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Transport through artificial single-molecule magnets:
Spin-pair state sequential tunneling and Kondo effects”
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The transport properties of an artificial single-molecule magnet based on a CdTe quantum dot doped with a single
Mn*Z ion (S =5 /2) are investigated by the non-equilibrium Green function method. We consider a minimal model where
the Mn-hole exchange coupling is strongly anisotropic so that spin-flip is suppressed and the impurity spin S and a hole
spin s entering the quantum dot are coupled into spin pair states with (25 + 1) sublevels. In the sequential tunneling regime,
the differential conductance exhibits (25 + 1) possible peaks, corresponding to resonance tunneling via (25 + 1) sublevels.
At low temperature, Kondo physics dominates transport and (25 + 1) Kondo peaks occur in the local density of states
and conductance. These peaks originate from the spin-singlet state formed by the holes in the leads and on the dot via
higher-order processes and are related to the parallel and antiparallel spin pair states.
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1. Introduction

Single-molecule magnets (SMMs) such as Mnj; or Feg
have attracted much attention in the last two decades for
showing the macroscopic quantum coherence and macro-
scopic quantum tunneling.'?! Since Heersche et al. trapped
an SMM in a typical field-effect transistor geometry,?! great
efforts have been made to investigate the electron transport
through an SMM due to its potential applications and pure
scientific interests.*"%! The realization of the magnetic single-
molecule transistor confirms the feasibility of the combina-
tion of the molecular electronics and spintronics.>-%! In partic-
ular, theoretical and experimental studies on SMM quantum
transport have exhibited a lot of fascinating transport proper-
ties such as negative differential conductance,!>”! the Kondo
effect,*>3-191 current-induced switching,''~!3] Berry phase
blockade and oscillations,"'4 graphene spintronics,!'>1%! shot
noise,'’% and so on. Although the single molecule mag-
nets like Mnj, have been trapped in a three-terminal trans-
port setup and the electron transport through a single-molecule
transistor can be probed,*®! the properties of the setup are
dependent on the single molecule magnet and can hardly be
tuned once it is fabricated.”!! Thus one thinks of the artifi-
cial counterparts to molecules,*224 such as SMM. The suc-
cessful fabrication of quantum dot (QD)*>~33! doped with a
single Mn*? ion has stimulated many studies on the quantum
dot with a single magnetic ion. The theoretical investigation
indicates that a II-VI semiconductor QD doped with a single
Mn atom behaves like a tunable nanomagnet whose magneti-
zation and anisotropy can be manipulated electrically.”! Re-
cently, Mn-doped QD, such as a CdTe QD doped with a sin-
gle Mn"? ion with spin § = 5/2, is proposed as an artificial
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single-molecule magnet (ASMM).*#! The rich physics of the
artificial single-molecule magnets is reflected in the transport
properties through the system.’*] Hence it is expected that the
artificial single-molecule magnets may be useful for improv-
ing the controllability of the molecular spintronics devices.

In this paper we study the transport properties of an
ASMM in the sequential and Kondo regimes. In the transport
setup the Mn-hole exchange interaction is strongly anisotropic
so that the spin-flip is suppressed. As a result the impurity
spin state and a hole spin state are coupled into spin pair states
with (25 + 1) sublevels (S is impurity spin), which leads to
the conductance depending on the quantum state of the Mn
spin and not uniquely determined by the gate and the bias
voltage. In the sequential tunneling regime, (25 + 1) peaks
occur in the differential conductance spectrum, corresponding
to resonance tunneling via (25 + 1) sublevels. At low tem-
perature, Kondo physics dominates transport. The differential
conductance and local density of states (DOS) exhibit (2S+ 1)
Kondo peaks, which is different from the Kondo effects in
the molecular magnet induced by the quantum tunneling of
the moment*>! and also differs from Kondo effects in a half-
integer-spin®>! or an integer-spin QD.®! It originates from
the exchange interaction between the hole spin and the impu-
rity spin in ASMM. The exchange interaction splits the initial
singly-occupied level into (25 + 1) sublevels. The holes in the
leads and on the sublevel form a spin-singlet state via higher-
order processes, which leads to the Kondo effects depending
on the parallel and antiparallel spin pair states.
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2. Model of quantum dot with a magnetic impu-

