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Multi-step shot noise spectrum induced by a local large spin”
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We use non-equilibrium Green’s function method to analyze the shot noise spectrum of artificial single molecular
magnets (ASMM) model in the strong spin—orbit coupling limit in sequential tunneling regime, mainly focusing on the
effects of local large spin. In the linear response regime, the shot noise shows 25+ 1 peaks and is strongly spin-dependent.
In the nonlinear response regime, one can observe 25+ 1 steps in shot noise and Fano factor. In these steps one can see the
significant enhancement effect due to the spin-dependent multi-channel process of local large spin, which reduces electron

correlations.
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1. Introduction

Single molecular magnets (SMMs), characterized by a lo-
cal large spin and magnetic anisotropy, have attracted much
attention in the last two decades for showing the macro-
scopic quantum coherence!!™! and macroscopic quantum
tunneling.5~19 Since Heersche et al.!''l were able to trap
an SMM in a typical field transistor geometry, great efforts
have been devoted to measuring electronic transport through
an SMM, which has a potential application for magnetic de-
vices and quantum computation. !

Although theoretical and experimental studies have re-
vealed a lot of fascinating transport properties, such as
negative differential conductance,[!:13-16]  cyrrent-induced
switching, [17-201 Kondo effect, 21291 Berry phase blockade,?!
30310 4t is still very challenging in
experiments to control such molecules. So it is natural to con-
sider artificial counterparts of SMM, just like quantum dots
as artificial counterparts of an atom. In Refs. [32] and [33],
it was suggested that one can study an alternative, i.e., Mn-
doped quantum dots, which behave as SMMs and are called
artificial single molecular magnets (ASMMs). In Ref. [32] it
was proved that Mn-doped quantum dots indeed behave like
a nanomagnet with hysteretic magnetization and steps of the
magnetization. In Ref. [33] they studied the shot noise spec-
trum by using quantum master equation method and found a
distinct effect similar to the Dicke effect in quantum optics.

In this paper we use non-equilibrium Green’s function
method to consider the shot noise spectrum of ASMM model
in the strong spin—orbit coupling limit in sequential tunneling
regime, mainly focusing on the effects of local large spin in
the low and high temperatures. To deal with the local large

and thermoelectric effect, !
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spin, we use the language of molecular states, i.e., the Hub-
bard operators.'3*3%! In the linear response regime, the shot
noise shows 25+ 1 peaks and is strongly spin-dependent. In
the nonlinear response regime, one can observe 2S5+ 1 steps in
shot noise spectrum and Fano factor. In these steps one can see
the significant enhancement effect due to the spin-dependent
multi-channel process which reduces electron correlations.

This paper is organized as follows. In Section 2 we de-
scribe the model of artificial single molecular magnets and
Hubbard operator Green’s function method. Specific Hamil-
tonian, basic formula for non-equilibrium Green’s functions
are presented there. In Section 3 we present the numerical re-
sults and explain the 25 + 1 step structure induced by the spin-
dependent multi-channel process. Finally, Section 4 is devoted
to a brief conclusion.

2. Model and non-equilibrium Green’s function
method

In this work, we adopt the model proposed by Pulido et
al.3>331 For simplicity, we consider the minimal model with
only z axis electron—-Mn exchange interaction in the strong
spin—orbit coupling. The total Hamiltonian of the system can
be written as H = Heads + Hr + Heen:

Hieads = Z gkaczacckaca (D
koo
Hr = Z (tkOCCToCkOCG +H~C~)7 2)
koo
Heen = &9(ny +ny) +Unyny +Js. S, 3)

where &, is the energy for free electrons, with @ = L,R
enumerating left and right leads, and CZa o (Ckac) are elec-
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tronic creation (annihilation) operators in the electrodes, with
o =1,/ representing the electron spin-up and spin-down. fy
are the tunneling amplitudes. & is the single level energy of
the quantum dot imbedded in the transport, and U is Coulomb
interaction strength, with /i = cf,c(F the number operator. The
cg and ¢4 are electronic creation and annihilation operators on
the single level of the dot. S° is the z component of the local
spin and s° = (ny —n,) /2 is the spin of the electron on the dot.
The corresponding operators ST (s*) are the ladder operators.
According to Ref. [33], this model can be realized in a CdTe
quantum dot doped with a single Mn*? ion with spin § = 5/2.
In their original model, they consider the exchange interaction

1
Hexen = Js,:8; + E(XJ(Sﬁ,S, —i—s,SJr),

where o can be equal to zero due to strong spin—orbit cou-
pling. This system behaves as an SMM with magnetization
steps and hysteresis. Its shot noise spectrum depends on the
quantum state of the Mn spin, which can be seen clearly in the
following main text.

