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We have studied the quantum fluctuations of inelastic spin-electron scattering in quantum dot with an embedded

biaxial single molecule-magnet and particularly investigated the zero-frequency shot noise and Fano factor in different

magnetic fields. It is found that the shot noise and Fano factor exhibit a stepwise behaviour as bias increases in the

presence of interaction between the electron and molecule-magnet for a weak magnetic field. As magnetic field becomes

strong, a dip is displayed in the shot-noise-bias curve due to the suppression of inelastic shot noise caused by the

quantum tunneling of magnetisation. Because of the spontaneous inelastic tunneling at zero bias, a small shot noise

occurs, which results in the case of Fano factor F' > 1. Moreover, our results show that the sweeping speed can also

influence the shot noise and Fano factor obviously.
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1. Introduction

Over the past several decades, great interest has
been given to the shot noise accompanying electric
current through mesoscopic systems.[!~4 Due to the
discrete nature of charge carriers, there is the time-
dependent fluctuation, which even persists at zero
temperature, around the mean value of electrical cur-
rent. Shot noise defined as the mean-square fluctu-
ations of the current is of great importance, because
the spectrum of shot noise is a powerful tool to pro-
vide additional information of the interactions beyond
the mean-current properties, which can be used to dis-
cern different mechanisms resulting in the same mean
current. In classical transport, electrons are uncor-
related, so the shot noise S(0) at the zero frequency
is given by a typical Poissonian with a power density
S(0) = 2e(I), where e is the unit charge and (I) is the
net average current. However, when the size of device
reaches nanoscale, the Pauli’s exclusion principle and
Coulomb interaction will result in a negative correla-
tion between quantum transport events and lead to
shot-noise deviation from the Poissonian form, so the
shot noise becomes an important aspect of the electron
transport in the mesoscopic system. An important pa-
rameter for describing the shot noise in the electron
transport is Fano factor F' = S(0)/e(I), by which
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the shot noise is classified as a sub-Poissonian noise
F < 1, Poissonian noise F' = 1 and super-Possonian
noise F' > 1. In general, the Pauli’s exclusion prin-
ciple induces sub-Poissonian noise while the electron—
electron interaction can lead to the super-Poissonian
noise.

Recently, a great deal of effort has been paid
to the study of quantum transport through single
molecule-magnet (SMM), such as Feg, Mnj3, both the-
oretically and experimentally.’=20! These molecules
are characterised by the large spin and strong
anisotropy energy barrier, the quantum tunneling of
spins occurs between the states |—S) and the |\S — n)
whenever the pair levels become degenerate.?!l The
experiment of electron transport through the Mnjo
attached by nonmagnetic electrodes has shown that
the quantum tunneling of SMM plays an important
role due to breaking symmetry.l®) Moreover, theoret-
ical investigations have predicted many fascinating
transport properties as results of the interplay be-
tween the quantum tunneling and electron interaction,

(10-12] gtepwise conductancel2”)

such as Kondo effect,
and Berry phase blockade.' In fact, it is expected
to utilise the magnetic anisotropy and quantum tun-
neling of SMM to modulate quantum transport. The
obtained unique features have potential applications

in nanoelectronics in the future. However, it is still
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a challenging problem in nanoscience about how to
make single-molecule junctions and then understand
the emergent transport properties resulting from the
quantum nature of SMMs.

Until now, most of theoretical studies on trans-
port through SMM have been focused on properties
of current and conductance. Recently, the shot noise
through the uniaxial SMM is investigated theoretically

(18 with consideration of the co-

by Misiorny et. al.
tunneling. They have shown that super-Poissonian
shot noise could be observed due to the competition
between the elastic and inelastic second-order pro-
cesses. In the present work, we investigate system-
atically the shot noise of quantum transport through
a quantum dot with an embedded biaxial SMM Feg
and a driving magnetic-field which is time depen-
dent. This is achieved by employing the mapping of
many-body interaction-system onto a one-body prob-
lem with the non-equilibrium Green function (NGF)

[22-24] Ty this framework, electron transport

technique.
is related to the spin-states of the embedded SMM
since if the state |S —n) of SMM is populated with
an occupation probability Pis_,) due to the quan-
tum tunneling of magnetisation (QTM), new trans-
port channels are opened. The shot noise for zero-field
is enhanced by inelastic transport with the increase
of the coupling. However, as the magnetic field in-
creases, more transport channels are opened and shot
noise could be suppressed by inelastic tunneling from
certain channels at a certain bias. Especially, a small
shot noise occurs due to the inelastic tunneling. More-
over, sweeping speed of the magnetic field also affects
shot noise.