rity

The transport setup considered here consists of a CdTe
QD doped with a single Mn*? ion (S = 5/2) and two metallic
leads coupled to the QD. The full Hamiltonian for the model
reads H = Hjeags + Ht + Heen. The first term describes the hole
reservoir in leads with Hieads = Y koo 6k0‘c;c-(x oCkac- The sec-
ond term Hy = Zkac(tkac,ta +Co +H.c.) describes tunneling
between the leads and the QD with ¢ (cg) creating (destroy-
ing) a hole in the QD. The third term is the center Hamiltonian
given by*#

Heen = Z EhCLCo-—FUnTnl—FJSZSZ
o="{
J
+ 2 (se5-45-84). (1)

Here U is the Coulomb repulsion energy on the dot and
ng = cTGcG (o =1,1). S;+ are the Mn spin operators and s +
are Pauli matrices acting on the hole lowest energy doublet.
The third and the fourth terms describe the effective Mn-hole
exchange coupling where 7 is a dimensionless parameter de-
pending on the heavy-light hole mixing.?”! The exchange in-
teraction is highly anisotropic due to strong spin—orbit cou-
pling so that the spin-flip between hole and large spin is sup-
pressed (Y = 0) and we may only consider this special case in
the present work. Unless explicitly stated otherwise, we shall
henceforth work in units where e = = 1.

In the strong Coulomb blockade limit, the eigenstates
of center Hamiltonian H.., have three branches denoted by
many-body states |A,m) = |A)|m), where m is the local mag-
netic quantum number of the Z-component of Mn spin. A
= 0,1, and | denotes the state with no hole, a spin-up hole,
and a spin-down hole, respectively. These states satisfy

Hcen|lam> :Elm‘l7m>a ()

where Eg, = 0, Egn = ey + 053m with 85 = +1(—1) for
oc=1({)andE;,, =E| _.

Now we rewrite the Hamiltonian in the many-body state
representation. First, for strong interaction (U — o), we can
rewrite the operators of the hole on ASMM in terms of Hub-
bard operators,?7 3% ie., c; = X09, cg =X 5 =XxMN,
s. =X*, and s, = 3(X'" — X+). Here the Hubbard oper-
ators X**" are defined in terms of the hole states |A) with
XM = |A)(A/], satisfying the unity relation ¥, X** = 1.
Similarly, by resolution of unity of large spin (¥, Y™ = 1),
we find

S
Se=Y mymm,
m=—S
S
Se= Y V(S+m+1)(S—mymttm,
m=—S
S
So= Y VES-m+1)(S+mym
m=—S

Here Y™ = |Sm) (Sm/| and S is the length of large spin. One
can verify these spin operators obey the basic commutation re-
lation [S;,S_] =2S;. As a result, Heen and Hy can be written
as

7 S
Heen = en(X'" +X¢¢)+E Y mxTTym

m=—S
J S
-3 X mxtym, ©)
m=—S
Hr = Y (tac}yo X" +He.), 4)
kao

where in Eq. (3) we have neglected the transverse spin-flip
terms due to Yy = 0.

3. Hubbard operator Green function and trans-
port calculation

In order to calculate transport properties of the model
described above, we obtain some useful formulas based on
the Hubbard operator Green function. Following derivation
by Meir and Wingreen, one gets the usual expression for the

current!40-411

’:_iec;i [d0Ts(fi (@)~ fi(@)InGy(@), ©)

where G% () = ((co|ck)) is the Fourier transform of the re-
tarded Green function G%(1) = —i0(t)({cs(t),ck(0)}) and
fo(®) = [ePl@=Ha) £ 1]~ is the Fermi distribution function,
with B = 1/kgT and p the chemical potential of lead a. In
this work we consider the case of no spin polarization I+ =1
and symmetric coupling I] = I} = 2x|t|*p, where p = 1/2D
is the DOS of leads for the square band approximation. The
conductance G (G = dI/dV) can be obtained from Eq. (5).
Therefore the entire analysis falls on to derivations of retarded
Green function G (). It is expressed as