The eigenstates and energies for the isolated Hamiltonian
H_ep in Eq. (3) are easily obtained as

Heen |0m) = 0|0m),

Heen |T m> = <80 + ;m> |T m> s

Henlb) = (&0 3m ) [Lm). @
where eigenstates {|Om)} with energy E = 0 are for n = 0
electron sector and eigenstates {|1 m), |} m)} with energy E =
&=+ %m are for n = 1 electron sector, respectively. Notice that
for simplicity we do not consider a double-occupation sector
in this work.

The non-equilibrium Green’s function (GF) approach in
the language of molecular states, i.e., the language of Hub-
bard operators is used in this paper.3*~*! This method absorbs
the advantage of quantum master equations, which use many-
body states as the basis in the reduced density matrix.[**! In
this Hubbard operator representation, the electron operators in
the dot are rewritten as c5 = X% 4 85X with 8 = +1 (—1)
for 0 =1 (}), s = 3 (XTT—XxH), s* = Xx™ and 5= = X¥.
In one-electron regime (U — <o) the double-occupation is for-
bidden and ¢; = X°°. The large spin operators can be ex-
pressed as3+301 §2 = ¥5 oy gt =y5 _ Clymtim
and ST = zi:,sc,;ym”vm, where S is the large spin quan-
tum number and Y™" = |Sm) (Sn|.

motion (EOM) procedure can be applied as usual.[*>#4! The

Then the equation of

second-order truncation for the Green’s functions is used to

s.I1 In the presence of

capture sequential tunneling physic
large Coulomb interaction energy, we consider only states with
n = 0,1 electrons, which simplify the calculation a lot in se-

quential tunneling regime. The retarded Green’s function is

expressed as

Gr ((D) _ i POm +P6m (5)
° s ®— & — Ss3m—X,

with the self-energy Xo = Y [fral’ / (© — &g + 107 )= —ilL
and Py, = (X “Y"“"). For technical details, one can refer to
our previous papers. 3436
Once the single-particle Green’s function is obtained, the

occupation, current, shot noise, and Fano factor can be cal-
culated along the lines of Refs. [46] and [47]. The transport
current is

el +1Ix
“h Iilk

Z/dm(fL—fR)ImGg(w). ©)

The zero-frequency current noise is

eI+ Ik
R L el -a)

+ /(1= fr)ImGo (@)
+(fi— /o)’ Im Gy (@) (1 +[LImGg (@)} (7)

In Egs. (6) and (7) fi k(@) = [emw*”L/R) + 1]71 is the
Fermi-Dirac distribution function with § = 1/kgT.

S(0) =

3. Results and discussion

In this section we present the transport results of occupa-
tion of states, local spin projection, shot noise, and Fano factor
in linear and nonlinear response regimes.

3.1. Shot noise spectrum in linear-response regime

In this subsection we focus on the transport proper-
ties of occupation of states, local spin projection, shot
noise, and Fano factor in the linear response regime. Be-
fore numerical discussion, we briefly show here that the
fluctuation—dissipation theorem S(0) = 4G4 (0)/B , which re-
lates Nyquist—Johnson noise with the linear conductance, can
be obtained in the language of GF: In the limit V — 0, the
linear conductance obtained from Eq. (6) reads

Gael0) = ——1i. [ d[BeP?/ (P + 1)m G (@),

where we have used that IT, = Ir, and in Eq. (7) the first term
is the equilibrium noise contribution and the second term is
the non-equilibrium contribution, which vanish when V' — 0,
so equilibrium noise

S(0) = —%I"L/da)[[i ePo/(ePO 4 1)2Im G (o)

is obtained. One can see here the fluctuation—dissipation theo-
rem is recovered.