The rest of this work is organised as follows. In
Section 2, we introduce an effective Hamiltonian to de-
scribe the interaction between electron-spin and em-
bedded SMM, and establish the formulas of current
and shot noise by means of the NGF technique. Sec-
tion 3 is devoted to the corresponding numerical re-
sults and discussion. Finally, a brief summary is given

in Section 4.

2. Model and method

We consider electron transport through a single
quantum dot (QD) in which an SMM is embedded,
with an external magnetic field h=(h,,0, h,) applied
on the SMM, as shown schematically in Fig. 1.
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Fig. 1. The schematic illustration of the system consist-
ing of a quantum well (QD) coupled to electrodes with a
SMM embedded in the well. The easy axis of the SMM is
directed in the Z axis. Each state of the SMM can be visu-
alised as a pseudo-channel, which is connected to the two
leads by the hopping parameters I'y,  g. A symmetric bias-
voltage is applied on the leads such that uy, = —ur =eV.

The model can be decomposed into three parts
H=Hqp+Hr+H;. The Hamiltonian of the QD with
an embedded SMM is

Hqp = Z eodid, + J5- 8 — guph-3 + Hsy, (1)

g

with the Hamiltonian of SMM

where €, is the energy level of electron with spin-index
o (o0 =,]), J denotes the exchange-interaction con-
stant between electron-spin s and the total-spin S of
SMM; d! (d,) is the electron (of spin-o) creation (an-
nihilation) operator in the QD. The parameters Ko,
E, and C with Ky > E > C describe the anisotropy
of SMM, ugp is Bohr magneton, and the last term of
the SMM Hamiltonian is Zeeman energy induced by
the applied magnetic field h. For simplicity, we as-
sume that the g -factor is identical for both the elec-
tron and SMM spins s and S. §z, §y, and §Z are
three components of the total-spin operator of SMM,
and :S’\i =5, + i§y are the corresponding raising and
lowering operators. Hj is the Hamiltonian of the two
electrodes denoted by o =L,R

o = Z €akoclkgcakaa (2)

a,k,o

with €,ke = €ro +€Vy, Where eV, is the potential bias
applied on the a-th electrode, €, is the energy of
the conduction electrons with spin-o(o =7, |) charac-
terised by the wave vector k, and cllw (Cako) creates
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(annihilates) an conduction electron with spin-c on  as the basic state. Similarly, |m, akc) is the state of
the a-th electrode. Ht models the coupling between  conduction electron of spin-o in the electrode-a along

the electrodes and the QD, with the SMM in the state |m). Furthermore, we de-
Hyp = Z Vi CTk d, +H.C., (3)  fine pseudo-Fermi operators as
a,k,o
where Vj, is the hopping matrix-element between the dIM |m, o X0, cjmdm = |m, ako)0|;

QD and the electrode-a.
The probl(?m we. are fa?cmgi is to solve the man?f— they satisfy the anti-commutation relation
body problem involving spin-flip for the electron-spin

and the SMM when the electron tunnels through the

QD. Following the works of Dong et al.,2223] we take {dmo, d:rm'} = Omndoors
the direct-product states of electron-spin |o) in QD {cmako,cjm,k,o,} = Ormndoa’ Ok’ O’ - (4)
and the eigenstates of S, (5.|m)=m|m))
| m, o) In the new representation, the model Hamiltonian (1)—
_ (Stym ¢10.0) (3) can be rewritten as an effective Hamiltonian in
VS—m)(S—m+1)-..-/S(S+1) o which transverse terms of SMM are neglected!