G () = ((X*%1ch))" = YAX 7Y™ |ch))" (o =)
m
in many-body representation, which can be determined by the
equation of motion scheme. For example, the equation of mo-
tion of “mixed” Green function ((X%9Y""|c )\ is

J .
(0 e dagm ) (xoormicy)y
= Py + Pom + Zt,fa (X% s Y™ |ci )
ko

+Zt;a<<(xoo+X66)Ckaoymm‘cg>>rv (6)
ko

where & is opposite to ¢ and the averages Py,, = (X Ay i
denote the occupation probabilities of the many-body states.
We first consider the second-order approximation*?! to close
the equations of motion. In Eq. (6), the spin-flip term between
the leads and the hole is neglected and the last term gives rise
0 Yia fig (X + X ) koo ™" [c5)) = Zo((X0OY™|cg))"
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(the self-energy Xo = Yiq |tral’ /(0 — €xq 4+ 10T)) = —ilf.
So the Green function ((X°7Y™™|c5)) is obtained as

P, P
(x0Tymchyyr = e )
O — ey — 0g53m— Xy
Thus the retarded Green function can be expressed as
T S POm + PGm
Gc(a)) = Z (®)

7 .
m=—=S w—fh—agzm—zo

Next, for the Kondo regime, one needs to consider the lead-dot
spin-flip process described by ¥ ;. t,fa«X‘_"’cka(—;Y’”m\cI,))r in
Eq. (6). The equation of motion for the higher order Green
function (X% casY™|ci))" is

(0 — €ka — amJ)<<X606ka(;Ymm|CL>>r
= Z o <<Xoccz/a/66ka(;Ymm|c;>>r
kKo
+ Z t,f/a/<<X600k/a/acka5Ymm|CL>>r. 9
ko

Following Tolea and Butka,[*?! the higher order Green func-

tions in the above equation are decoupled as

Y tvw (X0%¢], 1o cras ™ [c5))"
ko

~ tafu(e) (XY ™))"

with fo (&) = <cza &Ckao) the Fermi function and
Z t]):/a/ <<X60Ck/a/o-cka(-;ymm|C1-)->>r
ko
R lig(Craccras) (XOY™|ch))" =0
by assuming that the operator pair of leads can be pulled out

of the Green function and regarded as an average. Thus one
can obtain from Eq. (9)

Y o (X koY ™ |c5)) = ZS((XTY™™|cE)), (10)
ko

where
28 =Y ltkal® fulex) /(@ — exe — Som] +i0T)
ko

is the self-energy correction term under the third-order approx-
imation. By substituting Eq. (10) into Eq. (6), the retarded
Green function (8) is corrected as

S
Ghw)= Y Font Fom A
0 —en—8s3m—Lo— X7

m=

which can be used to discuss Kondo tunneling. The occupa-
tion probabilities Pg,, of many-body states in Egs. (8) and (11)
can be calculated as

do
Pom = (chx00ymmy = —j EGém(a))

= [dof@)m(Ety™)y, a2

where the lesser Green function G§,,(®) in the first line is de-

fined as the Fourier transform of
Go(t) = (X (0)Y™ (1) [c5(0))) = i{c5(0)X  (1)Y™™ (1))

and f(®) = (fL(®) + fr(®))/2. In the last step of Eq. (12),
the lesser Green function G< = G"X<G“ is approximated by
assuming that X< = i(IL fi, + Ix fr) by Ng’s ansatz.*3! Sub-
stituting Eq. (7) into Eq. (12), one obtains a set of linear equa-
tions with respect to Py,

(Ccmf 1)P6m+C0'mP0m :07 (13)

where
1 ~ J
Com = —ﬁ/da)f(a))lm[l/ (a)—eh—&,zm—2>}(14)

with ¥ = X, for the sequential regime or Xy + X9 for the
Kondo regime. Here we would like to remark that we actu-
ally made a calculation by the master equation approach,>#!
which is consistent with Eq. (13) in the sequential tunneling
regime. Determining Py, and Fp,, from Eq. (13) also require
the use of the following relation

1

25+17 (15)

P0n1+PTm+P¢m:

which is due to the fact that the eigenvalue m of S, is a good
quantum number, i.e., there is no spin-flip mechanism between
the hole and Mn spin. Thus the transport properties through
the setup can be investigated based on the above formulas.