As a simple and clear start, we discuss S = 1/2 case first
and then compare it with § = 5/2. The eigenstates and ener-
gies for S = 1/2 reads

N=0:Hen [0,£1)=0[0,+1);
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N=1,FM:
Hcen|/l\7%>:(80+£) T7%>’
Heen 7_%>:(£0+£) *If7_%>;
N=1,AF:
Hcen|T7_%> | >
(®)
{ Hcen|¢a%> | %>

There are three branches of states: the empty (N =0) sec-
tor and the two singly-occupied (N = 1) sectors which include
the ferromagnetic (FM) sector and the anti-ferromagnetic (AF)
sector.

In Fig. 1 we present the occupation of states, local spin
projection, and linear shot noise for S = 1/2 case as a func-
tion of gate voltage. The average values of state occu-
pation Py = Py, and Py, are defined as (|0,m) (0,m|) and
([t,m) (t,m|). They can be explained as density matrix el-
ements in the language of master equation and will be cal-
culated via Green’s functions in this paper. Their values are
strongly affected by the environment such as gate voltage or
bias voltage when non-equilibrium transport sets in. In nu-
merical calculation we have used the properties that Py, =
FPoy and Py, = P|_,,, which comes from the symmetry of
the Hamiltonian. The average value of local spin projection
are defined as L,, = (|Sm) (Sm|). Now we are ready to dis-
cuss them. In the region V, > 0.1, |0,41/2) occupy, i.e.,
Po% = Pof% = 1/2, so there is no electron on the ASMM.
When decreasing the gate voltage, the first charge degeneracy
point between |0,—1/2) and AF state |f,—1/2) (or |0,1/2)
and ||, 1/2)) at V, = 0.1 is reached, and shot noise exhibits a
peak in Fig. 1(c). In the region between 0.1V, and —0.1V,,
PF% = Pi% = 0.5, i.e., AF states |1,—1/2) and |},1/2) oc-
cupy and the occupation of states |0,+1/2) becomes zero.
At Vg = —0.1, the second charge degeneracy point between
|0,+1/2) and the FM branch is reached, and a small peak in
shot noise in Fig. 1(c) shows. This can be understood as fol-
lows: we assume single electron occupation is allowed and
most of the probability is occupied by an electron on AF state
which is saturated below the Fermi surface first and only a
little probability is allowed for the FM branch to occupy due
to higher order co-tunneling process, which causes the low-
est lying electron to jump out. The same argument applies
to S =5/2 case, and there will only be a main peak and five
small peaks, which become smaller and smaller when decreas-
ing gate voltage [see Fig. 2(c)]. In the region below —0.1V},
the FM branch is also below the Fermi surface, and begins to
compete with the AF branch, so each occupation of AF/FM
is smaller than 1/2, and in the situation when V is small
enough, i.e., both AF and FM are far from the Fermi surface,
AF and FM will be occupied equally, P 1= Pll = PTI =
PL 1 = 1/4, and the red and blue lines i 1n Flg 1(a) will meet
each other eventually.
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Fig. 1. (color online) S = 1/2 case. Occupation of states (a) and lo-
cal spin projection (b), as well as linear shot noise (c), calculated as a
function of the gate voltage. The parameters are chosen as J = 0.4,
I, = 0.01, and zero temperature. Energy unit is given in the half-
bandwidth D.
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Fig. 2. (color online) S = 5/2 case. Occupation of states (a) and local
spin projection (b), as well as linear shot noise (c), calculated as a func-
tion of the gate voltage for the parameters: J = 0.4, I, = 0.01, and zero
temperature. Energy unit is given in the half-bandwidth D.



Chin. Phys. B Vol. 24, No. 12 (2015) 127309

Let us now discuss the S = 5/2 case. In Fig. 2(a) when
Ve > 1.25, Py dominates and Py = 1/6. Decreasing gate volt-
age to 1.25V,, the first charge degeneracy point is reached
and induces the main peak in Fig. 2(c). In the region be-
tween 1.25V, and 0.75V,, PT%/P% occupy and PT% = Plz =
0.5. When V; = 0.75, the second charge degeneracy point is
reached. In the region between 0.75V, and 0.25V,, PT— 3 / Pi 3
sets in and competes with P_s/» /Pg , and in Fig. 2(a) the
blue line begins to increase and the red line begins to de-
crease. The same analysis continues when sweeping down the
gate voltage. Here we want to stress the difference of local
spin projection between S = 1/2 and S = 5/2 [see Fig. 1(b)
and Fig. 2(b)]. Although (S;) = 0 for (S;) = ZmLm and

Ly =L_p, Ly vary with V, and they are spin-depegdent. First
let us take a glance from the formula L,, = Py + Py, + Py
ForS=1/2, L% :P0+PT% +P¢% :P0+PT7% +PL7% =1/2,
so it is not spin-dependent, i.e., irrelevant to spin-up or spin-
down. But for § =5/2 and taking L_% =P +PT_% +P¢_%
for example, L 3 *L 3 *L ! and is strongly affected by

the competition between each |Sm) branch when varying V.