H = fIQD + fﬁ + ﬁT
= Z €modmgdma - Am(din,”dml + dInldm—lT) + Tz(d;rnlme + dIanml)]

o,0’;mmn
Z t f *
+ €nakoCp ke Cmako + Vmakcmakodmg + Vmakdjngcmak0'7 (5)
a,k,om m,a,k,o

with €0 = €4 — Kom? — gugh.(c/2+m) — Jom/2, A = (J\/(S+m)(S—m+1) )/2 , r, = gush, and
€mako = €ako — Kom? — guh.(0/2 + m). Viuar is the hopping matrix element between the m-th pseudo-
channel in the electrode-«, which is independent of the spin-o. The transverse terms of SMM in the Hgy are
considered to affect only the probability of states as follows.

With the model Hamiltonian of Eq. (5), the total current flowing from the left electrode can be given by
means of NGF technique[?2:23:25]

I = h > /7TLFRf{P(n)f£‘(W)(1—fﬁ(w))—P(m)fﬁ(w)(l w @)HG o o (@) (6)

mnoo’

where P(n) is the probability of the n-th pseudo-channels of the left electrode, I'*(a = L,R;0 =1, ) is the
linewidth function which is assumed to be independent of the n,

F(? = 27Tp<07‘|vozk|2'

G o.mo (w) is the Fourier transformation of the retarded Green function of the electron in the dot
G () = =10t =) ({dngdly i} ) (7)

and fM(w) =1+ e“”rKQ"QJrg“BhZ”*“")’1 is the Fermi-Dirac function of the n-th pseudo-channel in the 7 lead,
which is independent of electron spin. The elastic contribution of the current is given by imposing the constrain
elastic tunneling m =n

=1 % [ Ger PO - S G ) 0

T’LO'(T

Shot noise is the time-dependent fluctuation of the electrical current due to the discreteness of the charge
of current carriers and can be obtained from Fourier transformation of the correlation Sy, (¢) between electronic
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currents in leads L
Sut) =5 [ (ROLO) + (RORO) - 200)5O) 9)

—0o0

where (...) represents the quantum statistical average. Following the works of Dong et al.2223] and Walczak, 24
the expression for the total spectral density of shot noise in the zero-frequency limit is

su0 =5 [ 52X (PR - 1)+ PRI - FOIAT)?

HP(m) (1 — f2) + P(n) fa(1 — fM)](1 — AZo) AT} (10)

with A%, = I''TR|Gr (W)]2.

no,mo’
We can also determine the elastic contribution to shot noise by imposing the constraint of elastic tunneling
m=n

62 w ’
S0 = 5 [ 525 PO (- 1)+ fR(- FRIAT Y

n,o,o’

(= fr) + R = fD)](1 = ATT)ATS 3 (11)
The Fano factor, which describes the deviation of current noise from its Poissonian value, is defined as

_ S1(0)
F= 2:<LIL> ’ (12)

where (I,) is the average current. Equations (10), (11), and (12) are the main results of the present paper.
Following our previous paper,['?) we can have the matrix-form of the retarded (advanced) Green function
G"(@ in the wide band approximation in terms of the equation-of-motion technique

(w=+ilI — M)G™ =1, (13)

where I is the unit matrix, I' = > _(I't + I'}) is the linewidth function and M is the (25 + 1) x (25 + 1)
symmetrical tridiagonal matrix:

| R | : : 0
Ty €s| As 0
0 As €s—11 T2
0 O Ty
M= €mt Tz O 0
Tz €m] Am 0
Am Ty 0
0 72 € (-1 A(s—1) O
0 As-1) €1 T2
0 0 0 T €_s|

The remaining task is to derive the probability — state is the saturated state |—S), the quantum tun-

P(n) of channel n (or state of SMM |n)), which ap-  neling occurs between the degenerate states |—S) and
pears in Egs. (6), (10), and (11). In the absence of the  |S — n) in the resonant fields h, = h, = nKs/gus.
transverse terms of Hgnvim, Fn = —Kon? — gush.n is As pointed out by Rastelli and Tassi,[%] Hgyvv can

the the energy level of the state |n) with h, = ¢t,  be reduced to an effective time-dependent Hamilto-
where c is the field sweeping speed. When the initial nian Hgyv by utilising the two-level approximation

017307-4



Chin. Phys. B Vol. 20, No. 1 (2011) 017307

—(S —n)gupct A,/2

ﬁSMM = A /2

Sgppct

where A,, is the tunneling splitting between |—S) and
|S —n). The transition probabilities

n—1 n—1
Ps-wy=0=F)([[F | Pes) =[] F (19)
=0 §=0

are written as an analytical form by Kim and Kim, 2"/
where Fj = exp (—27\;) with A}, = 1/(8an77), an =
(28 —n)/(27v,), and v, =hgugc/A2.