4. Numerical results and discussion

(1) Sequential tunneling regime

We now study numerically the occupation, conductance
in the linear-response regime and nonlinear response regime.
Sequential tunneling physics applies to the situation where the
electrodes and center system is in the weak coupling limit,
e, It g = 0. In this limit, Eq. (14) gives rise to Cop =
F(en+ 8%m), where we have used

,/d%’f(w)lm[l/(w—aﬂli)] = f(a)

for I1, — 0, and similarly the conductance is

—( /Y, / doIm G (©)d fi/aV (o)
= (IL/M)Y., (Pom+Pom)9fL/OV (Eom),

G

in which we bias the left electrode to yy, =V and leave ug =0
and define 0 fi./dV (@) = Bexp[B(w—V)]/[exp[B(w— V)] +
1]2. For simplicity, we consider the case of § = 1/2 first.
The center Hamiltonian H.., has three branches of states:
an empty sector (N =0) and two singly-occupied sectors
(N = 1), which include the parallel spin pair states (PS) and
the antiparallel spin pair states (APS):

N =0, [0,4£1/2); Eg=0,
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N=1, PS:|0,+£1/2); E, =€+ (16)

2’
J
N =1, APS:|0,F1/2); Eyp ==,
where the upper (lower) sign applies for o =7 ({.). The occu-
pation probabilities P, are determined by Eqs. (13) and (15),
and they satisfy the relations Ry, = Py, and Py,, = P|_,, due
to the symmetry of the Hamiltonian H.e,. Figure 1 shows the
occupation probabilities and linear conductance as a function
of e, for § = 1/2. The half-bandwidth D is taken as the en-
ergy unit in the sequential tunneling regime. In the region of
en > 0.3, the occupation probabilities of the empty states ap-
proach 1/2 and those of the other states approach zero, that
is, there is no hole on the ASMM. With adjusting the gate
voltage, the €, decreases gradually and the occupation proba-
bilities of APS approach 1/2 while those of the empty states
vanish in —0.3 < ¢, < 0.3. This means there is a hole occupy-
ing the APS. The corresponding linear conductance exhibits a
resonant tunneling peak at e, = 0.3 where APS energy level
E,p aligns with the Fermi energies (assumed to be zero) of two
leads. This is a charge degeneracy point where the energy of
the N = O states aligns with the energy of the N = 1 states and
corresponding transitions are 1)« |6,£3) [Fig. 1(b)].

0.6 T T T T T T T
() ”—1/2T 0.05

Probabilities of states

G (2¢2I1,/h)

-0.3 0.3 0.9
Eh/D

—-0.9

Fig. 1. (color online) Probabilities of states (a) and linear conductance
(b) versus €, in the sequential tunneling regime for S =1/2, J = 1.2,
and T = 0.05. Energy unit is given here and in Figs. 2 and 3 in the
half-bandwidth D. The upper (lower) sign applies for 6 =7 ({).

For a CdTe QD doped with a single Mn*? ion, i.e., the
case of S =5/2, a singly-occupied state level of the QD is split
into six sublevels Eg , (Et,, = E| ) Withm € [=5/2, 5/2],
due to the exchange interaction between the impurity spin S
and a hole spin s. These spin pair states lead to transport prop-
erties different from the SMM and QD. As shown in Fig. 2,
the linear conductance exhibits two three-peak structures. In
fact, in the absence of a hole, the six projections S, of Mn spin
are degenerate (Ep,, = 0). But when a hole enters the QD,
Mn spin and a hole spin can be coupled into PS |o,+|m|)