3.2. Shot noise spectrum in nonlinear-response regime

In this subsection we will focus on the transport in
the nonlinear-response regime. In Fig. 3 we plot the non-
equilibrium shot noise and Fano factor (F = S/2el) as a func-
tion of bias voltage for S = 5/2 in the low temperature. In
Fig. 3(a) one can observe 25 + 1 steps in the shot noise spec-
trum and correspondingly in Fig. 3(b) there are 25+ 1 steps in
the Fano factor. In the non-equilibrium regime, and for tem-
perature 7 — 0, the equilibrium noise contribution vanishes,

and the noise in Eq. (7) reduces to

2 Vv
§— _EFL/O doImGy(o)[1 + LImG} (@) (9)

The shot noise steps observed in Fig. 3(a) can be better un-
derstood by analyzing the current. Increasing V one observes
that the current is suppressed until the lowest AF states are
reached. As the bias voltage increases further, shot noise is
enhanced every time the current is allowed, defining the steps
structure. In Fig. 3(b) for V < 0.75, the Fano factor is unity,
which indicates the first-order sequential tunneling processes
are suppressed and the transport occurs due to second-order
elastic co-tunneling processes. Such processes are stochas-
tic and uncorrelated in time, so the shot noise is Poissonian.
Above the 0.75 voltage, sequential tunneling processes dom-
inate transport and the noise becomes sub-Poissonian, which
indicates that that tunneling processes in the sequential tun-

neling regime are correlated due to Coulomb correlation and

Pauli principle. For V > g — %J , we can see the significant en-
hancement of the Fano factor due to the multi-channel process
which reduces electron correlations compared to the single-

channel model [Fig. 3(b) inset].
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Fig. 3. (color online) Non-equilibrium shot noise (a), as well as Fano
factor (b), calculated as a function of the bias voltage for S = 5/2.
Parameters: & =2,/ = 1,1}, = Ir = 0.01, and zero temperature. In-
set: Fano factor for single-channel model with parameters & = 1 and
I, =Ir = 0.1. Energy unit is given in the half-bandwidth D.
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Fig. 4. (color online) Occupation of states (a), and shot noise, and Fano
factor (b) as a function of the bias voltage for § = 5/2. Parameters are
the same as those in Fig. 3 with 7 = 0.05.

Let us now discuss the high temperature situation. In
Fig. 4 we plot the non-equilibrium occupation of states, shot
noise, and Fano factor as a function of bias voltage for S =5/2.
We first discuss the occupations in Fig. 4(a). For V < 0.75,
zero occupancy dominates and Py, = 1/6. Increasing the bias
voltage the lowest AF states |1,—5/2) and |J,5/2) enter the
bias window and share the occupation probability with n = 0

states and Py = P_s /2= 1/8. When we further increase V,
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other states come into the bias window one-by-one and fig-
ure 4(a) exhibits the step structures. The Fano factor as a func-
tion of the bias voltage is shown in Fig. 4(b). For the low bias
voltage (V < 0.25), the shot noise is determined by thermal
Johnson—-Nyquist noise which results in a divergency of the
Fano factor for V. — 0. One can also observe 25 + 1 steps in
shot noise and Fano factor in the high temperature situation,
but these steps are less clear due to the temperature effect.

4. Conclusion

In conclusion, we have used non-equilibrium Green’s
function method to analyze the shot noise spectrum of artificial
single molecular magnets (ASMM) model in the strong spin—
orbit coupling limit in the sequential tunneling regime, mainly
focusing on the effects of local large spin in the low and high
temperatures. In the linear response regime, the shot noise
shows 25 4 1 peaks and is strongly spin-dependent. In the
nonlinear response regime, one can observe 25+ 1 steps in the
shot noise spectrum and Fano factor. In these steps one can see
the significant enhancement effect due to the spin-dependent

multi-channel process which reduces electron correlations.
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