3. Numerical result

In this section, we present the numerical result of
zero-frequency shot noise through QD with SMM. In
our calculation, we have made use of the parameters
of Fegl?®l as follows: K, = 0.292 K, E = 0.046 K,
C = —0.000064 K and the total spin is S = 10. The
tunneling splits A,, are adopted as listed in Table 1

in Ref. [22] for h, = 0.1h,. For simplicity, we set
e = h = gup = 1 in the rest of the paper. Other
parameters for the QD are I' = 0.04, kg7 = 0.025. In
Figs. 2(a) and 2(b), respectively, we plot both total
current and shot noise as functions of bias in a van-
ishing external-field h = 0 T. It is obvious that the
current and shot noise have similar stepwise charac-
teristics as the bias increases. When the electron does
not couple to the SMM i.e. J = 0, the behaviour of
the system is reduced to the normal single-level QD,
only one-step structure appears when the bias matches
the Fermi surface of electrode with the energy level of
the QD, e4. In the presence of coupling J, more steps
are present. This means that more channels have in-
volved in the transport. With the increase of coupling
J, the main step shifts with suppressed height, simul-
taneously new steps appear at higher voltages and the
step-height is enhanced obviously. The only differ-
ence between the behaviours of current and shot noise
is that inelastic noise can exceed the shot noise for
non-SMM case at higher bias. Moreover, the value of
elastic noise becomes higher with the increase of the
coupling J as well as the total noise.

0.3 S 0.4 ‘
(a) : (b) J— |
o 1 o 0.31 AT

= 0.2 L i h=0T Z SR i
& poyTTTT —J= S 0.2 (A —— - h=0T
= i -~ J=001 3 Lo —J—o0
O 019 ’I J=0.03 7 011 ',,./.../-/ 7001

S = J =006 R J =0.03

0 L } 0kt --J =0.06 .
0 2 4 6 0 2 4 6 0 2 4 6
\% \Ya v

Fig. 2. The bias dependence of the current (a), shot noise (b) and Fano factor (¢) in a magnetic field h = 0 T for different
exchanging coupling J = 0 (solid line), J = 0.01 (dashed line), J = 0.03 (dot line) and J = 0.06 (dot-dashed line).

The Fano factor plot is depicted in Fig. 2(c) as
a function of the bias at h = 0 T for different J. At
very low bias i.e. eV < kg7, noise is mainly con-
tributed by the thermal noise and the Fano factor is
divergent at V' = 0. As the bias increases and be-
comes larger than the thermal energy, shot noise dom-
inates. The Fano factor is equal to F' = 1 in the region
below the single-level resonance where the tunneling
events are uncorrelated. In contrast, the Fano factor
have a tendency to become F' = 1/2 in high-bias for
J = 0. The crossover from the Poissonian(F = 1) to
the sub-Poissonian (F' < 1) is a step, which appears
when the bias matches the Fermi surface of the -10-th

\
pseudo channel with energy level of the states |—10, |).

In addition, more fine structures can be observed in
the plot.

for the Fermi surface equals the pseudo energy levels.

At the coupling J = 0.01, a peak occurs

However, when the interaction between the SMM and
electron is strong, steps are exhibited at the resonant
energy levels instead of peaks. Moreover, we can ob-
serve that the Fano factor is obviously enhanced by
the interaction with SMM.

In the region of A < 0.429 T, the quantitative be-
haviour is similar to the case of h = 0 T except for
a little shift of the step-position due to the Zeeman
effect. This is because the probabilities P(n) have not
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transferred almost from the initial state |—10) at the
resonant field for different sweeping speed.

