by external means. The op-

posite torque is exerted by the molecular spin onto the
spin currents, thus affecting the spin-transport proper-
ties of the junction. Both torque coeficients o and [, as
well as the magnitude of the in-plane torque T'| are even
functions, while T, is an odd function of the total preces-
sion frequency, taking into consideration the contribution
of the magnetic anisotropy to the precession.

By adjusting the uniaxial magnetic anisotropy param-
eter with respect to the Larmor precession frequency and
the tilt angle between the magnetic field and the molec-
ular spin, one can control the spin current and noise,
the STT, the Gilbert damping and the other torque
coefficients. The quantum interference effects between
the states connected with spin-flip processes are mani-
fested in the spin-current noise as peaks and dips, resem-
bling the Fano-like resonance profiles, controlled by the
anisotropy parameter and Larmor frequency. Further-
more, it might be possible to perform a measurement
of the dc-spin current and STT components, since they
reveal the quasienergy level structure in the molecular



orbital. All spatial components of the STT vanish for
the anisotropy contribution to the precession frequency
that matches the Larmor frequency, when the precession
is suppressed, thus allowing to determine the anisotropy
and other parameters. Also, large magnetic anisotropy
parameter leads to vanishing of the spin current, spin-
current noise, and STT.

Taking into account that the spin currents and noise,
and magnitude, direction and sign of the STT can be
manipulated by the uniaxial magnetic anisotropy and
other parameters, even if the magnetic field is turned
off, the obtained results might be useful in spintronic
applications using molecular magnets. Since magnetic
anisotropy parameter is important for applications of
molecular magnets in magnetic storage, it might be suit-
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able to study noise of STT to obtain additional charac-
teristics of spin-transport, and use quantum-mechanical
description of the anisotropic molecular spin in tunnel
junctions with normal or ferromagnetic leads.

Acknowledgments

The author acknowledges funding provided by the In-
stitute of Physics Belgrade, through the grant No: 451-
03-68,/2022-14 /200024 of the Ministry of Education, Sci-
ence, and Technological Development of the Republic of
Serbia.

Appendix: Expressions for the spin-current spatial components and zero frequency limit of the torque
coefficients

The expressions for complex functions I¢,; (D) and I¢, (D) introduced by Egs. (7) and (8), and spin-current com-

ponent I, are presented here in terms of the Green’s functions GO (¢) and G%(¢) = [G%"(¢)]T. They can be written
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In the limit w — 0, i.e., D — wy/2S,, considering that fe(e —w) — fe(e) — —wO, fe(€), the expressions for the
spin-torque coefficients o and S given by Eqgs. (29) and (30) result in
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