or APS |o,F|m|), whose level scheme versus m is shown
in the inset in Fig. 2. When the gate voltage sweeps the
charge degeneracy region, the transitions between the N =0
and N = 1 conserving S, can only occur between |0,=|m|)
and |G, +|m|). Thus the charge degeneracy points get tripled
at e, = %|m|, where the corresponding conductance exhibits
three peaks [Fig. 2(b)]. However, we do not find the small,

finite three-peak structure at e, = —3|m| at equilibrium.
w 0.20 T T T T T T T T T 1
8 I S=5/2 T=0.04
@ 3
% 015 Y o ey -
= | |0, +1/2) % i 0, i§/2> |
2 ,' I 10, £5/2)
:“E 0.10 - 14' : T
= - ) i
Q !\ I
i 5/2
8 0.05 F lo, ¢1/2> i ! o, F5/2)
° | lo, +5/2) |” ;3/2> |
~ lo, £1/2) |o, £3/2) (a)
0 [l L 1 L 1 L Il I L Il [l L
| 3.0
3

2.0

(D)’

m 1.0

G (2¢2I1,/h)
[ 3]
T
Am

1k or—

—1.5

E],/D

Fig. 2. (color online) Probabilities of various states (a) and linear con-
ductance (b) versus €y, in the sequential tunneling regime for S = 5/2,
J=1,and T = 0.04. Inset: the energy levels of eigenstates versus
m with empty states (black bars), APS (red bars), and PS (blue bars).
Parameters of inset are e, = 1.75,J = 1. Results here by the non-
equilibrium Green function method are consistent with the study of
Contreras—Pulido and Aguado,**! who found the three-peak structure
in Fig. 2(a) of their work when V = 0.

When a bias voltage is applied to two electrodes, the sub-
levels enter the bias voltage window one by one with increas-
ing bias voltage. Figure 3(a) presents the nonequilibrium oc-
cupation probabilities of all sublevels as a function of the bias
voltage for e, =2, J =1, and T = 0.05. For the bias voltage
V < 0.75, the empty occupation dominates and Py, — 1/6.
Whenever a new sublevel enters the bias voltage window, the
occupation probability is reassigned to the sublevels in the bias
voltage window. For example, in the region 0.75 <V < 1.25,
POis =P 53~ 5 andPis —POil — 1/6. The rest may be
deduced by analogy The property of the sequential tunneling
current is shown in Fig. 3(b) and six steps in current (dashed
line) and six peaks in differential conductance correspond to
six sublevels. Whenever a sublevel comes into the bias voltage
window the current appears as a step. The three higher peaks
correspond to the resonant tunneling via three APS sublevels
and the three lower peaks correspond to the resonant tunnel-
ing via three PS sublevels. This lower three-peak structure at
nonequilibrium originates from the competition between APS
and PS, see Fig. 3(a). Thus one can see the transport proper-
ties depend not only on the gate voltage or the bias voltage,
but also on the quantum state of Mn spin.
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0.20 ————————1——1——1———
S=5/2 T=0.05

0, £3/2) ‘\‘\0, +1/2)

N

BEY <

Probabilities of states

/ \
lo, F5/2) los F1/2) S
0.05 - / [ e #8/2), .
: 1o F3/2) Mo, £372) T o,45/2)
3.0 PN S S E— i i araii D B
I —— G (2¢2I,/h)
b
9.5 () - - I(2e20/h)
2.0 o ]

1.5
1.0
0.5

. . R T .
0 1.0 2.0 3.0 4.0

V/D
Fig. 3. (color online) (a) Nonequilibrium occupation probabilities of
the states, (b) current and differential conductance as a function of the
bias voltage for S =5/2, e, =2,J =1, and T = 0.05. In Fig. 3 we take
ur = 0 and bias the left lead to y, = V.