Figure 3 is the plot of calculated shot noise and
Fano factor as functions of bias V with the field
h = 0.6 T. In Fig. 3(b), the shot noise is shown for dif-
ferent coupling J with scanning speed 0.14 T/s. For
the case of J = 0, two steps appear due to the Zeeman
effect. With increasing coupling J, more steps are dis-
played in the plot due to more pseudo-channels in the
transport. Moreover, the shot noise in h = 0.6 T dis-
plays a different behaviour from the case of h =0 T.
From Figs. 3(b) and 3(c), we can observe that a small
shot noise Sy exists at V. = 0. When J is strong,
Sp is strengthened obviously and a dip is seen in the
S — V curve, which corresponds to the negative dif-
ferential shot noise. To understand these phenomena,
we consider a simple model with negligibly small h,,
so the pseudo energy levels of QD can be calculated
approximately by diagonalising the following matrix

A m

€m|

Am €E(m—-1)1

with corresponding states

1

[P mo1) = 53— 2Am [ = 1) 1) = €0y D),
@) = o A= 1) 1) =y 1)
where
Cv(qz,zn—l

= (e(m—l)T — €m]| + \/4>\?n =+ (e(m—l)T - €ml)2)7
and

(+)

m,m—1
= (e(m—l)T — €m| — \/4)\%1 + (E(m.—l)T — 6m1)2)~

The pseudo energy levels and inelastic shot noise from
the 8-th channel are shown in Figs. 3(d) and 3(e).

C

The Fermi surface of the 8-th pseudo channel is higher
than the pseudo level of |§259_ 8> which is higher than
the Fermi surface of 9-th channel at zero bias, so the
inelastic transport from the 8-th channel to the 9-th
channel occurs spontaneously through the state ’@; 8>
of QD without bias (as schematically depicted in the
Fig. 3(d)).
for normal electrodes, currents from the left and right

Because of the symmetric configuration

electrodes cancel out each other and total current is
zero at the zero bias, but the shot noise Sy is nonzero
due to fluctuation of the spontaneous inelastic tunnel-
ing. In the Fig. 3(e), we plot the inelastic contribu-
tions from the 8-th pseudo-channel for J = 0.05 and
J = 0.07. For the component from the 8-th to the 9-
th pseudo channel, an inelastic shot noise is displayed
at zero bias. Once the tunneling from the 8-th pseudo
channel to the level of ’@;8> becomes energetically
allowed, the components of shot noise from the 8-th
channel increases to the plateau. When bias is further
increased to allow the level of ’95; 8> to be lower than
the Fermi surfaces of the 9-th left channel and the 8-
th right channel at V' = 1.9 and V' = 4.6 respectively,
the shot noise is suppressed. Further suppression can
be also observed at V = 2.4 for the component from
the 8-th to 9-th pseudo channel, when the bias-voltage
matches the Fermi energy of the left 9-th channel with
the level of |¢§ 8>. Furthermore, the plateau becomes
narrower and the elastic shot noise is enhanced as cou-
pling J becomes strong.

The resulting Fano factor is plotted as a function
of bias for h = 0.6 T in Fig. 3(f). At higher bias, the
shot noise is dominated by the sub-Poissonion process,
i.e., Fano factor F' < 1, the Fano factor is enhanced by
the interaction with SMM as in the case of h =0 T. In
the region of low bias, i.e., below the level resonance,
spontaneously inelastic tunneling processes from the
8-th channel will enhance the shot noise Sy, which
results in F' > 1.

0.3 0.4 P 0.4 h= 6_6 T‘7 c :IO.14 T/S ‘, -,'..‘-. ==
= —J =0.05 L
T 7 g 03 { g 0:3]--7=000
i : / % Ty @ J=o0.
5 0.2 Vi oasor| 3 P z J =0.07
£ A a0 5 9P fuTh=o0me=0naTy g 02
O 01q: i —o @ g J=0 @
o SLIEhs T oay @ -- =001 “ 01
Do =0 - J =003
) (a) . --J =0.06 (b)
0 — . . 0 . . : . . 0 . .
4 6 2 4 6 0 2 4 6
1% 1% 1%
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Fig. 3. The shot noise and Fano factor in a magnetic field h = 0.6 T as functions of bias V: current (a) and total shot
noise (b) versus V for different exchanging coupling J = 0 (solid line), J = 0.01 (dashed line), J = 0.03 (dotted line) and
J = 0.06 (dot-dashed line); (c) the elastic total noise versus V' with strong couplings J = 0.05 (solid line), J = 0.06 (dashed
line) and J = 0.07 (dotted line); (d) The pseudo-energy spectrum of the dot and electrodes with coupling J = 0.06. (e)
Inelastic shot noise versus V from the 8-th channel with different couplings J = 0.05 (thick lines) and J = 0.07 (thin lines).
(f) the Fano factor as a function of V with A = 0.6 T for different coupling J = 0 (solid line), J = 0.01 (dashed line),
J = 0.03 (dotted line) and J = 0.06 (dot-dashed line). The inset in (c) is the elastic shot noise versus bias V.

The influence of sweeping speed on the shot noise is shown in Fig. 4. When the sweeping speed is modulated
to ¢ = 0.014 T/s, the transition probability of SMM states almost transfers from the state |—10) to the state
|8) according to Eq. (14), and the transport is mainly contributed by the component coming from the 8-th
pseudo-channel. Thus some steps related to the 8-th pseudo channel are enhanced. In contrast, steps related
to the —10-th pseudo-channel are suppressed and even vanish in the plots of I — V and S — V, as shown in
Figs. 4(a) and 4(b). When the coupling is strong, a basin is exhibited instead of the dips in S — V' diagram
due to inelastic shot noise from the 8-th channel. As the coupling increases, the basin becomes wider with the
suppression of noise. For comparison between different sweeping speeds, we plot the shot noise and Fano factor
with J = 0.06 and 0.07 in Figs. 4(e) and 4(f), and observe that the shot noise and Fano factor at ¢ = 0.014 T/s
are larger than those at ¢ = 0.14 T/s. In addition, in the case of ¢ = 0.014 T/s, steps are observed obviously in
F —V diagram at lower bias for J = 0.03 and 0.06, as shown in Fig. 4(d).

03— oal ST
(2) = —7 41 ® [ 4 | () h=006T
- 0.21 . i h=0T £ 0.3 ST : I‘ —ngt4 o
g N < e e g 31 -- J=001
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5 L - J=o001| B 02970~ c=0.14T/s B oo N oo /=003
S 0.1 :‘ 'l ’, 7 — 003 é ol —-/., L —J—0 \\ ‘\ J = 0.06
o Y= 1 -- J =001 § N
. J =0.06 / e J=0.03 ! R R s
0 Htmez (a) 0 ‘ i == J=0.06 0 i i . . . .
0 2 4 6 0 2 4 6 0 2 4 6
1% 4 4
‘ > h— 06T
041 041 () [T @ ¢=0.014T/s
o | © ] — J =006
Z 0.3 ,é} 0.3 / o 31 --J=0.07
2 .-/ =1 c=0.14T/s
j | i 3
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Fig. 4. The shot noise and Fano factor with magnetic field h = 0.6 T and ¢ = 0.014 T/s as functions of bias V: (a)
total current and (b) shot noise versus V for different exchanging couplings J = 0 (solid line), J = 0.01 (dashed line),
J = 0.03 (dotted line) and J = 0.06 (dot-dashed line); (c¢) Fano factor versus bias V for different couplings; (d) the shot
noise for strong couplings versus bias V; (e) and (f) the comparison of shot noise and Fano factor between the case of
¢=0.014 T/s and ¢ = 0.14 T/s with strong coupling, respectively.
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4. Summary

Using the nonequilibrium Green function tech-
nique, we have systematically investigated the shot
noise properties of a single-level QD with an embedded
SMM of saturated state |—10). We find that the shot
noise and the Fano factor strongly depend on the mag-
netic field A and coupling J. In the absence of mag-
netic field, stair-like shapes are observed in S — V' di-
agram, and Fano factor is enhanced with the increase
of coupling J. At the magnetic field value h = 0.6 T,

other states are populated due to the quantum tun-
neling, a small shot noise Sy is generated below level
resonance which leads to the case of ' > 1 at the
lower bias. When coupling J is strong, we also observe
that a dip is exhibited in the S —V diagram due to the
suppression of inelastic tunneling. When the sweeping
speed is modulated to ¢ = 0.014 T/s, a basin is exhib-
ited instead of the dip in the plot of S—V, because the
transition probability of SMM states almost transfers
from the state |—10) to the state |8). Meanwhile, the
shot noise and Fano factor are enhanced.
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