(i) Kondo tunneling regime

When the temperature is very low, in order to observe
Kondo physics the higher-order approximation needs to be
considered and the corresponding retarded Green function
G (o) is given by Eq. (11). The DOS of the hole on the
ASMM is calculated as pg(®) = —(1/7)Im G5 (). Figure 4
shows the DOS as a function of energy o for § = 1/2, 1,
3/2,2,5/2, where we take e, = —2.5 so that 25 + 1 sublevels
are below the Fermi level. The total coupling I" = I} + IR is
taken as the energy unit in the Kondo regime. It is found from
Fig. 4 that 25 4+ 1 Kondo peaks in the DOS distribute sym-
metrically on both sides of the Fermi energy and are located
at ® = Jm, depending on the quantum state of the Mn spin.
The Kondo peaks in the DOS originate from the many-body
processes which occur in the low temperature regime and are
related to the spin pair states. If a spin-down (or spin-up) hole
occupies initially the APS level E|,, = e — % |m|, then it can
tunnel into the Fermi level of a lead via the higher-order pro-
cesses and simultaneously another spin-up (or spin-down) hole
with energy J |m| tunnels onto the PS level Ey),, = e, + 1 |m|.
The coherent superposition of many such processes leads to
the Kondo peaks in the DOS at the energy @ = J|m|. In the
same way one may explain the presence of the Kondo peaks
at the energy @ = —J |m|. We name this effect the spin-pair
state Kondo effect. Strictly speaking, the Kondo effect here
is the so-called underscreened Kondo effect because the hole
spin does not screen the Mn spin in ASMM. The holes in the
leads and on the sublevel form a spin-singlet state via higher-
order processes, which leads to the Kondo effect depending on
the parallel and antiparallel spin pair states.
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Fig. 4. (color online) Local density of states versus the energy o at low
temperature for ASMM spin § = 1/2, 1, 3/2, 2, 5/2. The parameters
are chosen as ¢, = —2.5, J = 0.4, and D = 1000 with the energy unit
taken as the total coupling to the leads, i.e., I’ =11 +Ig = 1.

0.4+ T T T T T T T T T T T T '_l L
(a) J=0 . T=0.0005]

—T'=0.005
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Fig. 5. (color online) Differential conductance versus the applied bias
voltage for the exchange coupling (a) J = 0 and (b)—(f) J = 0.4. Other
parameters are the same as those in Fig. 4. Energy is measured in I".
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At very low temperature, the Kondo effect in the QD sys-
tem typically presents as the increase of the tunneling conduc-
tance due to the resonance transmission via the Kondo peak
in the DOS. In Fig. 5 we show the differential conductance
as a function of the bias voltage applied symmetrically to two
electrodes (i.e., u, =V /2, ur = —V/2). For S =0 (or J = 0),
there is merely one Kondo peak at the Fermi energy and this is
the well-known QD result.**! Two flat elastic resonant peaks
are located at V ~ 2¢y,, as expected. For the case of J # 0,
(254 1) Kondo peaks in differential conductance correspond
to (25 + 1) peaks in the DOS, which attributes to (254 1) spin
pair states formed by coupling of the impurity spin and a hole
spin. With lowering the temperature, the Kondo peaks in con-
ductance get higher. It is interesting that the dependence of
two flat elastic resonant peaks on the temperature is related to
the parity of the magnetic impurity spin.

5. Conclusion

In conclusion, we have investigated the transport proper-
ties of an artificial single-molecule magnet in the sequential
and Kondo regimes. The transport setup considered is a min-
imal model based on CdTe QD doped with a single Mn*? ion
(S =5/2), where the Mn-hole exchange interaction is strongly
anisotropic so that the spin-flip of Mn spin is suppressed. The
impurity spin S and a hole spin s entering the ASMM are cou-
pled into the spin pair states with (2S5 + 1) sublevels. Corre-
spondingly, in the sequential tunneling regime, (25 + 1) peaks
occur in the differential conductance. Whenever a sublevel
comes into the bias voltage window the current appears as a
step and a peak is added in the differential conductance. How-
ever, with the PS entering the bias voltage window they begin
to compete with the APS and the current steps and the cor-
responding differential conductance peaks get smaller. In the
Kondo tunneling regime, (25 + 1) Kondo peaks occur in dif-
ferential conductance due to transporting via (25 + 1) peaks in
the DOS, which originates from the spin-singlet state formed
by the holes in the leads and on the ASMM via the higher-
order processes and is related to the parallel and antiparallel
spin pair states.
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